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Abstract Outdoor temperature has been reported to have a
significant influence on the seasonal variations of stroke mor-
tality, but few studies have investigated the effect of high
temperature on the mortality of ischemic and hemorrhagic
strokes. The main study goal was to examine the effect of
temperature, particularly high temperature, on ischemic and
hemorrhagic strokes. We investigated the association between
outdoor temperature and stroke mortality in four metropolitan
cities in Korea during 1992–2007. We used time series anal-
ysis of the age-adjusted mortality rate for ischemic and hem-
orrhagic stroke deaths by using generalized additive and
generalized linear models, and estimated the percentage

change of mortality rate associated with a 1°C increase of
mean temperature. The temperature-responses for the hemor-
rhagic and ischemic stroke mortality differed, particularly in
the range of high temperature. The estimated percentage
change of ischemic stroke mortality above a threshold tem-
perature was 5.4 % (95 % CI, 3.9–6.9 %) in Seoul, 4.1 %
(95 % CI, 1.6–6.6 %) in Incheon, 2.3 % (−0.2 to 5.0 %) in
Daegu and 3.6 % (0.7–6.6 %) in Busan, after controlling for
daily mean humidity, mean air pressure, day of the week,
season, and year. Additional adjustment of air pollution con-
centrations in the model did not change the effects.
Hemorrhagic stroke mortality risk significantly decreased
with increasing temperature without a threshold in the four
cities after adjusting for confounders. These findings suggest
that the mortality of hemorrhagic and ischemic strokes show
different patterns in relation to outdoor temperature. High
temperature was harmful for ischemic stroke but not for
hemorrhagic stroke. The risk of high temperature to ischemic
stroke did not differ by age or gender.
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Introduction

Stroke is the second leading cause of mortality worldwide
and risk factors such as hypertension, current smoking,
abdominal obesity, diet and physical activity were reported
to account for more than 80 % of all stroke risks (Strong et
al. 2007, Johnston et al. 2009). Recently, weather conditions
have also been reported to have a significant influence on
the seasonal variations in the incidence or mortality of
stroke (Jimenez-Conde et al. 2008). However, the relation-
ship between stroke and weather conditions is complex
because of various competing factors such as geographical
area and race (McArthur et al. 2010). Although many stud-
ies have examined the influence of weather factors on stroke
incidence or mortality, inconsistent results have been
reported on the relationship between the incidence or mor-
tality of stroke and a unit increase of outdoor temperature
(Kyobutungi et al. 2005; Chang et al. 2004; Field and Hill
2002; Oberg et al. 2000; Piver et al. 1999; Wang et al. 2009;
Wang et al. 2003b). Particularly, few data are available on
the different patterns of hemorrhagic and ischemic strokes in
relation to high temperature. With the increased incidence of
climate change-induced heat waves during the summer, a
better understanding of the influence of high temperature on
hemorrhagic and ischemic strokes would be very helpful to
prevent and manage the illness. Hemorrhagic and ischemic
strokes are different diseases although they present with a
similar disease manifestation. They have common risk fac-
tors such as hypertension, but other risk factors or pathoge-
netic mechanism can differ. As temperature increases or
decreases, blood vessels dilate or constrict, which alters
the peripheral circulation resistance and blood pressure.
Although some study results showed contradictory findings,
such as a significant increase in the systolic blood pressure
during the hottest night among the elderly under antihyper-
tensive treatment (Modesti et al. 2006) and a higher blood
pressure on warm days than on cold days during the coldest
season (Morabito et al. 2008), many studies suggested that
blood pressure may be inversely correlated with temperature
(Barnett et al. 2007; Halonen et al. 2011). The Framingham
Offspring Cohort Study supported the relationship of high
temperature and decreased blood pressure by showing that
flow-mediated dilation of the brachial artery was lowest in
winter (Widlansky et al. 2007).

