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BACKGROUND: Short-term exposure to ambient air pollution has been linked with daily hospitalization and mortality from acute
coronary syndrome (ACS); however, the associations of subdaily (hourly) levels of criteria air pollutants with the onset of ACS
and its subtypes have rarely been evaluated.

METHODS: We conducted a time-stratified case-crossover study among 1292880 patients with ACS from 2239 hospitals
in 318 Chinese cities between January 1, 2015, and September 30, 2020. Hourly concentrations of fine particulate matter
(PM,,), coarse particulate matter (PM,, , ), nitrogen dioxide (NO,), sulfur dioxide (SO,), carbon monoxide (CO), and ozone
(O,) were collected. Hourly onset data of ACS and its subtypes, including ST-segment—elevation myocardial infarction,
non—ST-segment—elevation myocardial infarction, and unstable angina, were also obtained. Conditional logistic regressions
combined with polynomial distributed lag models were applied.

RESULTS: Acute exposures to PM, ., NO,, SO,, and CO were each associated with the onset of ACS and its subtypes.
These associations were strongest in the concurrent hour of exposure and were attenuated thereafter, with the
weakest effects observed after 15 to 29 hours. There were no apparent thresholds in the concentration—-response
curves. An interquartile range increase in concentrations of PM,  (36.0 ug/m?), NO, (29.0 pg/m?), SO, (9.0 ug/m?),
and CO (0.6 mg/m?) over the 0 to 24 hours before onset was significantly associated with 1.32%, 3.89%, 0.67%, and
1.55% higher risks of ACS onset, respectively. For a given pollutant, the associations were comparable in magnitude
across different subtypes of ACS. NO, showed the strongest associations with all 3 subtypes, followed by PM, , CO,
and SO, Greater magnitude of associations was observed among patients older than 65 years and in the cold season.

Null associations of exposure to either PM, - or O, with ACS onset were observed.

CONCLUSIONS: The results suggest that transient exposure to the air pollutants PM, ., NO,, SO,, or CO, but not
PM, . ,, or O, may trigger the onset of ACS, even at concentrations below the World Health Organization air quality
guidelines.
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Clinical Perspective

What Is New?

» This is the first case-crossover study that has sys-
tematically examined the roles of criteria air pollut-
ants in the onset of acute coronary syndrome and
all of its subtypes on an hour-by-hour basis.

e Transient increases in exposures to fine particulate
matter, nitrogen dioxide, sulfur dioxide, and carbon
monoxide may trigger the acute onset of acute cor-
onary syndrome, with the strongest associations in
the concurrent hour of exposure and the linear non-
threshold concentration—response relationship.

* No association was found between exposure to
coarse particulate matter or ozone and acute coro-
nary syndrome onset.

What Are the Clinical Implications?

* This study adds to the evidence of the adverse car-
diovascular effects of air pollution and the relevant
time course, underscoring continued efforts for air
pollution control.

* The concentration—response curves without appar-
ent thresholds support the tightening targets in the
recently updated World Health Organization Global
Air Quality Guidelines 2021.

Nonstandard Abbreviations and Acronyms

ACS acute coronary syndrome

CCA Chinese Cardiovascular Association

Cco carbon monoxide

IHD ischemic heart disease

NO, nitrogen dioxide

NSTEMI non-ST-segment—-elevation myocardial
infarction

PM, fine particulate matter

PM,. .,  coarse particulate matter

PM,, particulate matter with an aerodynamic
diameter <10 pm

SO, sulfur dioxide

STEMI ST-segment—elevation myocardial

infarction

mature mortality worldwide and ranks second in the

causes of disability-adjusted life-years.'? According to
the Global Burden of Disease study, 9.1 million people
died of IHD in 20192 Acute coronary syndrome (ACS)
represents a broad spectrum of IHD-related conditions,
including ST-segment—elevation myocardial infarction
(STEMI), non—ST-segment—elevation myocardial infarc-
tion (NSTEMI), and unstable angina.* These conditions
can be fatal, and for survivors, can substantially reduce

I schemic heart disease (IHD) is a leading cause of pre-
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their quality of life.>® Ambient air pollution is an impor-
tant modifiable risk factor for IHD and ACS3™ An esti-
mated 21.9 million disability-adjusted life-years for IHD
were attributed to fine particulate matter (PM, ) pollution
globally.? Improving air quality may substantially reduce
the burdens of these diseases.

In the past several decades, a growing body of epide-
miologic evidence has linked short-term exposures to air
pollutants with ACS-related events.”®'°"'2 However, most
studies reported findings on few selected pollutants
in association with overall ACS or STEMI, raising con-
cerns about publication bias. To our knowledge, no stud-
ies have comprehensively evaluated the associations of
multiple air pollutants with the onset of ACS and its sub-
types. Furthermore, previous results were often mixed
and inconclusive, especially for coarse particulate matter
(PM,, _,,) and ozone (0,)2'3* The causality of air pollut-
ants and ACS onset is unclear because of the nature of
time-series analyses that examine daily average levels
of air pollutants with daily aggregate counts of hospital-
ization or death attributable to ACS,'5'® which may lead
to temporal misclassification of exposures. Therefore,
investigations at the individual level that link hourly expo-
sure with the hour of ACS onset are warranted to help
clarify this relationship.

