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Background Although ozone (O3) and other pollutants have been associated with cardiovascular morbidity and mortality, the effects
of O3 on out-of-hospital cardiac arrest (OHCA) have rarely been addressed and existing studies have presented incon-
sistent findings. The objective of this study was to determine the effects of short-term exposure to air pollution including
O3 on the occurrence of OHCA, and assess effect modification by season, age, and gender.

Methods
and results

A total of 5973 Emergency Medical Service-assessed OHCA cases in Stockholm County 2000–10 were obtained from
the Swedish cardiac arrest register. A time-stratified case-crossover design was used to analyse exposure to air pollution
and the risk of OHCA. Exposure to O3, PM2.5, PM10, NO2, and NOx was defined as the mean urban background level
during 0–2, 0–24, and 0–72 h before the event and control time points. We adjusted for temperature and relative
humidity. Ozone in urban background was associated with an increased risk of OHCA for all time windows. The respect-
ive odds ratio (confidence interval) for a 10 mg/m3 increase was 1.02 (1.01–1.05) for a 2-h window, 1.04 (1.01–1.07) for
24-h, and 1.05 (1.01–1.09) for 3 day. The association with 2-h O3 was stronger for events that occurred outdoors: 1.13
(1.06–1.21). We observed no effects for other pollutants and no effect modification by age, gender, or season.

Conclusion Short-term exposure to moderate levels of O3 is associated with an increased risk of OHCA.
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Introduction
Out-of-hospital cardiac arrest (OHCA) is a major public health
problem. Survival after an incident of OHCA is low and it is a
leading cause of death in the USA and Europe.1,2 Recent estimates
in USA suggest that 295 000 emergency medical service-treated
(EMS) cardiac arrests (CA) occur annually, with only 8% survival to
hospital discharge.3 In Europe an estimated 275 000 all-rhythms,
CAs are treated by EMS annually with 10.7% surviving to hospital
discharge.1 In Sweden, �5000–10 0004 CAs occur each year with
�3–16% survival to 1 month.5

Although there is ample evidence of negative health effects from
air pollution,6,7 only a handful of studies with inconsistent results
have focused on the harmful effects of air pollution exposure
on OHCA.8– 15 Studies have used small data sets or calendar
day averages for exposure, which carry a risk of exposure

misclassification. In our previous study, 2-h exposure to particles
was associated with an increased risk of ventricular arrhythmias in
patients with implantable cardioverter devices,16 pointing to the pos-
sible importance of shorter exposure periods. Larger OHCA studies
with hourly pollutant averages are lacking and a convincing link with
air pollution has not yet been established.

We aimed to investigate short-term exposure to air pollution and
the risk of OHCA, using a well-defined prospective OHCA registry
and high temporal resolution of exposure.

Methods

Study area and outcome data
Our study population included all EMS-assessed cases of OHCA that oc-
curred in Stockholm County between 2000 and 2010, and included in the
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Swedish Cardiac Arrest register,17 that uses the Utstein criteria18 for
reporting. This register is supported by the Swedish National Board of
Health and Welfare and started operation in 1990 covering 80% of all
OHCA patients in Sweden. It comprises information about age,
gender, time and location of event, the patient’s status at EMS arrival,
and plausible cause as assessed by the EMS personnel.

We defined CA as sudden cessation of cardiac mechanical activity in
the absence of non-cardiac cause of CA. The ambulance crew classified
the probable cause of CA based on clinical assessment and bystander
information.

We excluded cases that had been assessed as non-cardiac (Figure 1)
and to avoid temporal misclassification of exposure, those who were
dead on the arrival (rigor mortis) of EMS personnel, and all patients
with missing time data. The stated time of the CA was obtained from
the time of the call to the dispatch centre (42.7%) or the communication
between the emergency dispatch and the ambulance (56%). For 1.3% of
cases, this information was not available and the earliest available
secondary time data were used, e.g. the time of the ambulance arrival.

This study was approved by the regional ethical review board and
complied with the Declaration of Helsinki.

Air pollution and meteorological data
Exposure data were provided by the Stockholm-Uppsala County Air
Quality Management Association and the Swedish Environmental Re-
search Institute. Hourly means of Nitrogen dioxide (NO2), Nitrogen
oxides (NOx), Ozone (O3) and particles with aerodynamic diameter
smaller than 2.5 and 10 mm (PM2.5 and PM10) were obtained from roof-
level monitors within central Stockholm. To estimate the coarse fraction
of particles, we calculated the difference between PM2.5 PM10 from the
same station. Additional O3 data were obtained from a rural station
80 km southwest of Stockholm.19 Meteorological data including hourly
values of temperature and relative humidity were obtained from a subur-
ban station. Air pollution levels were collected independently and blindly

of health outcome data and then merged. Averaging periods were con-
structed blindly according to the pre-defined time-stratified protocol
described below.