Elevated blood pressure due to increased circulation
resistance during cold weather has been linked to morbid-
ity and mortality due to cardiovascular diseases. Likewise,
falling blood pressure associated with hot weather may
contribute to lowering the risk of those cardiovascular
diseases that depend greatly on blood pressure such as
hemorrhagic stroke (Alperovitch et al. 2009). However,
hot weather also causes dehydration because of excessive
evaporation and sweating, which can lead to electrolyte

imbalance, thermoregulatory failure, or thromboembolism
(Rikkert et al. 2009; Schobersberger et al. 2009).

Therefore, although blood pressure declines with increas-
ing temperature (Kristal-Boneh et al. 1997), other conditions
favorable for ischemic stroke may remain or even worsen in
hot weather. In addition, an excessively low blood pressure,
when associated with dehydration in a short time period
with heat wave attack, could increase the risk of ischemic
stroke (Kikura et al. 2010). Actually, during the heat wave in
Europe in August 2003, one of the poor prognostic factors
related with increased mortality risk in the elderly was lower
blood pressure (Davido et al. 2006). Therefore, the temper-
ature effect on ischemic and hemorrhagic strokes could be
different. The main goal of the study is to examine the effect
of temperature on ischemic and hemorrhagic strokes, par-
ticularly at high temperature.

Methods

We used weather and stroke mortality data collected in four
metropolitan cities in Korea with over one million residents—
Seoul, Incheon, Daegu, and Busan—during 1992–2007.
Seoul and Incheon are located in northwestern South Korea
whereas Daegu and Busan are in the southeastern part. Daily
stroke deaths were obtained from the mortality records of the
Korea National Statistical Office. The hemorrhagic and ische-
mic stroke deaths were coded in the format of International
Classification of Diseases revision 9 (ICD 9, 430–432 and
433–436, respectively) before 1995 and revision 10 (ICD10,
I60-I62 and I63-I66, respectively) thereafter. So, we used data
coded by ICD-9 for 3 years (1992–1994) and by ICD-10 for
13 years (1995–2007). This study was approved by the insti-
tutional review board at the Seoul National University School
of Public Health.

There were substantial age-distribution changes in the
Korean population during the study period. To adjust for
these changes, we calculated the age-adjusted death rate.
At first, we collected area-level information such as total
and age-specific population for each year during the
study periods from each city. Daily values of area-
specific population were estimated by a linear interpola-
tion of annual age-specific population counts. We calcu-
lated the daily total and cause-specific death rates for
each age group (5 year intervals up to 79 years, and
age 80 years and older) as the reported number of deaths
divided by the daily age-specific area population. We
then calculated the age-adjusted total and cause-specific
death rates as the sum of the day-specific death rate for
each age group weighted by the fraction of the registered
residence population (each year) in that age group. This
was done separately for all ages, for ages 0–64 and 65
and older, and for males and females in each area. The
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mortality rate was expressed in the unit of deaths per
100,000 population-days.

Korea has four distinct seasons and an annual average
temperature range of 12.9 °C (Seoul) to 14.9 °C (Busan),
depending on the location. Data on temperature, relative
humidity and air pressure were obtained from the Korea
Meteorological Administration. A weather station was lo-
cated in the centre of each city. Daily average concentrations
for particulate matter less than 10 μg/m3 in aerodynamic
diameter (PM10) and day-time maximum ozone concentra-
tions (O3) were collected from the Research Institute of
Public Health and Environment. If two or more monitoring
stations were located in a city, the average air pollution
exposure of all stations was calculated. Due to the short
period of data availability, PM10 and O3 were not included
in the main model; however, since they have been reported
as risk factors for stroke mortality in a previous study (Hong
et al. 2002), a sensitivity analysis was conducted to validate
the temperature effects, including both PM10 and O3, in the
model using data from June 1, 2000 to December 31, 2007.
Ownership and usage of air conditioning may have modified
the temperature effects in this study (Ostro et al. 2010). We
collected the citywide prevalence of room air conditioning
to explain city-specific temperature effects. The prevalence
was based on the 2004 Survey on Electricity Consumption
Characteristics of Home Appliances (KPX 2004) conducted
by the Korea Power Exchange (Seoul, Korea). The survey
was to collect information on the ownership and usage hours
of home appliances. A stratified multi-stage sample of 3,500
households was selected from 16 regions in Korea for the
survey.