China, the largest developing country, faces one of
the most severe air pollution problems and the largest
disease burden of ACS in the world.?® On the basis of a
nationwide registry in China, we performed an individual-
level case-crossover study to examine comprehensively
the associations between hourly exposure to multiple air
pollutants and the onset of ACS and its subtypes. Poten-
tial effect modifications by sex, age, season, geographic
region, time of day, proximity to roads, and clinical char-
acteristics were also assessed.

METHODS
Study Population and Outcome Data

In China, the Chest Pain Center is an integrated hospital model
that provides urgent health care for patients presenting to
emergency departments with acute chest pain. All events or
admissions to the chest pain centers must be reported to the
Chinese Cardiovascular Association (CCA) Database—Chest
Pain Center, a nationally representative and multicenter registry
established by the CCA in 2015. Information on demographic
characteristics (e.g, sex and age), history of potentially relevant
diseases, date and time of symptom onset, diagnosis, and treat-
ment procedures was collected. The CCA Executive Committee
routinely performs strict quality control for data entry. Details of
the database were published elsewhere.!

In this study, data were obtained from the CCA Database—
Chest Pain Center between January 1, 2015, and September
30, 2020. Patients diagnosed with STEMI, NSTEMI, or
unstable angina were identified as ACS cases and included
in the analysis. The diagnoses were all made by cardiologists
according to standard guidelines on the basis of symptoms,
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electrocardiographic evidence, and cardiac troponin lev-
els. 461818 Data of patients with valvular heart disease were
also extracted from the database as negative controls for the
analysis owing to its lack of biological links to short-term air
pollutant exposure. The time of symptom onset was reported
by the patient or the patient’s next of kin. To ensure the avail-
ability of relevant air pollutant data, the current study only
included hospitals within 50 kilometers of a monitoring sta-
tion. The hospital was used as the index place for the event
because (1) most, if not all, patients with chest pain were sent
to hospitals nearest to the location of ACS symptom onset
and (2) ~60% of the patients did not provide a complete
address at symptom onset. We excluded patients who were
referred from another hospital (to ensure the place of ACS
onset was in the vicinity of the hospital of interest) or who did
not report the time of symptom onset.

The study protocol was approved by the institutional
review board at the School of Public Health, Fudan University
(approval number 2021-04-0889). All data in this study were
deidentified and used under an agreement to protect patients’
privacy and confidentiality. Anonymized data will be available
through a formal application process that will be reviewed by
the Data Management Committee of the CCA Database—
Chest Pain Center.

Study Design

We used a time-stratified case-crossover design to examine
the associations between various air pollutants and ACS onset.
For each individual patient, the levels of air pollution exposures
before the hour of ACS symptomatic onset were compared
with those of control periods of the same individual when the
event had not occurred.'??® This study design allows each
patient to be his or her own control and therefore minimizes
potential confounding from time-invariant/stable risk factors
(for example, demographic, socioeconomic, and some behav-
ioral risk factors that do not vary considerably within a short
time period). For each patient, the case index hour was the
hour of symptom onset (i.e, case period) and 3 to 4 control
index hours were matched to this hour by the same hour of the
day, day of the week, month, and year with the case index hour.
Control index hours were also selected in the days before and
after the case day to control for time trends.?' For example, if
the first ACS symptom occurred at 8 am on Wednesday, June
20,2018, we would define 8 am on Wednesday, June 20,2018,
as the case index hour and 8 am on all other Wednesdays in
June 2018 (June 6, 13, and 27) as the control index hours.

Environmental Data

Hourly concentrations of air pollutants, including PM,, particu-
late matter with an aerodynamic diameter <10 pm (PM, ), nitro-
gen dioxide (NO,), sulfur dioxide (SO,), carbon monoxide (CO),
and O,, were obtained from the National Urban Air Quality
Real-time Publishing Platform (http://106.37.208.233:20035)
over the study period. The platform provides real-time data on
criteria air pollutants across all state-controlled monitoring sites
operated by China’s Ministry of Environmental Protection with
strict data quality control procedures. These fixed-site moni-
tors were mandated not to be installed in the direct vicinity of
major emission sources (e.g, traffic) to represent the general
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background levels of air pollution in the designated area of
interest. The hourly concentration of PM,, - was addition-
ally calculated by subtracting the hourly PM, . concentration
from that of PM, for co-located stations, as done in previous
studies.??2* In addition, hourly temperature and relative humid-
ity data were extracted over the same period from the China
Meteorological Data Service Center (http://data.cma.cn).

