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late matter (PM2.5) constituents was
applied.

• Black carbon and sulfate in PM2.5 were
linked to myocardial infarction (MI)
death.

• Black carbon and sulfate in PM2.5 led to
extensive excess mortality from MI.

• Older adults were more vulnerable to
PM2.5 constituent exposures in MI death.
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A B S T R A C T

Short-term ambient fine particulate matter (PM2.5) exposure has been related to an increased risk of myocardial
infarction (MI) death, but which PM2.5 constituents are associated with MI death and to what extent remain
unclear. We aimed to explore the associations of short-term exposure to PM2.5 constituents with MI death and
evaluate excess mortality. We conducted a time-stratified case-crossover study on 237,492 MI decedents in
Jiangsu province, China during 2015–2021. Utilizing a validated PM2.5 constituents grid dataset at 1 km spatial
resolution, we estimated black carbon (BC), organic carbon (OC), sulfate (SO4

2− ), nitrate (NO3
− ), ammonium

(NH4
+), and chloride (Cl− ) exposure by extracting daily concentrations grounding on the home address of each

subject. We employed conditional logistic regression models to evaluate the exposure-response relationship
between PM2.5 constituents and MI death. Overall, per interquartile range (IQR) increase of BC (lag 06-day; IQR:
1.75 μg/m3) and SO4

2− (lag 04-day; IQR: 5.06 μg/m3) exposures were significantly associated with a 3.91% and
2.94% increase in odds of MI death, respectively, and no significant departure from linearity was identified in the
exposure-response curves for BC and SO4

2− . If BC and SO4
2− exposures were reduced to theoretical minimal risk

exposure concentration (0.89 μg/m3 and 1.51 μg/m3), an estimate of 4.55% and 4.80% MI deaths would be
avoided, respectively. We did not find robust associations of OC, NO3

− , NH4
+, and Cl− exposures with MI death.

Individuals aged ≥80 years were more vulnerable to PM2.5 constituent exposures in MI death (p for difference
<0.05). In conclusion, short-term exposure to PM2.5-bound BC and SO4

2− was significantly associated with
increased odds of MI death and resulted in extensive excess mortality, notably in older adults. Our findings
emphasized the necessity of reducing toxic PM2.5 constituent exposures to prevent deaths from MI and warranted
further studies on the relative contribution of specific constituents.

1. Introduction

As a great public health threat, ischemic heart disease (IHD)
appeared as a steadily upward trend for global mortality during the past
3 decades and contributed to approximately 9.14 million deaths
worldwide in 2019, which was projected to be more serious in the future
(Roth et al., 2020). Myocardial infarction (MI), the major clinical
manifestation of IHD, continues to be a health challenge because of its
characteristics of acute attack and high fatality rate (Thygesen et al.,
2007). Given the huge MI death number, clarifying and managing its
modifiable risk factors is a significant and effective way to reduce MI
deaths and alleviate its disease burden. Fine particulate matter (PM2.5)
pollution in the atmosphere is considered one of the critical environ-
mental risk factors for MI mortality, which has raised much attention
globally (Chen et al., 2018; Dai et al., 2014; Liang et al., 2018; Mustafic
et al., 2012; Rajagopalan et al., 2018; Zanobetti and Schwartz, 2009).
Our previous studies in Jiangsu province and Hubei province, China
offered reliable evidence that short-term exposure to PM2.5 was signif-
icantly associated with increased odds of MI death (Liu et al., 2021a; Xu
et al., 2023). Emerging investigations suggest that some toxic constitu-
ents in PM2.5, including carbonaceous compound and water-soluble
inorganic ion (WSII), may play a pivotal role in PM2.5-induced MI
death (Li et al., 2021; Mo et al., 2023; Yang et al., 2020; Zhang et al.,
2021). Since PM2.5 consists of various components with varying origins,
toxicities, and health impacts, it is crucial to elucidate which constitu-
ents can exert harmful effects on MI mortality and how much the effects
are, which can help understand their underlying cardiotoxicity and
enact tailored measures to prevent PM2.5-related MI mortality.

To date, only 3 population-based studies explored the acute effect of
PM2.5 constituent exposures on MI death, and their findings were mixed
(Li et al., 2021; Mo et al., 2023; Yang et al., 2020). One study in southern
China found significant associations between organic carbon (OC) and
elemental carbon (EC) exposures and MI death; however, a nationwide
study in China and a study in Guangzhou, China did not find consistent
results. A significant association of ammonium (NH4

+) exposure with MI
death was identified in the nationwide study in China but not identified
in the other 2 studies. A major concern in these studies is the limited
accuracy of exposure assessment, because the PM2.5 constituent expo-
sure was estimated by the average concentration within a large region,
which had difficulties in capturing the geographic variability of PM2.5
constituents and may further affect the reliability of results. This expo-
sure assessment problem is largely attributable to the deficiency of PM2.5
constituent data with high spatiotemporal resolution.