We used time series analysis of the age-adjusted mortality
rate for ischemic and hemorrhagic strokes. The associations
between temperature and stroke were visualized with a
generalized additive model (GAM) (Wood 2001). A gener-
alized linear model (GLM) with a quasi-Poisson distribution
of mortality was used to estimate the linear associations
between temperature and mortality. When a nonlinear asso-
ciation was observed between stroke mortality and temper-
ature, piecewise linear regression models were used to
estimate the threshold points and temperature effects below
and above the threshold points (Muggeo 2003). Potential
confounders were day of the week, season, year, daily mean
relative humidity, and daily mean air pressure.

To estimate the percentage change of mortality associated
with a 1 °C increase of outdoor temperature, a moving
average lag structure was used. Lag days within a short-
term period such as 1, 3, 5, and 7 days were selected based
on the lowest unbiased risk estimator (UBRE) of GAM
(Wood 2001). For example, moving average lag 03 refers
to the average of the current and three previous days’
temperature. The selected disease- and city-specific lag days
during 1992–2007 are 07, 07, 05, and 03 days for

hemorrhagic stroke and 07, 05, 07, and 07 days for ischemic
stroke in Seoul, Incheon, Daegu, and Busan, respectively
(Supplemental Figure 1). The moving average lag days were
used to estimate both linear and non-linear associations of
mortality with temperature. A sensitivity analysis with ad-
ditional adjustment of daily mean PM10 and maximum O3

using available data from 2000 to 2007 was conducted.
Moving average lag days and threshold temperature points
were selected depending on the model, study periods, loca-
tion and subtype of stroke.

A previous study showed that the elderly and females were
more susceptible to cold-induced ischemic stroke than the
non-elderly and males, respectively (Hong et al. 2003).
Therefore, in a stratified analysis by age (below 65 years old
vs. 65 years old and older) and gender, we examined which
groups were more susceptible to heat effects. All study pro-
cedures were conducted using R 2.12.1 (The Comprehensive
R Archive Network: http://cran.r-project.org).

Results

There were 149,598 deaths due to hemorrhagic and ische-
mic strokes in the four cities during 1992 to 2007: 57,452
hemorrhagic (38 %) and 92,146 ischemic (62 %). Table 1
shows the geographical and meteorological characteristics
of the four cities. Seoul and Incheon are higher latitude areas
and have a lower mean temperature than Daegu and Busan.
The difference of mean temperature among the four cities
was greater in winter than in summer (5.0 °C vs. 1.6 °C in
winter and summer, respectively). The prevalence of a room
air conditioning was highest in Daegu (0.61 per household)
and lowest in Busan (0.40 per household). Supplemental
Table 1 shows city-specific annual mortality counts.
Figure 1 displays the stroke mortality rate per 100,000
population-days by gender and age group. There was no
significant difference according to gender. However, the
elderly were more susceptible to stroke mortality than the
non-elderly population.

Figure 2 shows the lowess curves of seasonal trend
for hemorrhagic and ischemic stroke mortality rate and
temperature during 1992–2007. Stroke mortality rate was
relatively low in summer, although a summer peak
appeared in ischemic mortality. Figure 3 shows the rela-
tionship between mean temperature at city-specific mov-
ing average lag days and stroke mortality in the four
cities. The figures present distinct patterns of stroke
mortality in relation to temperature, i.e. the hemorrhagic
stroke mortality risk decreased with increasing tempera-
ture without an apparent threshold, whereas the ischemic
stroke mortality exhibited a V-shaped relationship with a
threshold temperature in half of the cities considered.
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Table 1 Summary statistics of four cities for annual and summer average values of geographical and meteorological variables (1992–2007)

City Latitude (N) /
Longitude (E)

Population density
(person/ km2)

Number of a room air
conditioning per
householda

Mean temperature
(standard deviation,
°C)

Mean relative humidity
(standard deviation, %)

Mean air pressure
(standard deviation,
hPa)

Seoul 37 ° 34'/126 ° 58′ 16,198 0.52 12.9 (10.1) 63.2 (14.5) 1016.2 (8.1)

