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Background: Sudden cardiac arrest is a leading cause of cardiovascular death. This study aimed at investigating
the impact of short-term exposure to air pollutants on the incidence of OHCA.
Methods: We identified OHCA cases that occurred in Seoul between 2006 and 2013 from the nationwide emer-
gency medical service database. The association of the daily incidence of OHCA with air pollutants including
PM2.5 (particles ≤2.5 μm in aerodynamic diameter), PM10, CO, O3, NO2, and SO2 was analyzed with the use of
time-series and case-crossover analyses.
Results:A total of 21,509OHCAs of presumed cardiac originwere identified. An elevation in PM2.5 by 10 μg/m3 at a
moving average of lag 1 and 2 days was shown to increase the risk of OHCA by 1.30% (95% confidence intervals,
0.20–2.41%). An exposure–response relationship was present: the risk of OHCA increased significantly with even
a mild elevation of PM2.5 (10–15 μg/m3) and further increased with higher levels. While PM10, NO2, CO, and SO2

also showed significant associationswith OHCA in single-pollutant models, only PM2.5 remained significant after
adjustment for other pollutants. Subgroup analyses showed male sex, advanced age, hypertension, diabetes,
heart disease, and history of stroke were risk factors for OHCA in response to elevations in PM2.5.
Conclusions: This study showed that increased ambient levels of PM2.5 were significantly associated with
increased risk of OHCA within 1 to 2 days of exposure, which had a dose–response relationship. Subjects with
conventional cardiovascular risk factors were more susceptible to harm of PM2.5.

© 2016 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Out-of-hospital cardiac arrest (OHCA) is a leading cause of death
worldwide. It accounts for up to 50% of all cardiovascular deaths [1]. In
the United States, 424,000 people each year experience non-traumatic
OHCA, and about 90% of them fail to survive to hospital discharge [2].
The burden of OHCA is surging in Korea: the incidence rate increased
from 37.5 in 2006 to 46.8 in 2010 per 100,000 person-years, while the
survival rate was reported to be as low as 3.0% [3]. As OHCA is typically
associated with high mortality rates, predicting the incidence and
screening subjects at risk are of the utmost importance.

Recent studies have sought to find a link between short-term expo-
sure to air pollutants and OHCA. It is well established that ambient air
pollution triggers cardiovascular fatal and nonfatal events [4]. However,
icine, Seoul National University
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its impact on OHCA has been controversial [5–16]. Most studies on this
subject were performed in developed countries with only a paucity of
data from Asia, where air pollution is increasingly becoming a major
healthcare issue [17].

The objective of this study was to investigate the impact of short-
term exposure to outdoor air pollutants on the incidence of OHCA in
Seoul, Korea. We also sought to identify high risk individuals that are
most susceptible to harm from ambient air pollution.
2. Methods

Seoul is a megacity in Korea. As of 2013, Seoul had more than
10 million residents, making it the most highly populated city in
Asia and second worldwide following Paris [18]. It has a temperate
climate with four distinct seasons. Air quality in Seoul is relatively
poor compared to western cities [19]. Air pollution in Korea is not
only determined by local emissions, but also affected significantly
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by long-range transport of emissions from adjacent countries, such
as China [20].

2.1. Study population

Study subjects were patients who experienced an OHCA in Seoul,
Korea between January 2006 and December 2013, who were extracted
from the cardiovascular disease surveillance database, a nationwide
population-based retrospective observational database. Details of the
database have been described elsewhere [3]. In brief, the database con-
tains information about emergency medical service (EMS)-assessed
OHCAs across the country. Korea has a single-tiered EMS systemprovid-
ed by the government, and ambulance run sheets are electronically
stored in each province's EMS headquarters. Trainedmedical record re-
viewers visited the hospitals and reviewed the hospital records to com-
pile information related to the risks and outcomes using the Utstein
guidelines for reporting cardiac arrest and resuscitation data [21]. Pa-
tients were classified as having an arrest of cardiac origin when there
were no previous symptoms or known non-cardiac etiologies (Supple-
mentary Fig. 1). The reviewers recorded the patients' pertinent medical
history, such as hypertension, diabetes, heart disease, history of stroke,
renal disorder, and respiratory disorder, although these data were not
available for patients prior to January 2009. All informationwas record-
ed in a manner that protected the subjects' identities. This study was
exempt from review by the Seoul National University Hospital Institu-
tional Review Board (1505-087-673).