Hospital address for each patient was geocoded into lon-
gitude and latitude and then matched with the nearest moni-
toring station. For each case and control period, hourly air
pollution exposure and meteorologic conditions were assigned
up to 72 hours before the index hour. Exposure at lag O hours
refers to the concentration monitored during the preceding
natural hour if the event occurred in the first half of the index
hour or to the concentration at the concurrent natural hour if
it occurred in the second half of the index hour. The missing
values of the nearest stations were predicted by constructing
simple linear regressions for available measurements between
the nearest and second nearest stations that were also within
50 kilometers from the hospital. There were 1.74%, 1.97%,
1.68%, 1.68%, 1.69%, and 1.69% of hourly measurements
of PM, ., PM,. .., NO,, SO,, CO, and O, still missing, respec-
tively, which were omitted in subsequent statistical analyses.
The highest and lowest 0.1% of hourly concentrations for all
pollutants were trimmed to reduce the potential influences of
outliers on the analyses.

Statistical Analysis
Conditional logistic regression models were used to quantify
the associations between hourly exposures to air pollutants and
the onset of ACS and its subtypes. Linear relationships were
first assumed, which were consistent with the broad literature
on air pollutants and cardiovascular health.'®?" The polynomial
distributed lag model was applied to account for linear asso-
ciations and collinearity across different lag hours when con-
structing the cross-basis functions. A maximum of 72 lag hours
was selected a priori as most previous studies reported that
short-term effects of air pollution on myocardial infarction are
within 72 hours.™? The lag structure was modeled using a priori
third-degree polynomial function.?® The cross-basis function
was added to the primary conditional logistic regression mod-
els. Because O, concentrations were much lower in the cold
season and had drastic day—night variations, the association of
0O, with ACS was evaluated only for the warm season (April to
September), and it was further stratified by peak (10 am to 6 Pm)
versus nonpeak time (6 Pm to 10 am the next day).?' We con-
trolled for public holidays and the 72-hour average temperature
and relative humidity using natural cubic spline functions with
6 and 3 degrees of freedom, respectively (Expanded Methods
in the Supplemental Material). We plotted the lag structure over
72 hours to explore the pattern of the associations over time.
The cross-basis functions for all air pollutants were rebuilt
using the distributed lag nonlinear model to explore the pos-
sibility of nonlinear concentration—response curves of air
pollutants with ACS onset. This model allows for nonlinear
associations that may vary over multiple lag periods.?® In cross-
basis functions, natural cubic splines were used for both air
pollutant and lag space. A natural cubic spline with 2 inter-
nal spline knots at equally spaced percentiles of concentra-
tions was fitted to account for potential nonlinear relationships
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between pollutants and ACS onset. For the lags, a natural cubic
spline with 2 internal knots was selected at equally spaced log
values of lags to allow for more flexibility at shorter delays.?”
Then, separate models were refitted for each air pollutant to
plot the cumulative concentration—-response curves (Expanded
Methods in the Supplemental Material).

To explore potential effect modifications, stratified analy-
ses were conducted by sex (male vs female), age (<65 vs >65
years), season (warm [April to September] vs cold [October
to March]), geographic region (North, South, Northwest, and
Qing-Tibet), time of day (8 am to 8 PM vs 8 PM to 8 am the next
day), proximity to major roads (<100 meters vs 100-1000
meters) on the basis of the address of symptom onset, history
of smoking (yes vs no), and history of chronic cardiorespiratory
diseases (yes vs no). Statistical differences between stratum-
specific estimates were tested using 2-sample z tests with the
following formula:

7= B1_BQ (1)
\JSE? + SE3

where B,and B, were the stratum-specific regression coeffi-
cients (log odds ratio) and SE, and SE, were the corresponding
standard errors.”

Multiple sensitivity analyses were conducted to examine the
robustness of the associations of air pollutants with ACS. First,
in addition to the above single-pollutant models, 2-pollutant
models were fitted for each pair of the 6 pollutants to con-
trol for potential confounding from co-pollutants. Second, tem-
perature was adjusted at hourly level over the 72-hour period
before the index hour to exclude the confounding from hourly
changes of temperature. In this modeling, the distributed lag
nonlinear model was used with cross-basis function of tem-
perature defined by natural splines for both exposure and lag
space. Third, the cross-basis function in distributed lag nonlin-
ear model was alternatively constructed with 2 internal spline
knots placed at equally spaced values in the range of pollut-
ant concentrations when deriving concentration—response
curves.?” Fourth, for patients who provided complete addresses
of ACS onset within 50 kilometers of a monitoring station, the
main models were rerun separately using exposure data on
the basis of hospital addresses and onset addresses. Last, the
analyses were restricted to patients whose place of ACS onset
was within 10 or 25 kilometers from the nearest monitoring
stations to examine possible effects from exposure misclas-
sification using fixed-site monitoring data.