To provide a more accurate assessment of PM2.5 constituent expo-
sures, we generated a daily and seamless PM2.5 constituent product at
high spatial resolution (1 km × 1 km) in China in our previous studies,
which is a unique grid dataset offering high-precision estimation on
PM2.5-bound carbonaceous compounds and WSIIs (Wei et al., 2023a,
2023b). Here, we took advantage of this dataset to assess short-term
exposure to PM2.5 constituents at an individual level grounding on
subjects’ home addresses in Jiangsu province, China. A case-crossover
study on over 0.2 million MI death cases was conducted in Jiangsu
during 2015–2021 to systematically investigate the acute impact of
PM2.5 constituent exposures on MI death and evaluate the excess
mortality.

2. Methods

2.1. Study population and outcome definition

Located in the eastern-central area of China, Jiangsu province had a
population of 85.1 million in 2021, which accounted for 6.0% of the
entire population in China. We ascertained 237,492 decedents who
resided in Jiangsu province, China and died from MI during 2015–2021
grounding on the Jiangsu provincial mortality surveillance system. This
system covered the overall population of Jiangsu and was under the
administration of the Chinese Center for Disease Control and Prevention.
We gathered information for each death case from this system, including
sex, race, age, marital status, date of death, home address, and the un-
derlying cause of death coded by the International Statistical Classifi-
cation of Diseases and Related Health Problems 10th Revision (ICD-10).
The outcome of this study was MI death as the underlying cause of death
(ICD-10 code: I21 and I22), including acute MI and subsequent MI. This
study has received approval from the Ethical Committee at the School of
Public Health, Sun Yat-sen University with an exemption of informed
consent.

2.2. Study design

We implemented a time-stratified case-crossover design to assess the
impact of short-term exposure to PM2.5 constituents on MI death. Under
this design, exposure for a specific MI decedent on the case day was
compared with exposures on days before and/or after the case day in the
same time stratum (control days). The case day for each MI decedent
was the date of death, whereas control days matched the case day by
year, calendar month (the time stratum), and day of week with a
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matching ratio of 1 (case day) to 3 or 4 (control days). For instance, if an
individual died from MI on a Thursday in August 2020 (case day), all
other Thursdays in August 2020 were the matching control days. This
design allowed for sufficient control of factors unlikely to vary within a
calendar month (e.g., sex, economic condition, living habit) and the
impact of seasonality, long-term trends, and day of week.

2.3. Exposure assessment

We retrieved a grid dataset on black carbon (BC), sulfate (SO4
2− ),

nitrate (NO3
− ), NH4

+, and chlorine (Cl− ) bounding to PM2.5 in Jiangsu
province during 2015–2021, which was generated by a four-
dimensional spatiotemporal deep forest (4D-STDF) model that com-
bined surface observations, satellite-derived big data, atmospheric
reanalyzes, and model simulations (Wei et al., 2023a, 2023b). This
dataset was available daily at a 1 km × 1 km spatial resolution, which
had full-coverage PM2.5 constituent estimations in China since 2000 and
showed great agreement with surface measured values. The
cross-validated coefficient of determinations (CV-R2) for BC, SO4

2− , NO3
− ,

NH4
+, and Cl− were 0.82, 0.74, 0.75, 0.71, and 0.66, respectively. The

pairwise Spearman’s correlation coefficients of surface observation
values with PM2.5 constituent estimation values for BC, SO4

2− , NO3
− ,

NH4
+, and Cl− in Jiangsu province were 0.82, 0.69, 0.71, 0.72, and 0.81,

respectively. To generate the grid data for OC, we computed the OC
concentration for each grid cell by deducting the concentrations for BC,
SO4

2− , NO3
− , NH4

+, and Cl− from that for PM2.5 (Li et al., 2024). We also
retrieved daily grid data (spatial resolution: 1 km × 1 km) on ambient
PM2.5 concentrations during 2015–2021 from the ChinaHighAirPollu-
tant (CHAP) dataset. Grounding on each study subject’s home address,
daily exposure to PM2.5 and its 6 constituents was assessed by extracting
concentrations on both the case day and control days from the corre-
sponding pollutant grid data. Besides examining the impact of PM2.5
constituent exposures on the current day (lag 0-day), exposures on
single-day lag (lag 1-day to lag 6-day) and moving mean day (lag 01-day
to lag 06-day) were investigated to assess the hysteresis impact of PM2.5
constituent on MI mortality (Liu et al., 2022a). For instance, lag 4-day
exposure denotes the exposure on 4 days precedent to the case/-
control day, whereas lag 04-day exposure denotes the average concen-
tration from the case/control day to its previous 4 days.