2.2. Air pollution and meteorological data

Weather data, including daily mean temperature (°C), relative
humidity (%), and air pressure (hPa), were obtained from the Korean
Meteorological Administration. Air pollutant monitoring data were
obtained from the Korea National Institute of Environmental Research.
Hourly concentrations of particulate matter (PM) ≤2.5 μm in aero-
dynamic diameter (PM2.5) (μg/m3), PM ≤10 μm (PM10) (μg/m3), CO
(ppm), O3 (ppb), NO2 (ppb), and SO2 (ppb) were collected from 27
monitoring stations in Seoul, fromwhich daily averageswere calculated
after omitting 5% of the data points from the top and bottom of the dis-
tributions. SO2 was measured by pulse ultraviolet fluorescence, NO2 by
chemiluminescence, COby non-dispersive infraredmethod, O3 byultra-
violet photometry, and both PM2.5 and PM10 by beta-ray absorption
method.

2.3. Statistical analysis

Both time series and case-crossover analyses were performed to ad-
dress the sensitivity of the results and to model uncertainty. The main
analysis employedwas the time series analysis, a quasi-Poisson general-
ized additivemodelwith penalized cubic regression splines. Themodels
were controlled for mean temperature, relative humidity, and mean air
pressure, which were treated as continuous variables, as well as for the
day of the week. Seven degrees of freedom per year were selected for
smoothing the time trends based on a sensitivity analysis using 1 to
15 degrees of freedom (Supplementary Fig. 2). We examined concen-
trations of individual lag days 0 through 5 (lag 0 represents the air pol-
lution level on the day of OHCA, lag 1 on the previous day, and so on).
Based on the lag day model, moving averages of lag days 1 and 2 were
used for PM2.5 throughout the manuscript. Two-pollutant models
were also constructed utilizing all possible pairs of pollutants. The calcu-
lated coefficients were compared with those obtained from the single-
pollutant models.

To evaluate the sensitivity of the results, a case-crossover analysis
was done. Two methods were used for matching control days for a
case: 1) matching on the day of week, and 2) matching on the temper-
aturewithin 0.5 °C. Then, conditional logistic regressionwas performed.
The same smoothing terms for temperature and humidity as described
in the time-series model were used in the case-crossover analysis. Sub-
group analyses were performed to identify those at high risk for OHCA
upon exposure to air pollution. Subjects with missing values were ex-
cluded from the analysis.

Statistical analyses were performed with the R statistical soft-
ware [22]. Results were presented as the percentage of excess risk
(ER) with 95% confidence interval. A p value b0.05 was considered
significant.

3. Results

3.1. Cohort characteristics

A total of 28,315 OHCAs were identified in Seoul from January 2006
to December 2013 (2922 days). After excluding cases from clearly non-
cardiac etiologies, 21,509 OHCAs with presumably cardiac origin were
analyzed in this study (Supplementary Fig. 1). The mean age of the
study population was 66.4 ± 19.9, and approximately half of the events
occurred in the advanced age group (≥70years) (Table 1).Male patients
accounted for about two thirds of the population.

Summary statistics for the average daily pollutant levels andmeteo-
rological variables during the study period are shown in Table 2. Fig. 1
shows the histogram for the distribution of ambient PM2.5 concentra-
tions. The daily average PM2.5 was ≤15 μg/m3, a level classified as
“good” by the Korean Meteorological Administration, on 683 days cor-
responding to the 23rd percentile. Meanwhile, the daily average PM2.5

was N50 μg/m3, a “bad” level, on 205 days corresponding to the upper
7th percentile. Correlations between air pollutants, temperature, and
relative humidity are detailed in Supplementary Table 1. PM2.5 correlat-
ed highly with PM10, and moderately with NO2, CO, and SO2.

3.2. Air pollutants and incidence of OHCA

PM2.5 was found to increase the risk of OHCAmarginally at lag day 1
(percent ER, 0.94% per 10 μg/m3 increase; 95% confidence intervals [CI],
−0.05–1.94%; P = 0.062) and significantly at lag day 2 (percent ER,
1.13%; 95% CI, 0.16–2.11%; P = 0.023) (Fig. 2). The ER was attenuated
with increasing days of lag. An increase in the risk of OHCA by 1.30%
(95% CI, 0.20–2.41%; P = 0.020) was observed after a 10-μg/m3 eleva-
tion of PM2.5 measured in a moving average of lag days 1 and 2.