Statistical analysis
Spearman correlation coefficients were calculated for the relationship
between air pollutants and meteorological variables.

A case-crossover design with time-stratified referent selection was
used to analyse air pollution and the risk of OHCA. The period instant-
aneously proceeding the time of event was the case period and all
other comparable time intervals within the same time stratum were
control periods. Since each patient serves as their own control slowly
changing personal characteristics cannot confound the association.

The reported time of the event was rounded back to the preceding
hour. We used control periods for the same hour intervals for all same
days of the week within the same calendar month (leading to three to
four controls per case). The effect of exposure was analysed with condi-
tional logistic regression.

Two-, 24-, and 72-h means of all pollutants, and for O3 the maximum
8-h mean within the previous24-h, were constructed fromhourly means.
Complete data were required for the 2-h averages and the maximum 8-h
O3. For longer exposure windows, at least 75% coverage was required.

The specific associations of exposure in different time windows, with
adjustment for other time windows, were obtained by distributed lag
models including adjacent lags in the model (all 24-h windows up until
7-days).

The crude models were extended with adjustment for temperature
and relative humidity, using the same exposure periods as for air pollu-
tion, except for the 2-h lags where 24-h average was used. Temperature
was modelled as piece-wise linear splines with one knot at the tempera-
ture threshold (128C). The temperature threshold was identified as the
24-h temperature associated with the lowest odds ratio (OR) for
OHCA (Marcus Dahlquist, unpublished data, 2013).

For pollutants demonstrating effects, we constructed two-pollutant
models including both pollutants as linear terms in the model. The influ-
ence of season on O3 effects was explored using separate analyses for
warm (April-September) and cold season (October-March). Tempera-
ture was modelled as for the whole year but with the knot set at the
minimum risk temperature of 108C for summer and 148C for winter.

Possible effect modification of the association between OHCA and air
pollution by age (categorized below the median or median plus above)
and gender was investigated by constructing multiplicative interaction
terms.

To test if our exposure classification performed better for events
occurring outdoors, as a sensitivity analyses, we modelled an interaction
between 2-h air pollution exposure and OHCA by event location. Events
that were reported to have occurred outdoors or in the street, public
transport, taxis, cars, public transport stations or terminals, and in
sports facilities were coded as outdoors, and those events that occurred
athome, nursing homes, and workplacewere classified as indoors. Events
at other locations were classified as unknown with respect to indoors or
outdoors. In addition, we conducted an interaction analysis using by-
stander information to explore the possibility that witnessed OHCAs
would imply a better temporal estimation of time of OHCA.

For comparison with the air quality guideline (AQG) set at 100 mg/m3

maximum 8-h daily mean for O3 set by the World Health Organization
(WHO), we explored the exposure–response relationship between
for O3 exposure and risk of OHCA by categories of 20 mg/m3 of
exposure with the lowest exposure category as a reference.

The estimates areexpressedas OR per 10 mg/m3 with 95% confidence
interval (CI). A P-value of 0.1 was considered significant for interaction.

Figure 1 Flow chart of inclusion of cases of out-of-hospital
cardiac arrest.
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Data management, descriptive statistics, and analysis were performed
using STATA version 12 (StataCorp, College Station, USA).

Results

Study population and exposure
characteristics
Out of 11 480 EMS-assessed cases during the study period, 5973 met
the inclusion criteria. A flow chart of inclusion is provided in Figure 1.

The mean incidence of included CAwas 1.5 cases per day over the
11 years study period. A majority of cases was men (67%) and the
average age in years at which the CA occurred in women was 74,
whereas in men it was 70. Approximately two-thirds of the OHCA
occurred at home and were witnessed. Other characteristics of the
study population are presented in Table 1.

The distribution of the air pollutants and meteorological measure-
ments during the study period are summarized in Table 2. The means

for the 24-h case and control periods show very small differences in
the air pollution levels. Ozone measured at the regional station was
somewhat higher than that from the urban background station, but
the two are highly correlated (Table 3). NO2 and NOx were strongly
correlated to each other and negatively correlated to O3. There was
no correlation between temperature and any fraction of particulate
matter (PM).

Ozone demonstrated a clear seasonal pattern with higher levels in
warmer months but no clear long-term trend over the entire study
period (Figure 2).