2.4. Covariates

From the China Meteorological Administration Land Data Assimila-
tion System (CLDAS version 2.0), we retrieved grid data (spatial reso-
lution: 0.0625◦ × 0.0625◦; temporal resolution: daily) on temperature
(unit: ◦C) and relative humidity (unit: %) in Jiangsu, China during the
study period (Han et al., 2020; Liu et al., 2020; Tie et al., 2022). We
assessed exposure to weather conditions for each subject by extracting
his/her 24-h residential average values of temperature and relative
humidity from the corresponding grid data. Personal covariates (e.g.,
sex, race, age, financial situation, and chronic comorbidities) were not
included as confounders as they generally stayed constant within the
time stratum (Liu et al., 2021a).

2.5. Statistical analysis

Conditional logistic regression models were utilized to evaluate the
exposure-response relationship of PM2.5 constituent exposures with MI
death. We computed the percent change in odds ([odds ratio – 1] ×

100%) of MI death and its 95% confidence interval (CI) associated with
an interquartile range (IQR) increment of PM2.5 constituent exposure.
To visualize the exposure-response relationship, we included a natural
cubic spline function for each PM2.5 constituent exposure with 3 degrees
of freedom in the conditional logistic regression model and tested the
underlying nonlinearity utilizing a likelihood ratio test (Li et al., 2023).
All models included temperature with 6 degrees of freedom (lag 03-day)

and relative humidity with 3 degrees of freedom (lag 03-day) for a
natural cubic spline function to adjust for weather conditions (Liu et al.,
2019; Xu et al., 2022).

To assess the excess mortality from MI related to PM2.5 constituent
exposures, we applied the estimates in the exposure-response associa-
tions to compute the excess fraction and number of excess deaths:

Excess fraction=
∑i=N

i=1 1 − 1
eβ×(Ci − C0)

N
× 100%

Number of excess deaths= Excess fraction× N

where N is the MI death number; β is the point estimate of each PM2.5
constituent exposure; Ci denotes the PM2.5 constituent exposure with
concentration exceeding C0; C0 denotes a counterfactual scenario of
theoretical minimum risk exposure concentration.

To explore the potentially susceptible population and seasonal
variation, we carried out stratified analyses by sex (male vs female), age
(<80 years vs ≥ 80 years), and season (cool [January to March, October
to December] vs warm [April to September]) and implemented 2-sample
z tests to assess their effect modification (Fan et al., 2023). Sensitivity
analyses were performed, including 1) building PM2.5-adjusted models
by controlling PM2.5 to estimate the impact of a given PM2.5 constituent
retaining the concentrations of other constituents stable; 2) constructing
constituent-residual models by including the residuals from a linear
regression model with PM2.5 and its specific constituent as the inde-
pendent and the dependent variable, respectively, which assessed the
effect of the constituent keeping the concentration of PM2.5 stable; 3)
restricting the analyses to acute MI death cases; 4) adjusting for expo-
sure to temperature utilizing a natural spline function with 3 degrees of
freedom; 5) adjusting for exposure to relative humidity using a natural
spline function with 6 degrees of freedom; 6) restricting the analyses to
subjects who died in 2015–2019 and 2020–2021, respectively, to eval-
uate the potential effect of the pandemic. A 2-sided test with p <0.05
was statistically significant. We implemented all analyses by R version
4.1.2.

