





Cardiac risk factors and prevention

Figure 2 Granger causality graph of the number of out-of-hospital cardiac arrests (OHCAs) and related meteorological factors in Korea. The figure
shows the direct (two-way) causality between OHCA and meteorological factors. The blue and red lines show positive and negative relationships,
respectively; the purple colour represents the selected meteorological factors on OHCA.

manner. In general, the weather does not induce diseases imme-
diately; therefore, identifying the lag effects of selected mete-
orological factors on the number of OHCAs is essential. The
impulse response function shows the response of one variable
to an impulse from another variable in a multivariable system. A
response of one variable that is higher than zero indicates that
impulse reactions are present, whereas a response closer to zero
indicates there is no longer a reaction.

Statistical analyses were performed using SAS V.9.4 for
Windows (SAS Institute, Cary, North Carolina, USA). A p value
<0.05 was considered to be statistically significant.

RESULTS

Baseline cohort characteristics

Male patients accounted for 62.9% of our subjects, over half
of whom were 70 years of age or older; the median age was 72
years (table 1). Most OHCAs occurred in private homes and not
public places. Moreover, 19.4% of patients required defibrilla-
tion in the emergency room; 80% eventually died.

Meteorological factors and air pollutants

Table 2 summarises the number of daily OHCA cases and
related MFAP during the study period. The daily mean number
of OHCA occurrences was 6.1; the average temperature was
12.8°C, the mean daily temperature range was 8.4°C and the
mean daily PM, ; was 15.6 pg/m’.

Meteorological factors generally correlate strongly with each
other; however, we inquired about which of these factors were
most causative of OHCA. First, we investigated all causalities
between meteorological factors and OHCA and found that most
meteorological variables had two-way direct causalities, indi-
cating that the relationships between meteorological variables and

OHCA represent direct feedback (figure 2). Second, we selected
crucial factors among all meteorological variables through the
lowest AIC value (which indicates a better predictive fit or esti-
mation of future values). According to the GAM, AIC functions
also indicate the likelihood of OHCA based on treating spline
coefficients; while the df is the number of smoothing parameters
with the number of fixed effects. From two stages, we finally
selected four meteorological factors to investigate their relation-
ship with OHCA: average temperature, daily temperature range,
humidity and PM, | (figure 2, purple boxes).

Online supplementary table 1 presents the GC test results
for the selected meteorological factors versus OHCA. The four
included variables had significantly higher * values. Online
supplementary table 2 shows that there was no overdispersion
problems in the GAM model, but there was a positive autocor-
relation. However, the sum of autocorrelation was close to zero,
so it did not affect the results.

Figure 3 shows the result of GAM model analysis with cubic
splines to determine the influence of selected meteorological
factors on the number of daily OHCAs. The average tempera-
ture had a U-shaped relationship; below 0°C, the number of
OHCA cases rapidly increased as they did above 22°C, whereas
the number of OHCA incidents did not change at average
temperatures between 0°C and 21°C. Humidity had a positive
relative risk at 45%-70%, as did the daily temperature range
at 7.5°C-12°C. Moreover, PM, ; showed a positive relative risk
between 2 and 30 pg/m?.

We assessed the lag effects of the selected meteorological
factors with respect to the number of OHCA events using orthog-
onalised impulse response functions. Because we found 3-day lag
effects of meteorological factors on the number of OHCAs, both
univariate and multivariable GAM Poisson regression analyses
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Cardiac risk factors and prevention