PM10 at lag day 2 was associated with an increased risk of OHCA.
However, coarse PM, which is calculated by subtracting PM2.5 from
PM10 (PM2.5–10 = PM10 − PM2.5), was shown to have no statistically
significant association with OHCA. Positive associations with OHCA
were also present for other pollutants: NO2 at lag day 1 (1.31% per
10 ppb), CO at lag days 1 and 2 (0.91% and 0.76%, respectively, per
10 ppm), and SO2 at lag days 1, 2, and 3 (0.98%, 0.97%, and 0.82%, res-
pectively, per 1 ppb). In terms of O3, no significant association was
found with the lag day models using either daily maximal 8-hour aver-
age or daily 24-hour average.

An exposure–response relationship was observed between PM2.5

levels and the risk of OHCA. Fig. 3 shows even a mild elevation of
PM2.5 levels within the “good” category according the Korean Meteoro-
logical Administration standards (10–15 μg/m3) was significantly asso-
ciated with an increased risk of OHCA compared to the lower levels
(≤10 μg/m3). Exposure to a level classified as “bad” (PM2.5 N 50 μg/m3)
was associated with a 13.4% increase in the risk of OHCA (P b 0.001).

3.3. Sensitivity analysis and two-pollutant models

Estimates derived from case-crossover models are shown in
Supplementary Table 2. For a PM2.5 increase of 10 μg/m3 at lag day
2, the ER of OHCA was 0.94% (P = 0.126) for the model matching
on day of the week and 2.23% (P = 0.002) for that matching on
mean temperature within 0.5 °C degrees. Otherwise, the estimates
were similar to those obtained with time series analyses.



Table 1
Summary statistics for study population with out-of-hospital cardiac arrests in Seoul,
2006–2013.

Number (%)

All 21,509 (100.0%)
Age, years

b16 326 (1.5%)
16–39 1169 (5.4%)
40–69 9280 (43.1%)
≥70 10,734 (49.9%)

Sex
Male 14,101 (65.6%)
Female 7406 (34.4%)
Unknown 2 (0.0%)

Initial rhythm
Ventricular fibrillation 1999 (9.2%)
Pulseless ventricular tachycardia 207 (1.0%)
Pulseless electrical activity 1788 (8.3%)
Asystole 13,285 (61.8%)
Bradycardia 38 (0.2%)
Unknown 4192 (19.5%)

Underlying disease⁎

Hypertension Yes 5264 (34.1%)
No 6121 (39.7%)
Unknown 4044 (26.2%)

Diabetes mellitus Yes 3410 (22.1%)
No 7460 (48.4%)
Unknown 4559 (29.5%)

Heart disease Yes 2147 (13.9%)
No 7139 (46.3%)
Unknown 6143 (39.8%)

Renal disorder Yes 694 (4.5%)
No 7846 (50.9%)
Unknown 6889 (44.6%)

Respiratory disorder Yes 716 (4.6%)
No 7977 (51.7%)
Unknown 6736 (43.7%)

Stroke Yes 1145 (9.4%)
No 7448 (48.3%)
Unknown 6536 (42.4%)

CPC denotes cerebral performance category scale.
⁎ Information on underlying diseases was not available until January 01, 2008.

Fig. 1.Distribution of ambient PM2.5 levels in Seoul, 2006–2013. The X-axiswas presented
in a logarithmic scale.
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Two-pollutant models were constructed to estimate the indepen-
dent effects of PM2.5 among other pollutants. The ER of OHCA for an in-
crease in PM2.5 (lag days 1 and 2) was unchanged when analyzed with
the two-pollutantmodels (Fig. 4). The hazardous effects of other pollut-
ants observed in the single-pollutant model were mostly attenuated in
the two-pollutant model.

3.4. Subgroup analysis

Fig. 5 shows the analyses for various subgroups per an increase in
PM2.5 concentrations by 10 μg/m3 (moving average for lag days 1 and
2). Men, patients 60 years of age or older, and those with hypertension
Table 2
Summary statistics for number of out-of-hospital cardiac arrest events, meteorology, and air p

Daily mean (SD) Quantiles

Min 25%

Number of cardiac arrests 7.3 (3.3) 0 5
Meteorology

Temperature, °C 12.7 (10.6) −14.5 3.8
Humidity, % 60.4 (15.0) 20 49
Pressure, hPa 1016.0 (8.2) 993.1 1010.0

Air pollutants
PM2.5, μg/m3 25.8 (14.7) 3.3 15.6
PM10, μg/m3 52.7 (35.3) 6.1 31.9
O3, ppb 29.9 (16.1) 2.2 18.0
NO2, ppb 37.9 (12.7) 9.7 28.0
CO, ppm 0.61 (0.24) 0.23 0.45
SO2, ppb 5.6 (2.3) 2.5 4.0

For O3, the 8-hour maximum per day was analyzed. SD denotes standard deviation; min, mini
or diabetes were more susceptible to the harmful effects of PM2.5. The
interaction was significant for the hypertension subgroup andmarginal
for the diabetes subgroup. Although statistically insignificant, the inci-
dence of OHCA in patients with heart disease or a history of stroke
was higher after exposure to PM2.5 than those without.