3. Results

We ascertained 237,492 MI death cases during the study period and
included 237,492 case days and 806,169 control days (Table 1). Among
the MI death cases, 98.50% died from acute MI, 52.25% were men,
52.50% died at or after 80 years of age, and 56.99% died in the cool
season. Most study subjects were married (63.15%) or widowed
(31.08%). The number of MI death cases was similar in each year during
2015–2021. The PM2.5 mass exposure levels ranged from 2.68 μg/m3 to
286.06 μg/m3, with an average concentration of 51.87 μg/m3 (Table 2).
The mean exposure concentration to PM2.5-bound BC, OC, SO4

2− , NO3
− ,

NH4
+, and Cl− was 3.04 μg/m3, 16.60 μg/m3, 10.16 μg/m3, 12.30 μg/m3,

7.64 μg/m3, and 2.19 μg/m3, respectively. The average concentration to
BC, OC, SO4

2− , NO3
− , NH4

+, and Cl− in 2015–2019 was 3.14 μg/m3, 18.80
μg/m3, 10.49 μg/m3, 13.17 μg/m3, 8.07 μg/m3, and 2.31 μg/m3,
respectively; the concentrations in 2020–2021 decreased to 2.74 μg/m3,
10.69 μg/m3, 9.20 μg/m3, 10.01 μg/m3, 6.44 μg/m3, and 1.85 μg/m3,
respectively. Exposure to PM2.5 was correlated with each PM2.5 con-
stituent exposure significantly and positively (Table S1). The pairwise
Spearman’s correlation coefficients of PM2.5 with BC, OC, SO4

2− , NO3
− ,

NH4
+, and Cl− were 0.91, 0.96, 0.87, 0.93, 0.94, and 0.87, respectively

(all p < 0.05).
In single-pollutant models, we identified significant associations of

short-term PM2.5 constituent exposures with MI death, and the strongest
associations for BC, OC, SO4

2− , NO3
− , NH4

+, and Cl− exposure pronounced
at lag 06-day, lag 06-day, lag 04-day, lag 06-day, lag 06-day, and lag 05-
day exposure, respectively (Fig. 1). Per IQR increment of exposure to BC
(lag 06-day; IQR: 1.75 μg/m3), OC (lag 06-day; IQR: 18.55 μg/m3), SO4

2−

(lag 04-day; IQR: 5.06 μg/m3), NO3
− (lag 06-day; IQR: 8.30 μg/m3), NH4

+

Y. Li et al.
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(lag 06-day; IQR: 4.34 μg/m3), and Cl− (lag 05-day; IQR: 1.66 μg/m3)
was significantly associated with increased odds of 3.91% (95% CI:
2.66%, 5.17%), 3.66% (95% CI: 2.27%, 5.07%), 2.94% (95% CI: 2.02%,
3.86%), 3.00% (95% CI: 1.77%, 4.25%), 3.89% (95% CI: 2.60%,
5.21%), and 4.60% (95% CI: 3.22%, 5.99%) for MI mortality, respec-
tively (all p< 0.05). We did not identify any departure from linearity for

BC, OC, SO4
2− , NO3

− , NH4
+, and Cl− exposure (p for nonlinear trend =

0.21, 0.15, 0.62, 0.55, 0.46, and 0.72, respectively; Fig. 2). In PM2.5-
adjusted models, the associations for BC, OC, SO4

2− , NH4
+, and Cl−

exposure kept stable (all p for difference >0.05), but the association
between NO3

− exposure and MI mortality turned to null (p for difference
<0.05; Table 3). In constituent-residual models, the associations of each
constituent exposure with MI death were significantly changed (all p for
difference <0.05), and only the associations for BC and SO4

2− exposure
remained significant. Restricting analyses to acute MI, controlling
temperature by 3 degrees of freedom, and controlling relative humidity
by 6 degrees of freedom yielded similar results (Figs. S1–S3). When
restricting analyses to 2015–2019 and 2020–2021, respectively, we
found exposure to PM2.5 constituents was significantly associated with
increased odds of MI death in both periods, but the estimates in
2020–2021 were relatively low (Figs. S4–S7).

In the stratified analyses, stronger associations of exposure to BC,
OC, SO4

2− , NO3
− , NH4

+, and Cl− with MI mortality were observed in
subjects aged 80 years or older (all p for difference <0.05; Table 4). We
also found a significantly stronger association of OC exposure with MI
death in the warm season. No significant effect modification was iden-
tified in sex (all p for difference >0.05).

The excess fraction of MI death associated with BC and SO4
2− expo-

sure was 4.55% (95% CI: 3.15%, 5.92%) and 4.80% (95% CI: 3.34%,
6.22%), respectively (Fig. 3). If exposure to BC and SO4

2− was reduced to
theoretical minimal risk exposure concentration (0.89 μg/m3 and 1.51
μg/m3), an estimate of 10,808 (95% CI: 7482, 14,070) and 11,389 (95%
CI: 7943, 14,774) MI deaths would be avoided, respectively. The excess
fraction of MI death associated with exposure to BC was relatively
higher in women, subjects aged 80 years or older, and cool season, ac-
counting for 5.85% (95% CI: 3.85%, 7.80%), 6.51% (95% CI: 4.61%,
8.35%), and 5.11% (95% CI: 3.23%, 6.95%), respectively. The excess
fraction associated with SO4

2− exposure was relatively higher in women,
subjects aged 80 years or older, and warm season, accounting for 5.39%
(95% CI: 3.29%, 7.44%), 6.47% (95% CI: 4.50%, 8.39%), and 4.41%
(95% CI: 1.74%, 7.01%), respectively.