All analyses were conducted in R (version 4.0.0, R Project
for Statistical Computing) using 2-sided tests with an a of
0.05. To facilitate data interpretations and comparisons across
air pollutants, odds ratios and their 95% Cls were converted
into percent change in risk of ACS onset associated with each
interquartile range increase of air pollutant concentrations,'?
using the following equation:

Percent change = (PR —1)x100% @
Lower95% Cl = (g(B-1:96xSEXI0R 1) x 100% 3
Upper95% Cl = (eB+196xSEXIAR _ 1) x 100% (4)

where [ is the regression coefficient (log odds ratio) and SE is
the standard error of the p. To further facilitate future compari-
sons across studies and meta-analyses, the risk of ACS onset
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associated with each 10 pg/m? increase of PM, ,, PM NO

25 25-10' 2!
SO, and O, and 1 mg/m® increase of CO was also reported.

RESULTS

Descriptive Data

Of the 1829020 ACS cases recorded in the CCA Data-
base—Chest Pain Center between January 1,2015, and
September 30, 2020, a total of 1292880 cases (Figure
S1) from 2239 hospitals in 318 Chinese cities (Figure
S2) were eligible for this study. The median distance
between reporting hospitals and air quality monitoring
stations was 2.6 kilometers. A total of 33% of these pa-
tients had both addresses of ACS onset and the report-
ing hospitals, with a median distance of 6.1 kilometers
between them. Of the patients identified from the CCA
Database—Chest Pain Center, patients excluded from
the analyses had similar age and sex distributions as
those included (Table S1). Tables S2 and S3 provide
further demographic and clinical details about patients
included in this study and Tables S4 and S5 describe
the distributions of air pollutants and weather conditions
at national and regional levels during the study period.
The national average concentrations of hourly PM,
(44.3 pg/m?), PM, . . (85.1 pug/m?), and NO, (33.7 ug/
m?) before the index hour were well above the recently
updated World Health Organization Global Air Quality
Guidelines 2021 (annual average: PM, ., 5 ug/m® PM, |
minus PM, , 10 pg/m? NO,, 10 pg/m?). At the regional
level, air pollution was considerably worse in the Beijing-
Tianjin-Hebei and northwest regions than in other parts
of China (Figure S3). As for diurnal variations, concen-
trations were generally comparable between daytime
and nighttime, with the exception of O, which peaked at
3 PM during the day (Figure S4).

There were low to moderate correlations among air
pollutants and weather conditions (Table S6). For exam-
ple, PM, . concentration was positively correlated with
that of PM,, ., NO,, SO,, and CO (Spearman r= 0.49,
0.59, 0.49, and 0.64, respectively) and negatively with
O,, temperature, and relative humidity (r=-0.10,—-0.38,
and —0.16, respectively). For each air pollutant, we fur-
ther observed moderate to high correlation coefficients
(all r>0.70) between readings from each 2 monitoring
stations <60, <25, and <10 kilometers apart (Table S7).

Regression Results

We observed associations of exposures to PM,,, NO,,
S0, and CO with higher incidence in the onset of overall
ACS in the concurrent hour. Thereafter, the associations
gradually attenuated and became statistically nonsignifi-
cant after 15 to 29 hours (Figure 1), so we decided to
use the duration of O to 24 hours to derive the risk esti-
mates. Each interquartile range increase in the concen-
trations of PM,, (36.0 ug/m), NO, (29.0 pg/m?), SO,

Circulation. 2022;145:1749-1760. DOI: 10.1161/CIRCULATIONAHA.121.0567179
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Figure 1. Lag structures for the associations of acute coronary syndrome onset with hourly concentrations of pollutants.
A through D, Fine particulate matter (F’M%); E through H, nitrogen dioxide (NO,); I through L, sulfur dioxide (SO,); M through P, carbon
monoxide (CO). The black solid lines are the average percent change in the risk of acute coronary syndrome (ACS) onset associated with each

interquartile range increase of pollutants (PM

b5 36.0 pg/m* NO,, 29.0 ug/m? SO, 9.0 pg/m? and CO, 0.6 mg/m?) and the gray areas are the

95% Cls. NSTEMI indicates non—ST-segment—elevation myocardial infarction; STEMI, ST-segment—elevation myocardial infarction; and UA,

unstable angina.

(9.0 ug/m?®), and CO (0.6 mg/m®) over O to 24 hours was
associated with higher risk of ACS onset by 1.32% (95%
Cl, 1.07%-1.57%), 3.89% (95% ClI, 3.41%—-4.37%),
0.67% (95% Cl, 0.47%-0.86%), and 1.565% (95% C],
1.22%—1.88%), respectively (Table 1). The correspond-
ing risk estimates with each 10 ug/m? increase of PM,,
PM,. ., NO, SO, and O, and 1 mg/m?® increase of
CO are presented in Table S8. Null associations were
observed for the negative control conditions of valvular
heart disease (Table S9).