4. Discussion

By analyzing the incidence of OHCA in Seoul from 2006 to 2013, we
found OHCAswere significantly associatedwith short-term exposure to
ambient air pollution. Of all the pollutant exposures included in the
analysis, PM2.5 exposure was most strongly associated with OHCA.
PM2.5 and OHCA had an exposure–response relationship: an increase
in ambient PM2.5 concentrations by 10 μg/m3 was associated a 1.3% in-
creased risk of OHCA 1 to 2 days later. The risk of OHCA following
PM2.5 exposure was greater in men, the elderly, and those with hyper-
tension, diabetes, heart disease, or a history of stroke.

OHCA is a major cause of cardiovascular mortality [23]. More than a
half of cardiovascular deaths present as sudden cardiac arrest, andmost
cardiac arrests occur outside of hospitals [24]. Conventional cardiovas-
cular risk factors, including coronary heart disease, explain themajority
of the risk for sudden cardiac arrest. However, many patients with cor-
onary heart disease are not even aware that they have the disease until
the development of cardiac arrest. In addition, the occurrence of cardiac
arrest is not random but triggered by short-term factors [25]. Circadian
and seasonal variations in cardiac arrest occurrence rates have been re-
ported [26,27]. Only recently has ambient air pollution gained attention
as a possible short-term triggering factor [5–16].

While outdoor air pollution is an established environmental factor in
cardiovascular mortality, its impact on OHCA remains unclear. The
World Health Organization estimates 3.7 million premature deaths
ollution in Seoul, 2006–2013.

Interquartile range

50% 75% Max

7 9 23 4

14.1 22.3 31.8 18.5
60 71 97 22

1016.0 1022.0 1038.0 12.8

22.6 32.0 190.6 16.4
46.5 63.7 864.1 31.8
27.5 39.0 109.5 20.9
36.5 46.7 92.4 18.6
0.55 0.71 1.81 25.7
5.0 6.6 21.2 2.6

mum; max, maximum; ppb, parts-per-billion, 10−6; ppm, parts-per-million, 10−6.
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worldwide were attributable to ambient air pollution in 2012 [28].
Elevations in air pollutant levels lead to a greater absolute mortality
risk from cardiovascular diseases than from other causes: 69% of the
premature deaths are estimated to be caused by cardiovascular diseases
such as ischemic heart disease and stroke, whereas pulmonary diseases
account for only 28% [4]. However, studies on the relationship between
Fig. 2. Level of air pollutants and the adjusted risk of out-of-hospital cardiac arrests: (A) PM2.5,
Y-axis represents percentage of excess risk with 95% confidence intervals. *P b 0.05. **P b 0.01
air pollution and OHCA have yielded inconsistent results. Some studies
found a significant association [7,9,11,12,16] whereas others did not
[5,6]. A studywith large sample size in Stockholm found a significant as-
sociation with O3 but not with PM2.5 [15].

This study showed short-term exposure to outdoor air pollutants
significantly increases the risk of OHCA. While PM10, NO2, CO, SO2
(B) coarse PM, (C) NO2, (D) CO, (E) SO2 and (F) O3 (daily maximal 8-hour averages). The
.



Fig. 3. Adjusted risk of out-of-hospital cardiac arrests according to ambient PM2.5 levels.
The Y-axis represents percentage of excess risk with 95% confidence intervals. *P b 0.05.
**P b 0.01.
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were all significantly associatedwithOHCA, PM2.5wasmost strongly as-
sociated. PM2.5 is a complex and heterogeneous mixture of hundreds of
chemical species, semi-volatile and solid particles originating from var-
ious sources and produced via atmospheric photochemical processes.
The small size of PM2.5 makes it possible for these particles to reach
the small airways and alveoli. Studies have suggested short-term expo-
sure to PM increases blood levels of proinflammatory mediators, in-
duces a hypercoagulability state, and inhibits fibrinolytic capacity [29,
30]. Alterations in the systemic autonomic balance, which may result
in life-threatening arrhythmias, in response to PM exposure have also
been postulated [31]. This study demonstrated that PM2.5 exposure is
associated with OHCA 2 to 3 days after exposure in a dose–response
manner and mainly in susceptible individuals with prior risk factors
for cardiovascular disease.