4. Discussion

In this study on 237,492 MI death cases in Jiangsu province, China
during 2015–2021, we identified that short-term exposure to BC and
SO4

2− bounding to PM2.5 was consistently associated with increased odds
of MI death. Per IQR increase in BC and SO4

2− exposure was significantly
associated with a 3.91% and 2.94% increase in odds of MI death,
respectively. It was estimated that 4.55% and 4.80% of MI mortality was
attributable to BC and SO4

2− exposures, respectively. Individuals aged
≥80 years were more susceptible to PM2.5 constituent exposure in MI
mortality. We did not find robust relationships of PM2.5-bound OC, NO3

− ,
NH4

+, and Cl− exposure with MI death.
We comprehensively explored the acute impact of ambient PM2.5

constituents on MI death grounding on an individual-level PM2.5 con-
stituent exposure estimation in this study, taking advantage of a high-
precision PM2.5 constituent grid dataset. Previous investigations on
the exposure-response relationship of short-term exposure to PM2.5
constituents with MI mortality failed to assess individual-level exposure
and yielded inconsistent results. A nationwide study in 161 communities
in China did not identify significant associations of EC, SO4

2− , and NO3
−

exposures on MI mortality and found that each IQR increase of OC (lag
03-day; IQR: 5.1 μg/m3) and NH4

+ (lag 03-day; IQR: 6.8 μg/m3) exposure
was significantly associated with increments in MI death of 1.94% and
1.33%, respectively (Yang et al., 2020). Compared to our estimates in
single-pollutant models, the estimates for OC between studies were very
close, while the estimate for NH4

+ in our study was relatively higher. One
study in 32 counties of southern China observed that an IQR increase of
EC (lag 02-day; IQR: 4.1 μg/m3) and OC (lag 02-day; IQR: 9.1 μg/m3)
exposure was significantly associated with increased odds of 3.8% and
5.7% for MI mortality, respectively, but they did not detect significant

Table 1
Characteristics of the study subjects in Jiangsu province, China, 2015–2021.

Characteristic Value

MI deaths, n 237,492
Acute MI, n (%) 233,921 (98.50)
Subsequent MI, n (%) 3571 (1.50)

Case days, n 237,492
Control days, n 806,169
Sex, n (%)
Male 124,099 (52.25)
Female 113,393 (47.75)

Age
Mean (SD), year 77.59 (13.32)
Median (IQR), year 80.70 (16.60)
<80 years, n (%) 112,809 (47.50)
≥80 years, n (%) 124,683 (52.50)

Race, Han, n (%) 232,258 (97.80)
Marital status, n (%)
Married 149,971 (63.15)
Widowed 73,819 (31.08)
Unmarried 5852 (2.46)
Divorced 2034 (0.86)
Unknown 5816 (2.45)

Season at death, n (%)
Cool (January to March, October to December) 135,339 (56.99)
Warm (April to September) 102,153 (43.01)

Year of death, n (%)
2015 33,000 (13.90)
2016 34,471 (14.51)
2017 34,696 (14.61)
2018 34,500 (14.53)
2019 32,528 (13.70)
2020 34,447 (14.50)
2021 33,850 (14.25)

Abbreviations: MI, myocardial infarction; ICD-10, International Classification of
Diseases 10th Revision; SD, standardized deviation; IQR, interquartile range.

Table 2
Distribution of exposure to ambient PM2.5 constituents and weather conditions
on the date of MI death in Jiangsu province, China, 2015–2021.

