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a b s t r a c t

Background: Although several studies have investigated the effects of ambient temperature on the risk of
stroke, few studies have examined the relationship between other meteorological conditions and stroke.
Therefore, the aim of this study was to analyze the association between wind-related variables and
stroke symptoms onset.
Methods: Data regarding the onset of stroke symptoms occurring between January 1, 2006, and De-
cember 31, 2007 on Jeju Island were collected from the Jeju National University Hospital stroke registry.
A fixed-strata case-crossover analysis based on time of onset and adjusted for ambient temperature,
relative humidity, air pressure, and pollutants was used to analyze the effects of wind speed, the daily
wind speed range (DWR), and the wind chill index on stroke symptom onset using varied lag terms.
Models examining the modification effects by age, sex, smoking status, season, and type of stroke were
also analyzed.
Results: A total of 409 stroke events (381 ischemic and 28 hemorrhagic) were registered between 2006
and 2007. The odds ratios (ORs) for wind speed, DWR, and wind chill among the total sample at lag 0–8
were 1.18 (95% confidence interval (CI): 1.06–1.31), 1.08 (95% CI: 1.02–1.14), and 1.22 (95% CI: 1.07–1.39)
respectively. The ORs for wind speed, DWR, and wind chill for ischemic stroke patients were slightly
greater than for patients in the total sample (OR¼1.20, 95% CI: 1.08–1.34; OR¼1.09, 95% CI: 1.03–1.15;
and OR¼1.22, 95% CI: 1.07–1.39, respectively). Statistically significant season-specific effects were found
for spring and winter, and various delayed effects were observed. In addition, age, sex, and smoking
status modified the effect size of wind speed, DWR, and wind chill.
Conclusions: Our analyses showed that the risk of stroke symptoms onset was associated with wind
speed, DWR, and wind chill on Jeju Island.

& 2016 Elsevier Inc. All rights reserved.

1. Introduction

Epidemiological studies have shown that negative health out-
comes, such as cardiovascular diseases, are related to exposure to
extreme weather events and air pollutants. Although these studies
have focused on the association between health and environ-
mental exposures, such as weather and air pollution, additional
studies considering the time of exposure and regional character-
istics are needed. Because adverse health events occur at the lo-
cation of and during various atmospheric environmental condi-
tions (Xun et al., 2010), temporal and spatial weather and air

pollution scales should be combined, as they play an important
role in the research methods for populations at risk of cardiovas-
cular diseases.

Cardiovascular diseases typically exhibit a distinct seasonal
pattern, and the highest rate usually occurs during the winter
period (Chang et al., 2004). Ambient temperature is similarly
considered a seasonal factor related to stroke, and both low and
high temperatures are associated with higher risks of stroke
morbidity and mortality (Wang et al., 2009; Chen et al., 2013).
However, with the exception of temperature, a few studies have
been conducted assessing the health effects related to other me-
teorological conditions. For example, a study conducted in Tus-
cany, Italy examined the association between geopotential height
as a substitute of mean surface pressure and all stroke occurrences

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/envres

Environmental Research

http://dx.doi.org/10.1016/j.envres.2016.05.041
0013-9351/& 2016 Elsevier Inc. All rights reserved.

n Corresponding author.
E-mail address: salbab@hotmail.com (J.-K. Song).

Environmental Research 150 (2016) 97–105

www.sciencedirect.com/science/journal/00139351
www.elsevier.com/locate/envres
http://dx.doi.org/10.1016/j.envres.2016.05.041
http://dx.doi.org/10.1016/j.envres.2016.05.041
http://dx.doi.org/10.1016/j.envres.2016.05.041
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envres.2016.05.041&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envres.2016.05.041&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.envres.2016.05.041&domain=pdf
mailto:salbab@hotmail.com
http://dx.doi.org/10.1016/j.envres.2016.05.041