Notably, the increased risk of OHCA associated with an elevation of
PM2.5 levels found in this study was relatively small compared to
those in previous studies: ER of 1.3% per 10 μg/m3 increase in PM2.5 con-
centration in this study contrasts to 3.6% (per 4.26 μg/m3) inMelbourne
[9], 4–6% (per 10 μg/m3) in New York [10], 4.6% (per 6 μg/m3) in Hous-
ton [11], 4.4–5.2% (per 5.9 μg/m3) in Copenhagen [13], and 10.6–13.6%
(per 5.08 μg/m3) in Perth [16]. This discrepancy may be due to the low
prevalence of cardiovascular disease, including ischemic heart disease,
in Korea compared to western countries [32]. As also shown in this
study, the association between PM2.5 exposure and OHCA occurs pri-
marily in susceptible individuals, such as elderly persons and those
with pre-existing coronary artery disease [4]. A low proportion of sus-
ceptible people in the general population could translate to a low net ef-
fect of air pollution in the general population. On the other hand, the ER
for cardiovascularmortality per a 10-μg/m3 increase of PM2.5 concentra-
tion is generally thought to be between 0.4% and 1.0% [4]. Assuming
OHCA comprises a half of cardiovascular deaths [1], the ER of 1.3% is
consistent with the results reported in other studies. Whether there
exists a difference in the effects of air pollution based on the ethnicity
Fig. 4.Two-pollutantmodelswith PM2.5: adjusted percentage of excess risk (95% CI) in the incid
lag days 1–2. The Y-axis represents percentage of excess risk with 95% confidence intervals. *P
of the individual warrants further investigation. A study performed in
Japan investigating the effects of air pollution on OHCA examined PM
of a different size, making a direct comparison impossible [14]. Previous
studies did not detect significant discrepancies between ethnicities,
although Asian ethnicity was not adequately represented in these
studies [8,11].

Although the ER of 1.3% per 10-μg/m3 increase in the PM2.5 concen-
tration may appear small, this result can translate to a significant public
health impact. As an example, implantable cardioverter-defibrillator is
the single most efficacious tool in preventing sudden cardiac death.
Studies have shown it reduces the risk of cardiovascular death by ap-
proximately 20% to 30% [33,34]. However, the benefit is limited to a
small fraction of patients who are at high risk of cardiac arrest and
thus indicated for the implantable device. As the majority of OHCA vic-
tims come from the general population, the so-called “Myerburg's par-
adox”, the gain of implantable cardioverter-defibrillator is limited
when projected to the whole cardiac arrest population [35]. This study
showed the risk of OHCA increased as much as 13% after exposure to
high levels of PM2.5 (N50 μg/m3). A 1.8% of risk reduction is expected
when the annual concentration of PM2.5 is reduced from the mean of
25.8 μg/m3 to b12 μg/m3, the standard proposed by the Environmental
Protection Agency [36]. This reduction in risk would have a major im-
pact on public health.

This study had several strengths. First, the sample size of 21,509
OHCAs is the largest ever studied. Second, the patients' diseases were
identified by retrospective medical record reviews. Based on this infor-
mation, we could identify baseline factors that increased susceptibility
to OHCA upon exposure to PM2.5. The risk factors that heightened the
susceptibility to harm from air pollution (i.e., hypertension, diabetes,
male sex, old age, heart disease, stroke) corresponded to conventional
cardiovascular risk factors. We confirmed that short-term exposure to
high levels of PM2.5 triggers fatal cascades in subjects who already
have vulnerable substrates for cardiac arrest. Those with multiple risk
factors may benefit from becoming informed of air pollution levels
and staying indoors when the air quality is poor. Last, this is the first
study in Asia showing the relationship between PM2.5 and OHCA. This
region is rapidly industrializing and suffers from poor air quality, as
also shown in this study. The median of PM2.5 in Seoul during this
study period was 22.6 μg/m3 in contrast to 4.8 μg/m3, 12 μg/m3,
10.3 μg/m3, 8.7 μg/m3, and 6.8 μg/m3 inMelbourne, New York, Houston,
Copenhagen, and Perth, respectively [9–11,13,16]. Air pollution, espe-
cially PM2.5 concentrations, in Korea, China, and Japan is trans-
boundary rather than local [20]. Thus, these countries must coordinate
their efforts against air pollution to be most effective.