The magnitude of associations varied slightly by ACS
subtypes. NO, showed the strongest associations with
the onset of all 3 subtypes, followed by PM,_ and CO,
whereas SO, exhibited relatively weaker associations.
The lag analyses showed similar findings, with the high-
est risk at the concurrent hour of exposure, which attenu-
ated through 15 to 29 hours.

Figure 2 presents the concentration—response curves
for PM,, NO,, SO,, and CO. In general, the curves were
almost linear without apparent thresholds. The risks of
ACS onset increased consistently with increasing con-

Circulation. 2022;145:1749-1760. DOI: 10.1161/CIRCULATIONAHA.121.057179

centrations of air pollutants, but the slopes appeared to
slightly attenuate beyond the breakpoints of approxi-
mately 25 pg/m? for PM, ., 30 ug/m? for NO,, 10 pg/m?®
for SO,, and 0.8 mg/m? for CO.

For PM%_]O, there were no significant associa-
tions with ACS or its subtypes (Table 1 and Figure Sb).
According to the exposure-response curves (Figure S6),
there were significantly increasing risks of overall ACS,
STEMI, and NSTEMI at concentrations lower than ~25
pg/m?®, but the curves tended to level off or decrease
at higher concentrations. For unstable angina, the curve
was almost always nonsignificant. There were no sig-
nificant associations of O, during peak time or nonpeak
time with ACS and its subtypes (Figures S7 and S8).

In stratified analyses, we found a stronger associa-
tion of SO, with ACS among patients 65 years of age
or older than in their younger counterparts (0.89% vs
0.50% per interquartile range; Py.y,cen-group diference—0-048;
Table 2). Stronger associations of PM,,, NO,, and CO
with ACS were found in the cold season than in the warm
season (p,....<0.01). The associations were generally
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Table 1. Risk of ACS Onset Associated With Each IQR Increase in Air Pollutant Concentrations Over Lags 0 to 24 Hours
Polwtet iR faes  [sew  [Nsew |Ustbleangine |

PM, 36.0 pg/me 1.32 (1.07, 1.57) 1.22 (0.81, 1.62) 1.91 (1.34, 2.49) 1.16 (0.78, 1.55)

PM,, 31.0 pg/m® 0.37 (—0.09, 0.83) 0.70 (—0.05, 1.44) 0.18 (—0.80, 1.17) 0.40 (—0.28, 1.08)

NO, 29.0 pg/m?® 3.89 (3.41, 4.37) 3.64 (2.84, 4.45) 3.57 (2.52, 4.64) 4.37 (3.64, 5.10)

SO, 9.0 pg/m? 0.67 (0.47, 0.86) 0.68 (0.37, 1.00) 0.93 (0.46, 1.41) 0.62 (0.29, 0.94)

co 0.6 mg/m® 1.55 (1.22, 1.88) 1.45 (0.90, 2.00) 1.45 (0.79, 2.11) 1.53 (1.08, 2.02)

O, (peak time)* 69.0 pg/m® —0.31 (—1.68, 1.08) 1.38 (—0.92, 3.74) —0.63 (=8.71, 2.54) —1.78 (—3.77, 0.35)

0, (nonpeak time)t 69.0 ug/m® 0.71 (—0.88, 2.33) —1.22 (—3.71, 1.33) 1.68 (—1.78, 5.25) 2.46 (—3.82, 9.15)

Values are estimated percent change (95% Cl). ACS indicates acute coronary syndrome; CO, carbon monoxide; IQR, interquartile range; NO,, nitrogen dioxide;

NSTEMI, non-ST-segment—elevation myocardial infarction; O,, ozone; PM
STEMI, ST-segment—elevation myocardial infarction.

*Peak time is from 10 av to 6 pm during 1 day.

tNonpeak time is from 6 Pm to 10 am the next day.

257

comparable in the north and south, except that NO, had
significantly higher effect estimates in the north. Null
associations were observed in the northwest and Qing-
Tibet region. The associations appeared to be slightly
stronger during the daytime, when closer to major roads,
or in individuals who never smoked or had no history of
chronic cardiorespiratory disease (Table 2 and Table S10).

fine particulate matter; PM coarse particulate matter; SO,, sulfur dioxide; and

2.5-10'

However, most of these between-stratum differences did
not reach statistical significance.

In our sensitivity analyses, the results from 2-pollutant
models were not substantially different from those of the
single-pollutant models, suggesting minimal confound-
ing from each other (Figure 3 and Figure S9). Further-
more, all associations remained stable after additionally
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Figure 2. Cumulative exposure-response curves for the associations of PM

onset over lags 0 to 24 hours.

2.57

NO,, SO,, and CO with acute coronary syndrome

A, Acute coronary syndrome (ACS). B, ST-segment—elevation myocardial infarction (STEMI). C, Non—ST-segment—elevation myocardial infarction
(NSTEMI). D, Unstable angina (UA). The black solid lines are the average percent change in the risk of ACS onset and the gray areas are the
fine particulate matter; SO, sulfur dioxide.