Summer - - - 24.4 (2.8) 73.3 (11.6) 1007.4 (4.1)

Winter 0.0 (4.2) 57.5 (13.3) 1024.3 (5.1)

Incheon 37 ° 28'/126 ° 38′ 2,591 0.47 12.5 (9.7) 68 (14.2) 1015.9 (8.1)

Summer - - - 23.5 (2.8) 78.6 (10.2) 1007.1 (4.1)

Winter 0.2 (3.9) 60.6 (13.2) 1023.9 (5.1)

Daegu 35 ° 53'/128 ° 37′ 2,822 0.61 14.4 (9.3) 60.1 (15.4) 1016.5 (7.8)

Summer - - - 25.1 (3.3) 69.9 (11.2) 1008.4 (4.2)

Winter 2.6 (3.4) 52.4 (13.9) 1023.8 (5.1)

Busan 35 ° 06'/129 ° 02′ 4,605 0.40 14.9 (7.9) 63.9 (18.5) 1015.5 (7.2)

Summer - - - 23.5 (3.1) 80.7 (9.9) 1008.2 (4.0)

Winter 5.0 (3.8) 47.9 (15.5) 1022.0 (4.9)

a Data based on 2004

Fig. 1 Average hemorrhagic and ischemic stroke morality rate per 100,000 population-days in four cities in Korea (1992–2007) stratified by
gender and age group
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Fig. 2 Average seasonal pattern of daily hemorrhagic (dashed lines, left scale) and ischemic (dotted lines, left scale) stroke mortality rate and daily
temperature (solid lines, right scale) during 1992–2007

Fig. 3 Relationship between temperature and age-adjusted hemorrhagic and ischemic stroke mortality rate in four cities (1992–2007): (a)
hemorrhagic stroke mortality and (b) ischemic stroke mortality
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These patterns seemed to hold for all age and gender
groups in the four cities (data not shown).

While high temperature exerted a beneficial effect on
hemorrhagic stroke mortality, it worsened ischemic stroke
mortality. Ambient temperature effects on ischemic stroke
below or above a threshold are shown in Table 2. Threshold
temperatures were between 23.4 °C (Incheon) and 25.3 °C
(Busan) and between 17.3 °C (Daegu) and 24.8 °C
(Incheon) during 1992–2007 and 2000–2007, respectively.
After air pollution was controlled for in the model during
2000–2007, thresholds were between 17.3 °C (Daegu) and
23.8 °C (Incheon). The risk of ischemic stroke mortality
above the thresholds was highest in Seoul at 5.4 % (95 %
confidence interval (CI), 3.9–6.9) and lowest in Daegu at
2.3 % (95 % CI, −0.2 to 5.0). In 2000–2007 the effects were
substantially changed even before controlling for the air
pollution concentrations, at 2.5 % (95 % CI, 0.1–4.9) and
1.3 % (95 % CI, −0.1 to 2.7) in Seoul and Daegu, respec-
tively. Below the threshold temperature, ischemic stroke
mortality risk increased as temperature decreased by 0.8 %
(95 % CI, 0.2–1.5), 1.0 % (95 % CI, 0.0–1.9), and 0.8 %
(95 % CI, 0.1–1.5) per 1 °C decrease in Incheon, Daegu, and
Busan, respectively.

Figure 4 illustrates the percentage change of risk of
ischemic strokes per 1 °C increase of mean temperature
above the thresholds by age and gender during 2000–
2007 after adjustment for air pollution. There was no
distinction between genders. The elderly showed nar-
rower CI than the non-elderly. However, the effect
among the elderly was not different from that among
the non-elderly, both below and above the thresholds.
We also found little evidence of any difference of tem-
perature effects between gender and age groups in hem-
orrhagic stroke mortality (data not shown).

Discussion

Hemorrhagic stroke mortality risk significantly decreased
with increasing temperature without a threshold, whereas
ischemic stroke mortality exhibited a V-shaped relationship
with temperature in two of the four cities considered: Seoul
and Incheon. The effects of high temperature on ischemic
stroke mortality were slightly greater in higher latitude areas
such as Seoul and Incheon than in lower latitude areas.