Table 1 Summary statistics for study population of out-of-hospital
patients who experienced cardiac arrest in Korea, 2012-2016
Variables Number (%)
Overall 38928 (100%)
Sex Male 24502 (62.9%)
Female 14426 (37.1%)
Age group, years <19 469 (1.2%)
19-29 506 (1.3%)
30-39 118 (2.9%)
40-49 3000 (7.7%)
50-59 5824 (15.0%)
60-69 6572 (16.9%)
70-79 10607 (27.2%)
>80 10832 (27.8%)
Median (IQR) 72 (58-81)
Region Seoul 15367 (39.5%)
Inchon 5087 (13.1%)
Daejeon 2363 (6.1%)
Gwangju 1926 (4.9%)
Daegu 4335 (11.0%)
Ulsan 1582 (4.1%)
Busan 6180 (15.9%)
Jeju 2086 (5.4%)
Place of event Public 5794 (14.9%)
occurrence
Private 29823 (76.6%)
Other 412 (1.1%)
Unknown 2899 (7.4%)
Witness Yes 19315 (49.6%)
No 17683 (45.4%)
Unknown 1930 (5.0%)
Bystander CPR Yes 6436 (16.5%)
No 5094 (13.1%)
Unknown 27398 (70.4%)
Primary ECG VENT 4044 (10.4%)
PEA 2184 (5.6%)
Asystole 11149 (28.6%)
Bradycardia 79 (0.2%)
Other/Unknown 21472 (55.2%)
Defibrillation in Yes 7534 (19.4%)
the ER
No 31394 (80.6%)
Outcomes P-ROSC 2606 (6.7%)
Survival to 3141 (8.1%)
discharge
Good CPC 1967 (5.0%)
Death 31214 (80.2%)

CPC, cerebral performance category 1 or 2; CPR, cardiopulmonary resuscitation; ER,
emergency room; PEA, pulseless electrical activity; P-ROSC, prehospital return of
spontaneous circulation; VF, ventricular fibrillation; VT, ventricular tachycardia.

allowed for more than >3-day lag effects (online supplementary
figure 2).

Risk factors for annual OHCA occurrences

Table 3 shows both the univariate and multivariable analysis
results for the annual OHCA events using the GAM model. On
multivariable analysis, an elevation in the PM, by 10ug/m’
significantly increased the risk of OHCA by 1.59% (95% CI:
1.519% to 1.66%) on lag day 1. Furthermore, a rise in the average

temperature and daily temperature range by 1°C were both asso-
ciated with an increased risk of annual OHCA events by 0.73%
(95% CI: 0.62 to 0.83) and 1.05% (95% CI: 0.63 to 1.48) on
lag day 1. In contrast, a 1% increase in humidity was associated
with a —0.57% (95% CI: —0.49 to —0.65) maximum decrease
on lag day 3. Overall, average temperature, daily temperature
range and PM, | were positively associated with OHCA, whereas
humidity was negatively associated with the same, on all lag
days. Figure 4 shows box plot models of the estimated risk of
OHCA with respect to the four meteorological variables with
3-day lags; all differences were significant.

Seasonal variation and OHCA occurrence

The impact of each risk factor on the occurrence of OHCA
varied per season (table 4). In the summer, a daily temperature
range increase was highly associated with OHCA; a large daily
temperature range was the strongest risk factor (excess risk
6.48%, 95%CI 1.052% to 1.077%) on lag day 3. The average
temperature was not a significant factor. As the daily tempera-
ture range increased, so did the risk of OHCA occurrence in
the summer. In contrast, the average temperature in the winter
season was a strong risk factor for OHCA, while humidity and
daily temperature range were not. A low average temperature
was strongly related with a high risk of OHCA occurrence on lag
day 2 (excess risk 3.93%, 95% CI 1.035 to 1.043). As the average
temperature decreased, the risk of OHCA occurrence increased
during the winter. In the spring and autumn seasons, humidity
and PM, ; were significant risk factors for OHCA. Unlike the
other three factors, PM, | elevation was the only independent
risk factor for OHCA occurrence continuously throughout the
year (ie, regardless of seasonal variation).

DISCUSSION

The major findings of our study using data from the National
Institute of Health Sciences were as follows: (i) meteorological
factors affected OHCA development in a variety of ways; (ii) the
risk factors for developing OHCA were average temperature,
daily temperature range, humidity and PM, ;; (iii) the impact of
each risk factor varied according to season and (iv) regardless of
seasonal differences, PM, , remained an independent risk factor
for OHCA.

The interconnectivity of meteorological factors complicates
investigating their roles in OHCA occurrence, especially as lag
effects should also be considered. Moreover, socioeconomic,
cultural and environmental differences for each region need to
be considered. Despite these obstacles, our findings ought to
provide an important basis for future research on the association
between meteorological factors and human health.