95% Cls. CO indicates carbon monoxide; NO,, nitrogen dioxide; PM
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Table 2. Risk of ACS Onset Associated With Each IQR Increase in Air Pollutant Concentrations Over Lags 0 to 24 Hours Strati-

fied by Sex, Age, Season, Region, Time of Day, and Proximity to Major Roads

Air Pollutants and ACS Onset

Subgroups Sample size PM, NO, SO, co
Sex
Male 878354 1.37 (1.07, 1.67) 3.74 (3.17, 4.32) 0.67 (0.43, 0.91) 1.27 (0.90, 1.64)
Female 414395 1.19 (0.75, 1.63) 4.37 (3.50, 5.25) 0.74 (0.36, 1.12) 1.86 (1.28, 2.44)
Age, y
<65 656831 1.28 (0.94, 1.63) 4.15 (3.46, 4.83) 0.50 (0.24, 0.76)* 1.561 (1.05, 1.96)
>65 635725 1.36 (1.00, 1.73) 3.77 (3.09, 4.45) 0.89 (0.60, 1.19)* 1.42 (0.99, 1.85)
Season
Warm 690082 1.04 (0.66, 1.41)* 2.08 (1.46, 2.70)* 0.68 (0.33, 1.03) 0.77 (0.29, 1.26)*
Cold 602798 1.78 (1.37, 2.20)* 5.44 (4.68, 6.20)* 0.88 (0.57, 1.19) 1.84 (1.40, 2.28)*
Region
North 692183 1.51 (1.16, 1.86) 4.76 (4.06, 5.47)* 1.02 (0.70, 1.35) 1.79 (1.35, 2.23)
South 538440 1.78 (1.27, 2.29) 3.23 (2.54, 3.92)* 0.78 (0.38, 1.18) 1.33 (0.81, 1.86)
Northwest 59936 0.23 (—0.64, 1.10) 1.77 (—0.90, 4.50) 0.05 (—0.65, 0.75) 0.15 (—1.28, 1.61)
Qing-Tibet 2321 —3.87 (—13.64, 7.00) —0.64 (—15.19,16.41) | —=5.01 (—10.44, 0.76) 0.16 (—7.82, 8.84)
Time of dayt
Daytime 837833 1.32 (1.00, 1.65) 4.01 (3.41, 4.60) 0.71 (0.46, 0.96) 1.70 (1.26, 2.14)
Nighttime 455047 1.28 (0.90, 1.65) 3.87 (3.05, 4.70) 0.60 (0.29, 0.91) 1.22 (0.75, 1.69)
Proximity to roads, m#
<100 75750 1.23 (0.17, 2.30) 4.86 (2.74, 7.01) 1.31 (0.35, 2.28) 1.87 (0.62, 3.15)
>100 253317 1.08 (0.50, 1.66) 4.33 (3.21,5.46) 0.96 (0.44, 1.48) 1.44 (0.73, 2.16)

Values are estimated percent change (95% CI). ACS indicates acute coronary syndrome; CO, carbon monoxide; IQR, interquartile range; NO,, nitrogen dioxide;

PM, , fine particulate matter; and SO,, sulfur dioxide.
*Significant between-subgroup difference.

tDaytime was from 8 am to 8 Pm during 1 day; nighttime was the rest of the day.

#This analysis was conducted among patients with complete address at ACS onset and was restricted to those within 1 kilometer of the major roads.

adjusting for the cumulative effects of hourly tempera-
ture over 0 to 72 lag hours (Table S11). The concentra-
tion—response curves from models with knots placed at
equally spaced values in the range of concentrations were
similar to our primary results, showing linear associations
without apparent thresholds (Figure S10). Furthermore,
when restricting the analyses to the subset of patients
who provided detailed addresses of the event onset, the
findings were little affected by using air pollutant esti-
mates from the event onset versus hospital addresses
(Table S12). Restricting the analysis to patients whose
place of ACS onset was nearer to fixed-site monitors
would considerably decrease the valid sample size and
yield larger effect estimates, but the increments were
very small (Table S192).

DISCUSSION

This nationwide study demonstrated immediate and ro-
bust associations of transient exposures to air pollution
with a higher risk of ACS onset as well as all its sub-
types. The associations were strongest for NO,, followed
by PM,, CO, and SO,, and their risk estimates appeared
to be stable with copollutant adjustments as shown in
the 2-pollutant models. The risks were generally the

Circulation. 2022;145:1749-1760. DOI: 10.1161/CIRCULATIONAHA.121.057179

strongest in the concurrent hour of exposure, attenu-
ated thereafter, and became statistically nonsignificant
~15 to 29 hours later. The risk of ACS onset increases
with increasing concentrations of air pollutants almost
throughout their full range without discernible threshold
effects. We found stronger associations among patients
65 years of age or older, among patients without smok-
ing history or chronic cardiorespiratory disease history,
and in the cold season. Throughout the analyses, PM, .,
or O, concentration was not associated with ACS onset,
suggesting they have no or limited role in the acute onset
of ACS. To our knowledge, this is the first case-crossover
study that has systematically examined the roles of cri-
teria air pollutants in the onsets of ACS and all of its
subtypes on an hour-by-hour basis.