and suggested that ischemic stroke and other stroke types in-
creased nonlinearly in relation to geopotential height (Morabito
et al., 2011). In addition, a study conducted in the UK found that a
decrease in atmospheric pressure over the preceding 48 h was
adversely associated with hemorrhagic stroke admission (Dawson
et al., 2008). Similarly, several studies have examined the re-
lationship between cerebrovascular diseases, particularly stroke,
and meteorological conditions, and the results suggested a sig-
nificant association between temperature and barometric pressure
(atmospheric pressure), although wind and humidity were not
related did not confirm its relevance (Bokonjic and Zec, 1968; Jehle
et al., 1994; Chen et al., 1995). In addition, health effects may vary
according to the environmental characteristics of the study loca-
tion. For example, Jeju Island, which is located off the southern
coast of the Korean Peninsula and faces the Pacific Ocean, has a
humid subtropical climate with year-round strong winds. Even in
winter, the temperature rarely falls below the freezing point. In
addition, Jeju Island has complex and varied weather phenomena
including local heavy rain and fog (Kim et al., 2006; Jeju Regional
Meteorological Administration, 2011). Under conditions of mild
temperature change, and if air pressure affects the occurrence of
various types of stroke, wind may also affect stroke events, as it is
caused by variations in atmospheric pressure. Although limited,
studies have demonstrated a relationship between wind-chill and
stroke admission (Gill et al., 1988). However, to date it has been
difficult to establish the relationship between wind and cere-
brovascular diseases. This is mostly likely because the wind speed
in a particular region differs seasonally with a stable pattern
usually observed by geographic location. However, the nature of
the surface and factors influencing the direction and intensity of
wind do not usually change. Furthermore, westerlies, polar east-
erlies, and trade winds blow according to latitude. Therefore, it is
unlikely that the effect can be detected using statistical analyses.
However, Jeju Island lies an area where the trade winds and the
westerlies have much greater volatility. Thus, we hypothesized
that unstable patterns, along with weather changes and trough
movements in the surrounding areas, would have an influence on
health. To verify this hypothesis, we selected Jeju Island because it
has an optimum location (33° north, within 100 km of land), tur-
bulent flow year-round, and small temperature changes in a
temperate climate area. These small temperature changes lowered
the influence of temperature which has been shown to have an
association with stroke occurrence. Thus, Jeju Island provided a
unique location in which to determine the effect of wind. There-
fore, because of its unique meteorological characteristics, the
purpose of this study was to investigate the association between
3 wind-related variables (wind speed, the daily wind speed range
(DWR), and the wind chill index) and stroke onset on Jeju island.
We also assessed the modification effect of the wind-related
variables according to age, sex, smoking status, season, and type of
stroke.

2. Materials and method

2.1. Study population

Stroke events on Jeju Island were registered at the Jeju National
University Hospital according to the Korean Stroke Registry
guidelines. Data regarding both ischemic and hemorrhagic stroke
incidents from January 1, 2006, to December 31, 2007, were re-
corded up to 7 days after onset. Data regarding the onset date,
admission date, discharge date, and elapsed time between onset
and admission as well as demographic characteristics such as age,
sex, and smoking status were collected. Using the date of onset,
we categorized incidents as occurring in the spring (March–May),

summer (June–August), fall (September–November), or winter
(December–February) as well as the warm period (April–Septem-
ber), or cold period (October–March). This study was approved by
the Institutional Review Board of Jeju National University School of
Medicine (IRB no. 2012-06-006) and complied with the guidelines
outlined in the Declaration of Helsinki.

2.2. Meteorological variables

Weather data captured during the 2006–2007 study period
regarding the daily mean temperature (°C), relative humidity (%),
and air pressure (hPa) were obtained from the Korean Meteor-
ological Administration. To compute the daily meteorological
variables, we used measurements taken from 4 monitoring sta-
tions on Jeju Island: one from each of the eastern, western,
southern, and northern parts of the island. We then averaged the
hourly values in order to acquire the daily values for all variables
except for DWR. To obtain DWR, we subtracted the daily minimum
wind speed from the daily maximum wind speed. The wind chill
index was calculated using the daily mean values of temperature
and wind speed according to the formula suggested by the Na-
tional Oceanic and Atmospheric Administration (NOAA) (2014) as
follows:
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However, for this study we converted the temperature into
Celsius (°C) and the wind speed into meters per second (m/s).
Since the wind chill temperature is only calculated for tempera-
tures at or below 50 °F with wind speeds above 3 miles per hour,
the wind chill index was not calculated for out-of-range tem-
peratures and wind speeds.

2.3. Other confounders

Daily concentrations for particulate matter r10 mm in aero-
dynamic diameter (PM10) were determined for ozone (O3), nitro-
gen dioxide (NO2), sulfur dioxide (SO2), and carbon monoxide (CO)
from the National Institute of Environmental Research. When 2 or
more monitoring stations were located on the island, the average
of each atmospheric variable was calculated. During the study
period, data for the meteorological variables were collected from
5 monitoring stations while concentrations of air pollutants were
collected from 4 monitoring stations. Since the monitoring sta-
tions were located across Jeju Island, we computed hourly mean
levels for each environmental factor and then daily mean values.

2.4. Statistical analysis

Descriptive analyses were used to assess the distribution of
types of stroke (total/ischemic), age (o60 years old/Z60 years
old), sex (male/female), smoking status (those who had smoked at
any time (smokers)/those who had never smoked (nonsmokers)),
and temporal characteristics of stroke events (season and day of
the week). Meteorological variables and air pollutant concentra-
tions were analyzed for the overall study period and seasonal time
periods except for wind chill index. Because the wind chill index
was highly correlated with temperature and was predominately
available during the cold period, we analyzed the wind chill index
during the cold period only (January through March and October
through December).

We applied a case-crossover analysis with fixed strata (calendar
years and months) based on the time of onset. Data for the
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