The relationship between ambient temperature and OHCA
is known to be U-shaped or V-shaped, as our own results have
shown (figure 3)." ' Extreme cold and heat exposure are
significantly associated with OHCA, and daily temperature fluc-
tuations on a single day can increase the risk of myocardial infarc-
tion.”” '® Tobaldini et al reported a synergistic effect between
PM and temperature in terms of triggering cardiac events.* The
novelty of our study is that we showed that the effects of mete-
orological factors on OHCA occurrence varied according to
seasonal changes. In the summer, the daily temperature range
was the strongest risk factor for OHCA occurrence (the larger
the range, the higher the risk of OHCA occurrence). In contrast,
the average temperature, which was not a significant factor for
OHCA occurrence in the summer, was strongly so in the winter.
Moreover, humidity (which has been not well-studied in terms
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Table 2 Summary statistics for the number of out-of-hospital cardiac arrests as well as meteorological and air pollutant data in Korea, 2012-2016.

OHCA
Quartiles
N: 38928 Mean (SD) Min 25% 50% 75% Max IQR
Number of OHCA incidents 6.1(4.1) 1 3 5 9 19 6
Meteorological factors
Average temperature (°C) 12.8 (10.1) -14.4 4.2 135 21.9 33.1 17.7
High temperature (°C) 17.4(10.2) -10.5 85 18.4 26.3 38.8 17.8
Low temperature (°C) 8.9(10.3) -18.0 0.2 9.3 18.2 28.8 18.0
Daily range (°C) 8.4 (3.1) 2.1 6.2 83 10.4 225 4.2
Vapour pressure (hPa) 11.6 (8.3) 0 4.6 9.4 17.8 383 13.2
Solar radiation (MJ/m?) 12.3(6.9) 0 7.3 11.9 17.4 325 10.1
Sunshine duration (hour) 12.0(1.7) 9.6 10.4 11.9 13.7 14.8 3.3
Wind speed (m/s) 2.6(1.1) 0 1.9 25 3.2 10.3 1.3
Daily rain (mm) 3.1(10.9) 0 0 0 0.4 266.0 0.4
Dew point temperature (°C) 5.2 (11.8) -25.9 —4.2 5.8 15.6 28.2 11.4
Humidity (%) 63.3(16.8) 26.4 51.1 63.8 75.5 100.0 244
Daily snow (cm) 0.2(1.2) 0 0 0 6.7 25.7 6.7
Cloud (1/10) 46 (3.2) 0 1.6 4.5 7.3 10.0 5.7
Air pollutants
PM, (ug/m?) 15.6 (18.5) 4.0 8.0 13.0 26.0 285.0 18.0
PM,, (pglma) 43.8 (33.7) 14.0 24.0 38.0 56.0 883.0 32.0
0, (ppb) 40.5 (20.6) 9.0 27.0 38.0 52.0 143.0 25.0
NO, (ppb) 20.8 (18.4) 3.0 7.0 15.0 29.0 131.0 22.0
SO, (ppb) 46 (3.3) 1.7 3.0 4.0 6.0 17.0 3.0
CO (ppm) 0.49 (0.30) 0 0.3 0.4 0.6 44 0.3

0, denotes the 8 hours maximum per time or day.
OHCA, out-of-hospital cardiac arrest; min, minimum; max, maximum; PM, particulate matter; ppb, parts-per-billion; ppm, parts-per-million.
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Figure 3  Generalised additive model with cubic splines for the effects of selected meteorological factors on the number of out-of-hospital cardiac
arrests (OHCA). The bold line estimates the relative effect sizes for OHCA, and the blue area estimates 95% Cls. The X-axis represents selected

meteorological factors. The Y-axis shows the relative effect sizes for OHCA. PM, ,, particulate matter <2.5um.
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Figure 4 Level of selected meteorological factors and the adjusted excess risk of out-of-hospital cardiac arrest: (A) average temperature, (b)
humidity, (c) daily temperature range and (d) particulate matter <2.5pum (PM, ). The Y-axis shows the percentage of adjusted excess risk with 95%

Cls; *p<0.05.

of OHCA) was identified as an important factor in our study.
Because Korea is a peninsula, the humidity changes seasonally
and is therefore an important meteorological factor. Hensel et
al reported that dry air (ie, a humidity level below 75%) was
associated with an increased risk of OHCA occurrence in the
German city of Hamburg.® Furthermore, another study found
that low humidity may play an important role in the pathogen-
esis of angina."