Limitations of this study include the lack of detailed information on
the etiology of the cardiac arrests. Second, other clinical variables
including bodyweight and smoking status were not available in this co-
hort. Third, the proportion of missing values of underlying diseases was
also high. OHCA is a sudden, unexpected event and is typically associat-
ed with high mortality rates. Thus, it is not always possible to obtain all
ence of out-of-hospital cardiac arrests (OHCA)with an increase of air pollutants for average
b 0.05.



Fig. 5. Subgroup analysis for PM2.5 (per 10 μg/m3), 1–2 lag day running mean model. The X-axis represents percentage of excess risk with 95% confidence intervals. Warm season was
defined as March through August; cold season, September through February. Abbreviations: CI, confidence intervals; Int P, interaction P value; VT, ventricular tachycardia; VF, ventricular
fibrillation. *P b 0.05. **P b 0.01.
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the patient information. Fourth, the incidence of OHCA was derived
from the records of the EMS system. Although a single-tiered EMS sys-
tem is provided by the government in Korea helping to ensure that this
study included all OHCA to which EMS responded, there could
have been unwitnessed cases. Lastly, although the models were ad-
justed for multiple meteorological variables, we cannot exclude the
possibility that there were confounding factors for which we did not
adjust.

5. Conclusion

Increased ambient levels of PM2.5 were significantly associated with
increased risk of OHCA within 1 to 2 days of exposure. PM2.5 was the
most important pollutant among those included in the analysis. An ex-
posure–response relationship was present between PM2.5 and OHCA.
Those with conventional cardiovascular risk factors were more vulner-
able to the adverse effects of PM2.5. The results of this study suggest a
causal relationship between short-term exposure to outdoor air pollu-
tion and OHCAs.

Conflict of interest disclosures

None.
Acknowledgments

This study was supported by the National Emergency Management
Agency of Korea and theKorean Centers for Disease Control and Preven-
tion. The study was funded by the Seoul Metropolitan City Government
(2008) and the Korean Centers for Disease Control and Prevention
(2009-E00543-00, 2010-E33022-00, 2011-E33004-00, 2012-E33010-
00, 2013-E33015-00, 2014-E33011-00).
Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ijcard.2015.11.100.
References

[1] R.J. Myerburg, A. Castellanos, Cardiac arrest and sudden cardiac death, in: R.O.
Bonow, D.L. Mann, D.P. Zipes, P. Libby (Eds.), Braunwald's Heart Disease: A Textbook
of Cardiovascular Medicine, 9th ed.Elsevier, Oxford, UK 2010, pp. 933–974.

[2] A.S. Go, D. Mozaffarian, V.L. Roger, E.J. Benjamin, J.D. Berry, W.B. Borden, et al., Heart
disease and stroke statistics–2013 update: a report from the American Heart Asso-
ciation, Circulation 127 (2013) e6–e245.

[3] Y.S. Ro, S.D. Shin, K.J. Song, E.J. Lee, J.Y. Kim, K.O. Ahn, et al., A trend in epidemiology
and outcomes of out-of-hospital cardiac arrest by urbanization level: a nationwide

http://dx.doi.org/10.1016/j.ijcard.2015.11.100
http://dx.doi.org/10.1016/j.ijcard.2015.11.100
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0005
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0005
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0005
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0010
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0010
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0010
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0015
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0015


1092 S.-H. Kang et al. / International Journal of Cardiology 203 (2016) 1086–1092
observational study from 2006 to 2010 in South Korea, Resuscitation 84 (2013)
547–557.

[4] R.D. Brook, S. Rajagopalan, C.A. Pope 3rd, J.R. Brook, A. Bhatnagar, A.V. Diez-Roux,
et al., Particulate matter air pollution and cardiovascular disease: an update to the
scientific statement from the American Heart Association, Circulation 121 (2010)
2331–2378.

[5] D. Levy, L. Sheppard, H. Checkoway, J. Kaufman, T. Lumley, J. Koenig, et al., A case-
crossover analysis of particulate matter air pollution and out-of-hospital primary
cardiac arrest, Epidemiology 12 (2001) 193–199.

[6] J. Sullivan, N. Ishikawa, L. Sheppard, D. Siscovick, H. Checkoway, J. Kaufman, Expo-
sure to ambient fine particulate matter and primary cardiac arrest among persons
with and without clinically recognized heart disease, Am. J. Epidemiol. 157 (2003)
501–509.