Consistent with our results, studies in Australia (Wang et
al. 2009), Taiwan (Pan et al. 1995), China (Liu et al. 2004),
and Italy (Morabito et al. 2011) have found a threshold
effect of morbidity and mortality of ischemic stroke and a
negative linear association for hemorrhagic stroke associat-
ed with temperature. However, other studies have shown
different associations of temperature with strokes such as
increased risk of ischemic stroke incidence by cold temper-
ature (Hong et al. 2003) or null associations between any
subtypes of stroke and temperature changes (Cowperthwaite
and Burnett 2011). These different results might be due to
different study populations, locations, and periods (Wang et
al. 2009). On the other hand, the weak or non-significant
association of ischemic stroke mortality with temperature in
some studies may be due to the assumption of a linear
relationship in the case of the existence of nonlinearity.
For example, Wang et al. showed a threshold pattern of
maximum temperature on ischemic stroke in summer, but
the relative risk was not statistically significant since the risk
was estimated based on the assumption of linearity (Wang et
al. 2009).

The V-shape of the relationship between ischemic stroke
and temperature compared to the negative linear association
with temperature for hemorrhagic stroke may be attributable
to the pathophysiological difference between the two

Table 2 Percentage change of risk of ischemic stroke per 1 °C increase of temperature (< and ≥ a threshold)

City 1992-2007a 2000-2007 b 2000-2007 c

Threshold
(°C)

< Threshold ≥ Threshold Threshold
(°C)

< Threshold ≥ Threshold Threshold
(°C)

< Threshold ≥ Threshold

Seoul 24.4 −0.8 (−1,−0.5)** 5.4 (3.9,6.9) ** 24.4 −0.6 (−0.9,−0.2)* 2.5 (0.1,4.9)* 23.7 −0.3 (−0.6,0.1) 2.5 (0.6,4.3)*

Incheon 23.4 −1.2 (−1.7,−0.7)** 4.1 (1.6,6.6)* 24.8 −1.1 (−1.8,−0.5)* 7.0 (1.4,13.0)* 23.8 −0.8 (−1.5,−0.2)* 3.9 (0.2,7.7)*

Daegu 24.9 −0.8 (−1.4,−0.3)* 2.3 (−0.2,5.0) 17.3 −1.1 (−2.0,−0.2)* 1.3 (−0.1,2.7) 17.3 −1.0 (−1.9,0.0)* 1.4 (0.0,2.9)*

Busan 25.3 −0.9 (−1.4,−0.5)** 3.6 (0.7,6.6)* 21.8 −1.2 (−1.8,−0.5)* 1.0 (−0.7,2.6) 22.8 −0.8 (−1.5,−0.1)* 1.8 (−0.2,3.8)

* P-value <0.05

** P-value <0.0001
a The model was adjusted for daily mean humidity, mean air pressure, day of the week, season, and year (1992–2007)
b The model was adjusted for daily mean humidity, mean air pressure, day of the week, season, and year (2000–2007)
c The model was adjusted for daily mean humidity, mean air pressure, mean PM10, maximum O3, day of the week, season, and year (2000–2007)
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diseases (Pan et al. 1995). Falling blood pressure associated
with lowering peripheral vascular resistance in hot weather
may reduce the risk of hemorrhagic stroke, whereas dehy-
dration arising from excessive evaporation and sweating,
and electrolyte imbalance from high temperature may cause
thromboembolism and thereby increase the risk of ischemic
stroke (Rikkert et al. 2009, Schobersberger et al. 2009).