The hourly assessment using individual-level data
is a strength of this study. Most previous studies have
assessed the associations by fitting aggregate cases of
ACS-related events and exposures at the daily timescale
through time series analyses.'®'® These studies have
been challenged by concerns about ecological fallacy,
exposure misclassification,” and the inability to inform
biological mechanisms without identifying the most rel-
evant time windows of exposures for ACS onset. To date,
only a few studies have examined these associations
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using a case-crossover design at the hourly timescale,
and they have predominantly focused on the association
of PM, . with myocardial infarction. Three case-crossover
studies reported positive associations between myo-
cardial infarction and PM,, exposure in the previous
hour,'3202° byt another study did not report any asso-
ciation.3® Another study among 79 288 patients in the
United Kingdom observed increased myocardial infarc-
tion onset 1 to 6 hours after high exposures to PM, |
and NO,.'? In comparison, the current case-crossover
study analyzed national data of hourly measurements of
all criteria air pollutants with hourly ACS onset for 1.29
million patients. This study provides clear evidence that
ACS and all its subtypes can be triggered by transient
exposures to high levels of multiple air pollutants even in
the same hour of exposure.

1756 June 14,2022

Previous studies have also examined the associa-
tions of air pollutants with ACS subtypes, largely focus-
ing on STEMI. Evidence to date consistently supports
positive associations of air pollutants with STEM|81013
but data on NSTEMI are inconsistent. Several case-
crossover studies reported positive associations
between air pollution and NSTEMI,"'®" whereas oth-
ers reported null associations.®'® This inconsistency
may be attributable to study differences in geographic
coverage, sample size, air pollutant levels and com-
positions, population exposure patterns, and statisti-
cal approaches. The association of air pollution with
unstable angina has seldom been studied, although
there are sporadic reports of higher risks of unstable
angina events with higher daily exposures of PM, . and
NO,#% The current study provides robust evidence

Circulation. 2022;145:1749-1760. DOI: 10.1161/CIRCULATIONAHA.121.0567179



€202 ‘62 Yo uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

Chen et al

that PM, ., NO,, CO, and SO, are associated with ACS
onset regardless of its clinical subtype.

Although the biological mechanisms underlying the
associations between air pollution and ACS are not fully
established, several hypotheses have been proposed.®
Both controlled human exposure studies and animal in
vivo experiments support that acute exposure to particu-
late matters could lead to an enhanced thrombogenicity
through various pathways, including platelet activation,
oxidative stress, and interplays between interleukin-6
and tissue factors.3*37 Endothelial dysfunction, inflam-
mation, dyslipidemia, and autonomic and vascular dys-
function are also possible pathways.?33° Fewer studies
have evaluated the relationships between gaseous pol-
lutants and biomarkers of cardiovascular health.3® Pre-
liminary evidence suggests that both oxidative stress and
endothelial dysfunction may underlie the adverse effects
of gaseous pollutants on the cardiovascular system.404!

Epidemiologic evidence on PM, . ., and cardiovas-
cular health has been limited and inconsistent. Two
multisite time series studies found significant asso-
ciations of PM, ., with cardiovascular mortality®* and
hospitalization,*? but the associations lost statistical sig-
nificance after adjusting for PM, .. In contrast, 2 other
multicity time series analyses in China reported signifi-
cant associations of PM,, , with IHD mortality, which
was not affected by adjusting for PM, , exposure.?*#
This nationwide case-crossover study did not support
a significant association between PM,, . -and any type
of ACS. The null associations for PM, . - are plausi-
ble because it predominantly consists of traffic dust,
biogenic compounds (e.g. pollen), and various crustal
materials from grinding and crushing and it preferen-
tially deposits in the upper and larger airways and thus
may be less toxic to the cardiovascular system.