Associations between air pollution
and out-of-hospital cardiac arrest
Urban background O3 demonstrated statistically significant positive
associations for 2-h and 24-h exposures and with larger estimates
for the latter (Figure 3). No associations were observed for any of
the PM fractions and OHCA. NO2 and NOx exposure was negatively
associated with both 2- and 24-h average exposures.
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Table 1 Study population characteristics

Category Men (%) Women (%)

Age

≤40 years 152 (3.8) 69 (3.5)

41–60 years 730 (18.2) 262 (13.4)

61–80 years 1928 (48.0) 767 (39.3)

.80 years 1015 (25.2) 804 (41.2)

Missing 195 (4.9) 49 (2.5)

Place of cardiac arrest

Home 2424 (60.3) 1431 (73.3)

Outdoors/street 251 (6.2) 59 (3.0)

Nursing home 53 (1.3) 63 (3.2)

Workplace 103 (2.6) 10 (0.5)

Ambulance 152 (3.8) 82 (4.2)

Primary healthcare centre 23 (0.6) 8 (0.4)

Public transportation and taxi 16 (0.4) 5 (0.3)

Public transportation station/terminal 29 (0.7) 7 (0.4)

Car 42 (1.0) 6 (0.3)

Airport 12 (0.3) 4 (0.2)

Sports facility/fitness centre/golf course/public bath 19 (0.5) 2 (0.1)

Public facility 624 (15.5) 139 (7.1)

Shopping mall/store 29 (0.7) 10 (0.5)

Other place 192 (4.8) 111 (5.7)

Unclear 30 (0.7) 11 (0.6)

Missing 21 (0.5) 3 (0.2)

Plausible aetiology

Cardiac aetiology 3043 (75.7) 1366 (70.0)

Missing 977 (24.3) 585 (30.0)

Whether the OHCA was witnessed

Witnessed 2585 (64.3) 1198 (61.4)

Unwitnessed 1146 (28.5) 566 (29.0)

Missing 289 (7.2) 187 (9.6)
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Table 2 Distribution of 24-h mean for air pollution levels and meteorological parameters during 2000–10

Parameter
(mg/m3)

Coverage (%)
(all year)

Mean Min
(all year)

Max
(all year)

IQR
(all year)

Mean for
cases

Mean for
controls

All year Warm Cold

PM2.5 96.0 8.1 8.2 8.0 0.14 161.7 4.81 7.88 7.90

PMcoarse 96.0 7.2 8.0 6.5 26.0 78.1 5.34 7.20 7.21

NO2 99.3 15.7 13.2 18.2 1.5 78.1 9.71 15.40 15.55

NOx 99.2 20.2 16.2 24.2 1.7 254.5 13.05 19.63 19.92

O3 (rural) 97.3 60.0 66.5 53.4 0 154.6 26.44 59.21 58.73

O3 (urban) 99.8 51.2 60.5 42.0 2.3 131.9 26.18 50.55 49.96

O3urban 8 h-max 98.5 62.2 72.9 51.6 3.01 143.4 27.44 61.34 60.80

Temperature(8C) 99.7 7.1 13.1 1.1 218.2 25.2 12.51 6.45 6.61

Relative humidity (%) 95.0 77.0 71.4 83.2 30.8 99.9 17.87 77.12 77.26

IQR, Inter-quartile range.
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Table 3 Correlation among air pollutants and meteorological parameters

O3 urban O3 rural O3 urban 8 h-max PM2.5 PMcoarse NOx NO2| Temp Rh

O3 urban 1.00

O3 rural 0.89 1.00

O3 urban 8 h-max 0.95 0.84 1.00

PM2.5 0.17 0.25 0.22 1.00

PMcoarse 0.37 0.41 0.40 0.19 1.00

NOx 20.47 20.26 20.36 0.23 0.11 1.00

NO2 20.44 20.20 20.32 0.24 0.12 0.93 1.00

Temperature 0.34 0.17 0.39 0.05 0.01 20.33 20.39 1.00

Relative humidity 20.62 20.52 20.63 0.06 20.43 0.18 0.19 20.36 1.00

Figure 2 Cyclic seasonal pattern of ozone over the study period (2000–10).
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In the distributed lag model for O3 with 24-h consecutive lags up
until 168-h (Lag6), independent associations were observed
between O3 and OHCA for lag0, and positive non-significant associa-
tions for lag1, lag2, and lag4 (Figure 4). The average of 3-day exposure
to O3 (72-h prior to the event) demonstrated an OR of 1.05 (CI:

1.01–1.09; P-value: 0.01) for a 10 mg/m3 increase. To compare our
results with other studies, we calculated a 48-h average and obser-
ved an OR of 1.04 (CI: 1.01–1.08; P-value: 0.008). In view of the nega-
tive correlationbetween O3 and NO2, we included both pollutants in
the same model and the association of NO2 diminished (Figure 3).