The temperature effects on ischemic stroke mortality varied
by area in this study. Certain area characteristics such as air
conditioning (Ostro et al. 2010) and population density
(Medina-Ramon and Schwartz 2007) may have modified the
heat effects on health. For example, althoughDaegu and Busan
had similar geographical and meteorological conditions, the
high temperature effect in Daegu was slightly smaller than that
in Busan. The highest prevalence of a room air conditioning of
Daegu (0.62 per household) may explain the difference.
Another plausible explanation for the variation by area can
be physiological adaptation to temperature in lower latitude or
higher temperature areas. For example, southern cities such as
Daegu and Busan showed higher annual average temperature
than northern cities did (around 14 °C in southern cities vs.
12 °C in northern cities). The high temperature effects were
larger in the higher latitude cities (2–3 % vs. 4–5 % increase of
ischemic stroke per 1 °C increase in southern and northern
cities, respectively). Because temperature differences between

southern and northern cities were greater in winter than in
summer, we can assume that the adaptation to colder winter
may have increased the risk of ischemic stroke mortality in
summer. Supporting results have also been reported in US
cities (Curriero et al. 2002; Medina-Ramon and Schwartz
2007; Zanobetti and Schwartz 2008). For example, Curriero
et al. found a greater warmer temperature effect in northern
cities and Medina-Ramón showed the largest heat effects in
cities with a milder summer.

Air pollution has been reported to be associated with
stroke (Wellenius et al. 2005; Tsai et al. 2003; Hong et al.
2002) and was controlled for in the present model using data
from 2000 to 2007 due to the limited availability of air
pollution data. Before considering air pollution in the mod-
el, we observed substantial changes in temperature threshold
points and effects. For example, the threshold temperatures
using the 2000–2007 data were lower in southern cities
(Daegu and Busan) and higher in Incheon compared with
the threshold temperatures using the 1992–2007 data. The
effects above the threshold were substantially attenuated,
except in Incheon during 2000–2007. The introduction of
a heat-wave warning system and wide use of air condition-
ing may have attenuated the high temperature effect.
However, it is not clear why Incheon had a higher threshold
temperature and less attenuated effect in 2000–2007 than in

Fig. 4 Percentage change of risk of ischemic stroke per 1 °C increase of mean temperature (A) below and (B) above a threshold temperature for
gender and age groups after controlling for daily mean PM10, maximum O3 and other confounders (2000–2007)
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1992–2007. While the study period caused a difference in
temperature effects, the adjustment of air pollution did not
significantly influence the effects. Hence, we may conclude
that temperature was an independent risk factor of stroke
mortality. The elderly as a group have been reported to be
susceptible to high temperature, especially in cardiovascular-
related mortality (Gouveia et al. 2003). However, the present
study results showed little evidence of any differences in
ischemic stroke risk between the elderly and the non-elderly
due to high temperature above the threshold. A study in
Adelaide, Australia, also found no significant heat effect
among the elderly (Nitschke et al. 2007). Although the elderly
were not found to be more susceptible to a high temperature
effect for ischemic stroke mortality in this study, the number
of ischemic stroke deaths of the elderly attributable to high
temperature was much greater than that of the non-elderly
since the overall stroke incidence was much higher in the
elderly.

This study has examined the mortality-temperature rela-
tionship using daily stroke mortality rate per 100,000
population-days instead of daily mortality count to compare
the risk in four cities. The mortality rate was also age-
adjusted, which may have overcome the different population
age structures among these four cities. While other studies
examined the stroke mortality-temperature relationship
based on a single city or region (Wang et al. 2003a), we
observed hemorrhagic and ischemic stroke associations with
temperature in four major cities in Korea. This study had
several limitations. First, we did not distinguish between the
deceased due to newly occurred stroke and the death of
preexisting stroke patients since we examined stroke mor-
tality as a health outcome instead of investigating stroke
onset or morbidity. Second, we could not distinguish wheth-
er the temperature-associated increase of stroke mortality
represents a true increase of stroke mortality or only
presents the earlier death of those about to die soon.
Therefore, harvesting cannot be excluded for at least some
of the observed association (Braga et al. 2002). Third, for
the diagnosis of the two types of stroke, we relied on vital
statistics with unknown accuracy. However, most of the
stroke patients in Korea were known to be diagnosed after
imaging studies of the brain by magnetic resonance imaging
or computerized tomography (Hong et al. 2003). In conclu-
sion, we found that the mortalities of hemorrhagic and
ischemic strokes exhibit different patterns in relation to
outdoor temperature and that high temperature was harmful
for ischemic stroke but not for hemorrhagic stroke.
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