This study provides evidence that short-term O, expo-
sure, in peak or nonpeak time, was not associated with
ACS onset. As with PM, . ., previous epidemiologic evi-
dence on O, and cardiovascular health was limited and
inconsistent.’*%43 This inconsistency may stem from
the inherent difficulties in assessing potential adverse
health effects of 03. As a secondary pollutant, the for-
mation of O, depends on complex chemical processes
involving heat and sunlight.'® Therefore, the assessment
of health associations with O, may be complicated by
these factors. To alleviate these concerns, we restricted
our analyses of O, to the warm season only, and fur-
ther stratified the analyses by peak and nonpeak time.
Our findings support the US Environmental Protection
Agency Integrated Science Assessment, which con-
cluded the cardiovascular effect of O, as “not sufficient
to infer a causal relationship.*

The stratified analyses revealed stronger associa-
tions of ACS with air pollutants among older patients,
consistent with the results of previous studies®'0?’
Stronger associations were also observed in the cold

Circulation. 2022;145:1749-1760. DOI: 10.1161/CIRCULATIONAHA.121.057179
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season, which is probably attributable to the much
higher pollutant concentrations and the higher demand
on the cardiovascular system during the cold season.'%?7
The lack of associations in the northwest and Qing-Tibet
regions may be partly explained by the sparse distribu-
tion of chest pain centers in these regions and the small
sample size, resulting in inadequate statistical power to
detect a significant association and unstable estimates.
Our analysis also found slightly stronger associations
during the daytime. This may be explained by the fact
that people often spend more time outdoors during
the day, and thus the measurement errors of air pollut-
ants were likely smaller for daytime because they were
estimated on the basis of outdoor fixed-site monitors.
Patients closer to major roads also showed stronger
associations; however, these results must be interpreted
with caution because the analytic sample size in these
analyses was much smaller. Furthermore, nonsignificant
or relatively weak associations were observed among
patients with smoking or chronic cardiorespiratory dis-
ease history. It is possible that these individuals were at
high risk of ACS for other reasons, making the contri-
butions from air pollutants less relevant. It is also pos-
sible that the effects of air pollutants might have been
masked or attenuated by medications or other risk fac-
tors. Although the results of these stratified analyses are
interesting, some were on the basis of small samples,
and therefore they must be interpreted cautiously and
require independent confirmation.

This study has several strengths. First, the centralized
national ACS database ensured data of high quality, cov-
ering almost all major hospitals in large and medium cit-
ies across China. The very large sample size, nationwide
coverage, and individual patient information enabled us
to conduct comprehensive statistical analyses to maxi-
mize the validity of study results. Second, unlike studies
in western developed countries, the wide ranges of air
pollutant distributions offered us a unique opportunity to
investigate air pollutants in association with ACS onset
to their full exposure ranges. Third, the time-stratified
case-crossover design of this study facilitated the causal
inference of study findings by autonomically controlling
for time-invariant confounding at the individual level.*
Fourth, 6 criteria air pollutants were reported in relation
to ACS and all its subtypes, excluding the possibility of
publication bias. Last, we took advantage of hourly air
pollution data and detailed records of ACS onset time,
which is instrumental in characterizing a subdaily time
course from exposure to ACS onset as well as defining
the duration for this effect.

The study has several limitations. First, individual-level
exposures were estimated on the basis of nearby fixed-
site monitors. Although this is a common practice in epide-
miologic studies of air pollution, exposure misclassification
is inevitable. We conducted a sensitivity analysis by using
estimates with varying distances to the fixed monitors and
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observed similar results. Furthermore, such measurement
errors were likely nondifferential and might have underes-
timated the associations.*® Second, the exposure assess-
ments did not fully capture air pollution variations in the
microenvironments, such as the proximity of traffic, making
it difficult to explore the possible effect modifications by
transient high exposures during rush hours. Third, exposure
assessments were conducted on the basis of the hospi-
tal addresses rather than the exact addresses of disease
onset in the primary analysis. This is not a major concern
because (1) patients with ACS in China are almost always
sent to the nearest hospital for timely care; (2) in this study,
the place of ACS onset, care hospitals, and air quality
monitoring stations are all reasonably close to each other,
often within several kilometers; (3) as shown in our results,
concentrations of the same air pollutant tended to vary in
similar directions and magnitudes within the 50-kilometer
measurement range; and (4) our sensitivity analysis using
the addresses of ACS onset showed comparable results
with the primary analysis using hospital addresses. Fourth,
although time-invariant confounders could be controlled by
design, time-varying lifestyle-related confounders could not
be excluded; nonetheless, this type of residual confounding
would not substantially change our results because these
factors are not likely to vary considerably for an individual
within a month. Fifth, given the measurement errors and
correlations across air pollutants, we cannot infer indepen-
dent associations of specific air pollutants with ACS onset
even with 2-pollutant analyses. Last, the self-reported time
of ACS onset was also subject to reporting errors, but the
nature may be random and thus would not substantially
bias our findings.

This nationwide case-crossover study of 1.29 million
ACS cases from 2239 hospitals in 318 Chinese cities
provides novel and robust evidence that hourly exposure
to PM,,, NO,, SO,, and CO, but not PM,_, or O,, may
trigger the onset of ACS. The findings of this study add
to the mounting evidence on the adverse cardiovascular
effects of air pollution and its time course, underscor-
ing continued efforts for public health intervention and
air pollution control. Furthermore, the concentration—
response curves without apparent thresholds support the
tightening targets in the recently updated World Health
Organization Global Air Quality Guidelines 2021.47
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