PM is a complex mixture of many chemicals; smaller particles
have deeper penetration into the lungs, with PM,  invading the
trachea and PM, | lodging in airways and the alveoli.” *° Previous
studies found that PM may trigger acute cardiovascular events
such as myocardial infarction and congestive heart failure via
autonomic alteration, systemic inflammation or hypercoagu-
lability.*'* In particular, PM, | exposure was associated with
triggering clinically consequential changes in cardiac electrophys-
iology, causing ventricular arrhythmia and atrial fibrillation.**2

The risk of annual OHCA increased by 1.59% per 10 pg/m?® of
PM, ; on lag day 1, which was relatively higher than previously
reported values (1.04%-1.309%).” ?”"* This may be owing to our

large sample size and dedicated statistical analyses that adjusted
for meteorological factors. This also suggests that the indepen-
dent risk of PM, , for developing OHCA may be higher than
previously reported. Above all, our data revealed the differences
in risks according to seasonal variations. The effect of PM,
on OHCA risk also varied between spring/autumn (2.57%),
summer (1.849%) and winter (1.55%); therefore, patients can be
instructed to pay attention to high levels of PM, .. Moreover,
while the effects of average temperature and daily temperature
range were lower or non-existent in some seasons, PM, ; was the
only independent risk factor maintained throughout all seasons.
Based on this result, efforts to reduce or suppress PM, ; should
be emphasised by national healthcare systems.

This study had several strengths. It encompassed the capital
city and seven other areas in Korea, which minimised the effect
of region-specific variables such as race, culture, socioeconomics
and climate. Second, as we analysed national-level data from the
KCDC, our sample size of 38928 was much larger than that
of other studies. Third, we analysed the interactions between
all 13 MFAP described by the Korean Meteorological Agency.
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This allowed for an accurate analysis of the real-world effects
of PM, , relative to various meteorological factors. Fourth, our
study was the first to investigate the influence of meteorological
factors according to seasonal differences; most previous studies
performed annual analyses and did not adjust for seasonal
changes. Fifth, we used a time series multilevel approach based
on Poisson analysis with GAM after GC testing, which is a
high-end statistical method, to consider the interaction among
meteorological factors in terms of OHCA development.

There were also some limitations in our study. First, this study
was conducted in eight metropolitan cities. Therefore, the popu-
lation of each city was exposed to the same environment, which
means that our research has the inherent characteristics of an
ecological study. Therefore, our research has the possibility of
ecological fallacy. In particular, since the individual lifestyle and
cardiovascular risk factors were not included, a confirmative
study in consideration of this should be conducted. Further-
more, special weather forecasts such as activation of the fine dust
warning system could have introduced bias if citizens refrained
from venturing outdoors on days with high levels of fine dust.
Additionally, the actual residential areas and weather stations
were not perfectly matched and may have been two or three
miles away. Lastly, some unusual climate factors like daily snow,
cloudiness and dew point temperatures have wide Cls.

CONCLUSION

Average temperature, daily temperature range and humidity
were found to be independently associated with annual OHCA
occurrence, although with seasonal variations. Furthermore,
PM, ; was the only independent risk factor to affect OHCA
occurrence continuously throughout the year.

Key questions

What is already known on this subject?

» Various meteorological factors and air pollutants (MFAP) are
known to affect out-of-hospital cardiac arrest (OHCA).

» However, the complex relationship between MFAP and OHCA
is unclear, especially in terms of seasonal variation.

What might this study add?

» MFAP affects OHCA in a variety of ways.

» Particulate matter <2.5um (PM, ,), average temperature, daily
temperature range and humidity were significantly associated
with OHCA occurrence, with variations among seasons.

» PM, . was the only independent risk factor for OHCA
occurrence across all seasons.

How might this impact on clinical practice?

» Our data emphasise the importance of following weather
forecasts to obtain information about meteorological factors
that may influence OHCA during a given period, as well as
that on PM, , year-round.

» Our results also provide a basis for future research on the
relationship between human healthcare and MFAP.
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