Mean (SD) Percentile

5th 25th 50th 75th 95th

PM2.5, μg/m3 51.87
(32.84)

16.60 28.52 43.34 65.79 117.56

PM2.5 constituent, μg/m3

BC 3.04
(1.58)

1.34 1.94 2.62 3.70 6.15

OC 16.60
(15.91)

0.28 5.03 11.83 23.64 48.46

SO4
2- 10.16

(4.72)
4.96 6.90 9.07 11.99 19.42

NO3
− 12.30

(7.54)
3.78 7.06 10.63 15.41 26.99

NH4
+ 7.64

(3.84)
2.81 5.01 7.03 9.34 14.96

Cl− 2.19
(1.51)

0.63 1.10 1.80 2.77 5.23

Weather condition
Temperature, ◦C 14.63

(9.59)
0.45 6.12 14.30 23.28 29.41

Relative
humidity, %

73.59
(13.44)

48.75 64.59 75.44 84.21 92.36

Abbreviations: PM2.5, fine particulate matter; MI, myocardial infarction; SD,
standardized deviation; BC, black carbon; OC, organic carbon; SO4

2− , sulfate;
NO3

− , nitrate; NH4
+, ammonium; Cl− , chloride.
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associations for exposure to SO4
2− , NO3

− , and NH4
+ on MI mortality (Mo

et al., 2023). The estimate for EC in this study was relatively lower than
our estimate for BC in the single-pollutant model, while the estimate for

OC was relatively higher than our estimate. A time-series study in
Guangzhou, China identified no significant associations of lag 03-day
exposure to EC, OC, and NO3

− with MI death (Li et al., 2021). In these

Fig. 1. Estimated percent change (95% CI) in odds of MI mortality associated with per IQR increase of exposure to PM2.5 constituents with different lag periods.
CI, confidence interval. Other abbreviations are in Tables 1 and 2. The IQR of BC, OC, SO4

2− , NO3
− , NH4

+, and Cl− is 1.75 μg/m3, 18.55 μg/m3, 5.06 μg/m3, 8.30 μg/m3,
4.34 μg/m3, and 1.66 μg/m3, respectively.

Fig. 2. Exposure-response associations of exposure to PM2.5-bound BC (lag 06-day), OC (lag 06-day), SO4
2− (lag 04-day), NO3

− (lag 06-day), NH4
+ (lag 06-day), and Cl−

(lag 05-day) with MI mortality.
CI, confidence interval. Other abbreviations are in Tables 1 and 2. The blue solid lines with shaded areas denote the percent change in odds of MI mortality and its
corresponding 95% CI. All p for nonlinear trend were >0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Y. Li et al.



Chemosphere 364 (2024) 143101

6

3 studies, the associations with insignificant or relatively low estimates
may be partly attributable to the low accuracy of exposure assessment.
Because these studies assessed the community/county/city-level expo-
sure using a PM2.5 constituents grid dataset evaluated by the modified
Community Multiscale Air Quality (CMAQ) model (spatial resolution:
36 km × 36 km) as the substitute for exposure at an individual level,
they assumed that ambient PM2.5 constituent levels were homogeneous
in a large spatial area. However, because the concentrations of some
PM2.5 chemical species, especially traffic-related constituents (e.g., BC),
showed high spatial variability at a small spatial scale, (Bell et al., 2011;
Ito et al., 2004; Wang et al., 2022; Yang et al., 2020) it may cause
exposure misclassification for failing to capture the exposure variability
within the study region, which may further underestimate associations
(Hutcheon et al., 2010; Wu et al., 2023). In comparison, we used a PM2.5
constituents grid dataset with high spatiotemporal resolution to eval-
uate the individual-level exposure on each study subject’s home address,
which provided more accurate estimations of PM2.5 constituent expo-
sure and reliable results on exposure-response analyses.

Our findings suggest that BC and SO4
2− exposures play an important

role in PM2.5-induced MI mortality and alleviating exposure to BC and
SO4

2− in PM2.5 mass may be feasible to prevent premature MI deaths.
However, due to deficient knowledge of the deleterious effect linked to
PM2.5 constituents, there is no air quality standard on specific constit-
uents to date. Our study emphasized the significance of controlling
specific constituents in ambient particulate management and offered
quantitative data to build tailored guidelines on toxic PM2.5 constitu-
ents. Moreover, because BC is largely attributed to the incomplete
combustion process of fossil fuels and biomass, while SO4

2− primarily
emitted from fuel-based transportation, coal-fired power plants, and
industrial burning, (Cai et al., 2023; Shen et al., 2022) the importance of
controlling anthropogenic combustion emissions needs to be high-
lighted, such as improving burning efficiency and giving priority to
low-sulfur fuels or renewable energies.