Figure 3 Associations of 2-h and 24-h exposure to air pollutants with out-of-hospital cardiac arrest, per 10 mg/m3, adjusted for temperature, and
relative humidity.

Figure 4 Odds ratios for out-of-hospital cardiac arrest per 10 mg/m3 increase in ozone and nitrogen dioxide. Distributed 24-h lags, and 3-day
average in single and two-pollutant model including nitrogen dioxide and stratified by season.
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None of the PM fractions were found to modify the association of O3

with OHCA in two-pollutant models (data not shown).

Seasonal analysis
Our results showed stronger associations of 24-h O3 exposure with
OHCA in the cold season (OR: 1.05; CI: 1.01–1.10) compared with
the warm season (OR: 1.01; CI: 0.97–1.05) and this interaction was
marginally significant (interaction P-value ¼ 0.1). However, for
72-h O3 exposure, we did not observe any seasonal difference in
risk (interaction P-value ¼ 0.6). The two-pollutant model was also
subject to seasonal stratification in warm and cold with results
similar to those for the whole year (Figure 4).

Subgroup analyses
Events occurring outdoors demonstrated a significantly higher
O3-related risk of OHCA (OR: 1.13; CI: 1.05–1.21) than events
occurring indoors (OR: 1.02; CI: 0.99–1.05; interaction P-value ¼
0.001), for 2-h exposure. Interaction analyses by gender, age, or
witnessed events showed no differences in association between
24-h exposure window of O3 and OHCA (interaction P-value;
gender ¼ 0.4, age ¼ 0.9, witnessed ¼ 0.4).

Exposure–response between ozone
exposure and out-of-hospital cardiac
arrest
The exposure–response suggests a sustained risk of OHCA on
exposure to O3 concentrations below the WHO guideline of
100 mg/m3 (Figure 5).

Discussion
We found associations between short-term exposure to elevated
urban background levels of O3 and the risk of OHCA. Statistically sig-
nificant associations were found for 2-, 24-, and 72-h average expo-
sures, as well as for 8-h maximum in the preceding 24-h. The
association appeared stronger for events occurring outdoors and
our data do not support a biological threshold of effect for O3. We
did not observe any associations between OHCA and other pollu-
tants, and no effect modification by age or gender.

Ozone, a toxic component of the photochemical air pollution
mixture, has been associated with cardiovascular morbidity and mor-
tality in many epidemiological studies.20 –22 A few studies have specif-
ically examined out-of-hospital coronary events, including OHCA.
Among eight OHCA studies, four studies investigated the association
between O3 exposure, along with other pollutants, and the risk of
OHCA. In Melbourne11 and New York,12 O3 exposurewas not asso-
ciated with OHCA. Both studies included roughly 8000 OHCAs, but
Melbourne had lower levels of O3 (mean: 13 ppb, IQR: 8 ppb) than
New York (median: 28 ppb, IQR: 22 ppb). In a smaller study from
Helsinki (n ¼ 2134),14 the results were inconsistent but with an indi-
cation of a 2-day lagged effect driven by OHCAs of cardiac aetiologies
other than myocardial infarction. Recently in a large study in Houston
(n ¼ 11 677), O3 exposure was associated with OHCA, for averages
of up to 3-h and for an 8-h maximum of O3 on the dayof the event but
not for longer exposure periods.13 Compared with the results from
Houston, we found stronger associations for the 2-h average and 8-h
daily maximum O3 (OR for 8-hour maximum per 20 ppb: 1.13; CI:
1.02–1.26 in Stockholm vs 1.039 CI: 1.005–1.073 in Houston) as
well as for averages upto 3 days.

Figure 5 Exposure–response relationship for O3 and out-of-hospital cardiac arrest. Preceding 8-h max O3 and OHCA by 20 mg/m3 categories
with the mid-point of lowest category (23 mg/m3) as a reference. The first and last categories were categorized as min to 30 and 130 to max (143),
respectively. The odd ratio is plotted on the log-scale.
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Ozone shows seasonal variations with higher levels in the warm
season when there is more sunlight. Previous studies have reported
stronger associations between cardiovascular outcomes and O3 in
the warm season.22,23 Cold season levels of O3 were relatively high
in our study and we did not observe any consistent seasonal
difference.