[7] F. Forastiere, M. Stafoggia, S. Picciotto, T. Bellander, D. D'Ippoliti, T. Lanki, et al., A
case-crossover analysis of out-of-hospital coronary deaths and air pollution in
Rome, Italy, Am. J. Respir. Crit. Care Med. 172 (2005) 1549–1555.

[8] F.S. Rosenthal, J.P. Carney, M.L. Olinger, Out-of-hospital cardiac arrest and airborne
fine particulate matter: a case-crossover analysis of emergency medical services
data in Indianapolis, Indiana, Environ. Health Perspect. 116 (2008) 631–636.

[9] M. Dennekamp, M. Akram, M.J. Abramson, A. Tonkin, M.R. Sim, M. Fridman, et al.,
Outdoor air pollution as a trigger for out-of-hospital cardiac arrests, Epidemiology
21 (2010) 494–500.

[10] R.A. Silverman, K. Ito, J. Freese, B.J. Kaufman, D. De Claro, J. Braun, et al., Association
of ambient fine particles with out-of-hospital cardiac arrests in New York City, Am. J.
Epidemiol. 172 (2010) 917–923.

[11] K.B. Ensor, L.H. Raun, D. Persse, A case-crossover analysis of out-of-hospital cardiac
arrest and air pollution, Circulation 127 (2013) 1192–1199.

[12] F.S. Rosenthal, M. Kuisma, T. Lanki, T. Hussein, J. Boyd, J.I. Halonen, et al., Association
of ozone and particulate air pollution with out-of-hospital cardiac arrest in Helsinki,
Finland: evidence for two different etiologies, J. Expo. Sci. Environ. Epidemiol. 23
(2013) 281–288.

[13] J. Wichmann, F. Folke, C. Torp-Pedersen, F. Lippert, M. Ketzel, T. Ellermann, et al.,
Out-of-hospital cardiac arrests and outdoor air pollution exposure in Copenhagen,
Denmark, PLoS One 8 (2013), e53684.

[14] T. Yorifuji, E. Suzuki, S. Kashima, Outdoor air pollution and out-of-hospital cardiac
arrest in Okayama, Japan, J. Occup. Environ. Med.Am. Coll. Occup. Environ. Med.
56 (2014) 1019–1023.

[15] A. Raza, T. Bellander, G. Bero-Bedada, M. Dahlquist, J. Hollenberg, M. Jonsson, et al.,
Short-term effects of air pollution on out-of-hospital cardiac arrest in Stockholm,
Eur. Heart J. 35 (2014) 861–868.

[16] L. Straney, J. Finn, M. Dennekamp, A. Bremner, A. Tonkin, I. Jacobs, Evaluating the
impact of air pollution on the incidence of out-of-hospital cardiac arrest in the
Perth Metropolitan Region: 2000–2010, J. Epidemiol. Community Health 68
(2014) 6–12.

[17] WHO, Air Quality Guidelines: Global Update 2005, 2005.
[18] OECD, Regional population density: Asia and Oceania, 2012, Inhabitants per square

kilometre, TL3 regions, OECD Publishing, 2013.
[19] Environmental Performance Index. http://epi.yale.edu/; (accessed on Jan 10, 2015.

Yale University: http://epi.yale.edu/).
[20] J.-M. Shim, S.-U. Park, Acidic loadings in south Korean ecosystems by long-range
transport and local emissions, Atmos. Environ. 38 (2004) 5623–5636.

[21] I. Jacobs, V. Nadkarni, J. Bahr, R.A. Berg, J.E. Billi, L. Bossaert, et al., Cardiac arrest and
cardiopulmonary resuscitation outcome reports: update and simplification of the
Utstein templates for resuscitation registries. A statement for healthcare profes-
sionals from a task force of the international liaison committee on resuscitation
(American Heart Association, European Resuscitation Council, Australian Resuscita-
tion Council, New Zealand Resuscitation Council, Heart and Stroke Foundation of
Canada, InterAmerican Heart Foundation, Resuscitation Council of Southern
Africa), Resuscitation 63 (2004) 233–249.

[22] R Development Core Team, R: A language and environment for statistical comput-
ing, R Foundation for Statistical Computing, Vienna, Austria, 2014.

[23] J. Berdowski, R.A. Berg, J.G.P. Tijssen, R.W. Koster, Global incidences of out-of-
hospital cardiac arrest and survival rates: systematic review of 67 prospective
studies, Resuscitation 81 (2010) 1479–1487.