The pathophysiological mechanism of the acute detrimental impact
of PM2.5 constituent exposures on MI death may mainly relate to the
promotion of thrombosis and atherosclerosis (Feng et al., 2022; Zhao
et al., 2021). Several epidemiological studies identified that exposure to
PM2.5 constituents, especially BC, was linked to elevated biomarkers
associated with oxidative stress, inflammation, and cardiac injury,
which may facilitate endothelium and vascular dysfunction, increase
blood coagulability, and further accelerate thrombosis and atheroscle-
rosis (Azzouz et al., 2023; Hu et al., 2021; Lin et al., 2015; Roy et al.,
2014; Wang et al., 2022). Moreover, PM2.5 constituent exposures can
rise atherosclerotic plaque vulnerability and cause plaque instability (Xu
et al., 2019). These mechanisms may induce stenosis or obstruction in
the coronary artery and ultimately trigger MI. In this study, we identi-
fied that subjects aged ≥80 years were more susceptible to PM2.5 con-
stituent exposure in MI death, which may be related to their higher
physiological vulnerability, comorbidities, chronic low-grade inflam-
mation, and medication interaction (Liu et al., 2021b, 2022b).

Our study has some strengths. First, benefiting from the high-quality

Table 3
Estimated percent change in odds of MI mortality associated with short-term
exposure to PM2.5 constituents estimated by different models.

PM2.5

constituent
Model Percent change

(95% CI)a
p for
heterogeneity

BC
Single-pollutant
model

3.91 (2.66, 5.17) -

PM2.5-adjusted
model

5.41 (1.61, 9.35) 0.68

Constituent-residual
model

2.32 (0.96, 3.69) <0.001

OC
Single-pollutant
model

3.66 (2.27, 5.07) -

PM2.5-adjusted
model

− 1.34 (− 6.00,
3.56)

0.14

Constituent-residual
model

− 0.64 (− 1.45,
0.17)

<0.001

SO4
2−

Single-pollutant
model

2.94 (2.02, 3.86) -

PM2.5-adjusted
model

1.92 (− 0.46, 4.36) 0.65

Constituent-residual
model

1.95 (1.10, 2.82) <0.001

NO3
−

Single-pollutant
model

3.00 (1.77, 4.25) -

PM2.5-adjusted
model

− 2.78 (− 6.27,
0.85)

0.01

Constituent-residual
model

− 0.83 (− 1.89,
0.24)

<0.001

NH4
+

Single-pollutant
model

3.89 (2.60, 5.21) -

PM2.5-adjusted
model

4.37 (0.03, 8.90) 0.83

Constituent-residual
model

0.81 (− 0.24, 1.87) <0.001

Cl−

Single-pollutant
model

4.60 (3.22, 5.99) -

PM2.5-adjusted
model

4.09 (1.46, 6.79) 0.64

Constituent-residual
model

− 0.11 (− 0.99,
0.77)

<0.001

CI, confidence interval. Other abbreviations are in Tables 1 and 2.
a Percent change (95% CI) in single-pollutant models and PM2.5-adjusted

models is for each IQR increase in PM2.5 constituent exposure. The IQR of BC,
OC, SO4

2− ,NO3
− , NH4

+, and Cl− is 1.75 μg/m3, 1855 μg/m3, 5.06 μg/m3, 8.30 μg/
m3, 4.34 μg/m3, and 1.66 μg/m3, respectively. Percent change (95% CI) in
constituent-residual models is for each IQR increase in PM2.5 constituent re-
sidual. The IQR for the residual to BC OC, SO4

2− , NO3
− , NH4

+, and Cl− was 0.64 μg/
m3, 3.29 μg/m3, 2.15 μg/m3, 2.43 μg/m3, 1.15 μg/m3, and 0.65 μg/m3,
respectively.

Table 4
Estimated percent change (95% CI) in odds of MI mortality associated with per IQR increase of exposure to PM2.5 constituents stratified by sex, age, and season.

Sex Age Season

Male Female pa <80 years ≥80 years pa Cool Warm pa

BC 2.82 (1.12, 4.55) 5.08 (3.26, 6.92) 0.08 1.90 (0.12, 3.72) 5.64 (3.92, 7.40) 0.003 3.49 (2.17, 4.84) 4.36 (0.81, 8.04) 0.66
OC 2.58 (0.68, 4.52) 4.80 (2.79, 6.86) 0.12 1.83 (− 0.17, 3.87) 5.22 (3.30, 7.17) 0.02 2.62 (1.14, 4.13) 7.70 (3.74, 11.83) 0.02
SO4

2− 2.58 (1.31, 3.86) 3.30 (1.98, 4.64) 0.44 1.71 (0.38, 3.05) 4.00 (2.73, 5.28) 0.02 2.21 (1.15, 3.28) 3.11 (1.19, 5.06) 0.42
NO3