We observed stronger associations to 2-h air pollution exposure
for events coded as outdoors or in traffic, when compared with
events coded as indoors, indicating that better exposure classifica-
tion may uncover very short-term effects. However, the outdoor/
indoor status of the reference periods was unknown, why this
analysis should be seen as suggestive only.

Owing to correlation with other pollutants, studies have demon-
strated that associations with O3 can be confounded by some of
these pollutants, especially particles.24 However, in our study the
effect of O3 was unaltered when we added PM2.5 or PMcoarse to
the model, consistent with other OHCA studies.11,14 When O3

was adjusted for NO2 in the two-pollutant model, the O3 estimates
remained similar (but non-significant), whereas the association
between NO2 and OHCA approached the null.

Alteration in the balance of autonomic components is an import-
ant underlying mechanism of cardiovascular diseases including
OHCA.25 Exposure to ambient O3 was related to autonomic imbal-
ance with the withdrawal of cardiac parasympathetic nervous activity
and prominence of sympathetic nervous activity in healthy elderly,26

and with alterations in heart rate variability indices in healthy young
adults.27 Several other mechanisms, such as myocardial infarction,
alteration in vascular tone, arterial pressure control, inflammation,
oxidative stress, and coagulation, have also been associated with
O3 exposure.21,27,28

In Northern Europe, high O3 levels are mostly attributed to long-
range transport of O3 and its precursors from multiple sources in
South and Central Europe.29,30 According to European environmen-
tal agency, ,95% of the total EU urban population are exposed to O3

levels exceeding the WHO AQG.31 In our study the WHO AQG of
100 mg/m3 (as a daily 8-h maximum)32 was exceeded only for 7% of
the days, indicating that the AQG not be fully protective.32 We had
limited power to identify a threshold, but our data suggest possible
health benefits of decreasing exposure to very low levels.

We found no associations with any of the PM studied. Previous
studies of air pollution and OHCA reported inconsistent findings
for particulates. PM2.5 exposure was associated with an increased
OCHA risk in Melbourne,11 New York,12 Indianapolis,10 Helsinki,14

Copenhagen,15 and Houston,13 but not in Seattle8,33 and in
western Washington State.9 Particle number concentration, PM10,
and carbon monoxide were significantly associated with out-of-hos-
pital coronary deaths in Rome.34 Our results for PM therefore are
consistent with studies from Washington State but not with studies
from other cities. In Stockholm, PM concentrations were relatively
low compared with previously studied cities, possibly under-
powering our study.

There are several reasons that might explain discrepancies of
observed associations between the different pollutants investigated
in the separate studies, including differences in methodology, study
outcomes, and the characteristics of the local pollution. Further-
more, local climatic, environmental and socioeconomic conditions,
and different geographical settings might affect the association.35

Another explanation could be difference in demographic features,
for instance, the higher proportion of elderly residents35 in our
study. Finally, for O3, the personal exposure could differ by the
time spent indoors, and by ventilation characteristics.36

This study has several strengths. The most important is the large
sample of a well-defined outcome, regarding both aetiology and
timing. We used the Swedish Cardiac Arrest Register, which was spe-
cifically designed to accurately record OHCA handling times and
quality of the EMS. The register provides highly accurate information
about the time of CA.17 The use of data from this registry reduced the
risk of selection bias. We had a high coverage of hourly pollutant
means collected independently of health outcomes and in contrast
to previous studies using calendar day averages we constructed
moving averages preceding the OHCA event, minimizing temporal
misclassification.

There are also some limitations in our study. Like most studies of
this type, we used central urban monitoring station as an exposure
estimate for the entire population, assuming that the exposure is
homogenous across the whole area. While possibly introducing
non-differential misclassification of personal exposure this would
underestimate any association.37 Moreover, information regarding
potentially important risk modifiers, as previous hospitalization,
disease history, and personal risk factors was not available.
However, no bias is expected from such temporally stable individual
risk factors, since cases serve as their own controls in the case-
crossover design. Another limitation is the unavailability of informa-
tion about physical activity of the cases before they had OHCA, for
instance whether they were clearing snow on sunny spring days, as
studies have associated myocardial infarction and sudden cardiac
death with snow shoveling.38 Triggering activities such as these may
conceivably be correlated to days with high O3 levels, however, the
degree of confounding is expected to be limited.

Conclusion
The results of our study suggest that short-term elevations of O3

urban background levels are associated with an increased risk of
OHCA with no indication of a threshold level, in a region with
�50 mg/m3 annual O3 levels. Exposure to particulate air pollutants
and to NO2, and NOx was not associated with OHCA in our study.
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