[24] Z.J. Zheng, J.B. Croft, W.H. Giles, G.A. Mensah, Sudden cardiac death in the United
States, 1989 to 1998, Circulation 104 (2001) 2158–2163.

[25] G.H. Tofler, J.E. Muller, Triggering of acute cardiovascular disease and potential
preventive strategies, Circulation 114 (2006) 1863–1872.

[26] M. Peckova, C.E. Fahrenbruch, L.A. Cobb, A.P. Hallstrom,Weekly and seasonal variation
in the incidence of cardiac arrests, Am. Heart J. 137 (1999) 512–515.

[27] A. Bagai, B.F. McNally, S.M. Al-Khatib, J.B. Myers, S. Kim, L. Karlsson, et al., Temporal
differences in out-of-hospital cardiac arrest incidence and survival, Circulation 128
(2013) 2595–2602.

[28] WHO, Ambient (outdoor) air quality and health. World Health Organization Fact
sheets, 2014.

[29] M. Franchini, P.M. Mannucci, Thrombogenicity and cardiovascular effects of ambient
air pollution, Blood 118 (2011) 2405–2412.

[30] A. Baccarelli, A. Zanobetti, I. Martinelli, P. Grillo, L. Hou, S. Giacomini, et al., Effects of
exposure to air pollution on blood coagulation, J. Thromb. Haemost. 5 (2007)
252–260.

[31] D.Q. Rich, J. Schwartz, M.A. Mittleman, M. Link, H. Luttmann-Gibson, P.J. Catalano,
et al., Association of short-term ambient air pollution concentrations and ventricular
arrhythmias, Am. J. Epidemiol. 161 (2005) 1123–1132.

[32] WHO, Global atlas on cardiovascular disease prevention and control, 2011.
[33] D.S. Lee, P.C. Austin, J.L. Rouleau, P.P. Liu, D. Naimark, J.V. Tu, Predicting mortality

among patients hospitalized for heart failure: derivation and validation of a clinical
model, JAMA 290 (2003) 2581–2587.

[34] S.J. Connolly, A.P. Hallstrom, R. Cappato, E.B. Schron, K.H. Kuck, D.P. Zipes, et al.,
Meta-analysis of the implantable cardioverter defibrillator secondary prevention
trials. AVID, CASH and CIDS studies. Antiarrhythmics vs Implantable Defibrillator
study. Cardiac Arrest Study Hamburg. Canadian Implantable Defibrillator Study,
Eur. Heart J. 21 (2000) 2071–2078.

[35] R.J. Myerburg, R. Mitrani, A. Interian Jr., A. Castellanos, Interpretation of outcomes of
antiarrhythmic clinical trials: design features and population impact, Circulation 97
(1998) 1514–1521.

[36] EPA, Revised Air Quality Standards for Particule Pollution and Updates to the Air
Quality Index (AQI), United States Environmental Protection Agency, 2013.

http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0015
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0015
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0020
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0020
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0020
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0020
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0025
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0025
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0025
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0030
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0030
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0030
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0030
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0035
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0035
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0035
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0040
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0040
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0040
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0045
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0045
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0045
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0050
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0050
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0050
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0055
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0055
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0060
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0060
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0060
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0060
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0065
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0065
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0065
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0070
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0070
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0070
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0075
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0075
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0075
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0080
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0080
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0080
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0080
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0085
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0090
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0090
http://epi.yale.edu/;
http://epi.yale.edu
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0095
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0095
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0100
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0100
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0100
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0100
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0100
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0100
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0100
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0100
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0105
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0105
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0110
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0110
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0110
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0115
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0115
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0120
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0120
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0125
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0125
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0130
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0130
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0130
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0135
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0135
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0140
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0140
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0145
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0145
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0145
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0150
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0150
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0150
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0155
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0160
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0160
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0160
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0165
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0165
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0165
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0165
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0165
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0170
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0170
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0170
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0175
http://refhub.elsevier.com/S0167-5273(15)30912-8/rf0175

	Ambient air pollution and out-�of-�hospital cardiac arrest
	1. Introduction
	2. Methods
	2.1. Study population
	2.2. Air pollution and meteorological data
	2.3. Statistical analysis

	3. Results
	3.1. Cohort characteristics
	3.2. Air pollutants and incidence of OHCA
	3.3. Sensitivity analysis and two-pollutant models
	3.4. Subgroup analysis

	4. Discussion
	5. Conclusion
	Conflict of interest disclosures
	Acknowledgments
	Appendix A. Supplementary data
	References