− 2.64 (0.94, 4.37) 3.38 (1.59, 5.19) 0.56 1.13 (− 0.64, 2.94) 4.61 (2.90, 6.34) 0.01 2.30 (0.99, 3.62) 5.85 (2.10, 9.74) 0.08
NH4

+ 2.88 (1.09, 4.69) 4.95 (3.07, 6.87) 0.12 1.64 (− 0.22, 3.53) 5.83 (4.03, 7.66) 0.002 2.86 (1.42, 4.32) 5.38 (2.33, 8.51) 0.14
Cl− 4.09 (2.18, 6.04) 5.09 (3.12, 7.10) 0.48 1.90 (− 0.09, 3.92) 6.87 (4.97, 8.80) <0.001 3.95 (2.50, 5.43) 6.88 (2.69, 11.23) 0.20

CI, confidence interval. Other abbreviations are in Tables 1 and 2.
The IQR of BC, OC, SO4

2− , NO3
− , NH4

+, and Cl− is 1.75 μg/m3, 18.55 μg/m3, 5.06 μg/m3, 8.30 μg/m3, 4.34 μg/m3, and 1.66 μg/m3, respectively.
a p for difference.
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PM2.5 constituents grid dataset, we were able to evaluate short-term
exposure to PM2.5 constituents for each subject grounding on the
home address, which offered a more precise exposure assessment in
comparison with previous studies that relied on a single monitoring site
or grid data with a relatively coarse spatial resolution to estimate region-
scale exposure as the proxy of individual-level exposure. Second, we
included a large number of MI death cases (over 0.2 million) from a
provincial population exceeding 80 million in 7 years, which allowed us
to detect the potential acute influence of PM2.5 constituents on MI death
with adequate statistical power and representative estimates. Finally,
the case-crossover design enabled us to investigate the associations at an
individual level and controlled time-invariant individual confounding
variables, long-term trends, and weather conditions.

Some limitations need to be considered when interpreting our study
findings. First, although we estimated relatively accurate PM2.5 con-
stituent exposure for each subject, we were incapable of evaluating the
actual personal exposure because of the unavailable information on
individual indoor pollutant exposure and time-activity patterns. How-
ever, its bias may be partly migrated because the pollutant exposures
indoors were highly correlated with that at ambient (Krebs et al., 2021)
and the time-activity pattern was less likely to vary dramatically in a
calendar month under the case-crossover design. Second, we utilized the
time-stratified case-crossover design to adjust for weather conditions
and the time-invariant confounders, but there possibly remained some
remanent confounding factors (e.g., medication use). Third, because the
relationships between exposure to PM2.5 constituents and MI death were
only investigated within one single province of China, caution ought to
be paid when extrapolating our results to populations of other regions.
Fourth, we solely focused on the effect of carbonaceous compounds and

WSIIs on MI mortality but did not investigate other constituents in PM2.5
(e.g., metals), although carbonaceous compounds and WSIIs form the
majority of PM2.5 mass. Fifth, because OC concentrations were not
measured directly but computed by deducting the concentration of other
constituents from the total PM2.5 in our study, there may be bias in the
exposure assessment of OC and further affect the accuracy of the study
results. Finally, since we did not have detailed information on the spe-
cific MI type of each study subject, our ability to investigate the asso-
ciation between PM2.5 constituents and different type of MI death (e.g.,
ST-elevation MI [STEMI] and non-STEMI) was limited. Further studies
are warranted to clarify the effect of PM2.5 constituent exposures on
specific MI, which could provide more significant implications to clin-
ical practices.

5. Conclusions

In summary, we utilized a high-quality PM2.5 constituents grid
dataset to conduct individual-level exposure assessment for 237,492 MI
deaths, and identified that short-term exposure to BC and SO4

2−

bounding to PM2.5 was associated with increased odds of MI death and
may result in extensive excess mortality, notably in older adults. Our
findings offer useful evidence that BC and SO4

2− may play an important
role in PM2.5-induced MI death, which highlights the necessity of
developing air quality guidelines on specific constituents in ambient
particulate management and reducing the emission of toxic constituents
to prevent premature deaths from MI.

Fig. 3. Excess fraction (95% CI) and number of excess deaths (95% CI) from MI associated with black carbon and sulfate exposure above the theoretical minimal risk
exposure concentration.
CI, confidence interval. Other abbreviations are in Tables 1 and 2. The theoretical minimal risk exposure concentration for black carbon and sulfate was 0.89 μg/m3

and 1.51 μg/m3, respectively.
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