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Purpose: Inconsistent findings have been reported regarding the effect of ambient temperature on ischemic stroke. Furthermore,
little is known about how underlying disease and low socioeconomic status influence the association. We, therefore, investigated
the relationship between ambient temperature and emergency department (ED) visits for ischemic stroke, and aimed to identify
susceptible populations.

Materials and Methods: Using medical claims data, we identified ED visits for ischemic stroke during 2005-2009 in Seoul, Korea.
We conducted piecewise linear regression analyses to find optimum ambient temperature thresholds in summer and winter, and
estimated the relative risks (RR) and 95% confidence intervals (CI) per a 1°C increase in temperature above/below the thresholds,
adjusting for relative humidity, holidays, day of the week, and air pollutant levels.

Results: There were 63564 ED visits for ischemic stroke. In summer, the risk of ED visits for ischemic stroke was not significant,
with the threshold at 26.8°C. However, the RRs were 1.055 (95% CI, 1.006-1.106) above 25.0°C in medical aid beneficiaries and
1.044 (1.007-1.082) above 25.8°C in patients with diabetes. In winter, the risk of ED visits for ischemic stroke significantly in-
creased as the temperature decreased above the threshold at 7.2°C. This inverse association was significant also in patients with
hypertension and diabetes mellitus above threshold temperatures.

Conclusion: Ambient temperature increases above a threshold were positively associated with ED visits for ischemic stroke in
patients with diabetes and medical aid beneficiaries in summer. In winter, temperature, to a point, and ischemic stroke visits were
inversely associated.
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but several environmental factors have also been reported as
well. In addition to air pollution,® provoked by concerns about
health effects of climate change, several studies have investi-
gated the relationships of ambient temperature with ischemic
stroke. Null associations between ambient temperature and
ischemic stroke were found in winter and summer in Brisbane,
Australia.* However, lower temperatures in winter were linked
to higher risk of ischemic stroke in Incheon, Korea,” and inverse
relationships between temperature and risk of ischemic stroke
were observed during all seasons in Jinan, China,’ and in Bos-
ton in the United States.” Besides the inconsistency of the re-
sults, little is known about potentially susceptible populations,
although identifying high-risk groups is beneficial in the con-
text of primary prevention of ischemic stroke related to cold and
hot weather. Furthermore, previous studies have examined the
risk for ischemic stroke in the elderly and in patients with car-
diovascular diseases,*>” whereas other underlying diseases
such as diabetes mellitus and socioeconomic status have been
of little weight in studies on the effect of temperature on health.
Heat waves may increase the risk of medical care utilization for
diabetes mellitus,® and individuals with diabetes may be more
vulnerable to morbidity and mortality during heat waves.”'
Furthermore, individuals with low socioeconomic status such
as medical aid beneficiaries are more likely to be sensitive to
heat and cold waves because of poor housing features.'"'*
Meanwhile, previous studies focused on estimating the risk for
ischemic stroke per a 1°C change in temperature.*” From a pub-
lic health perspective, it may be helpful to provide a tempera-
ture point where the risk of ischemic stroke significantly increas-
es. This approach may be beneficial for environmental health
policy, because extremely hot and cold weather may become
more severe and prevalent because of climate change.”™

Thus, the purpose of the present study was to explore thresh-
old temperatures where the risk of temperature-related isch-
emic stroke significantly changes and to estimate the risks
above and below the estimated threshold temperatures. Addi-
tionally, this study aimed to identify susceptible populations by
including individuals with cardiovascular diseases, diabetes
mellitus, and of varying socioeconomic status.

MATERIALS AND METHODS

Study subjects

The study subjects were patients who visited the emergency
department (ED) for ischemic stroke during 2005-2009 in
Seoul, the Republic of Korea, identified from health insurance
claims data. Multiple ED visits of an individual were regarded
as separate cases. The data were obtained from the Health In-
surance Review and Assessment Service, and included encrypt-
ed individual codes, age, gender, national health insurance
type (national health insurance or medical aid beneficiaries),
date of the visit, and diagnosis code based on the 10th version
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of the International Classification of Disease (ICD-10). We de-
fined those with underlying disease as those with correspond-
ing medical care utilization (>3 outpatient visits or >1 admis-
sion) in the three years prior to the ED visit for ischemic stroke
(ICD-10: 163-166). Individuals with pre-existing cardiometa-
bolic illnesses may be at a higher risk for ischemic stroke;"
hence, underlying diseases considered in this study were car-
diovascular disease [cerebrovascular disease (ICD-10: 160-169),
ischemic heart disease (ICD-10: 120-125), hypertensive dis-
ease (ICD-10: I10-115)], and diabetes mellitus (ICD-10: E10-
E14). The present study was approved by the Institutional Re-
view Board at Yonsei University Health System (IRB No. 4-2014-
0471). Given the nature of the study design and data source,
the Institutional Review Board waived the requirement for in-
formed written consent.

Data on meteorology and air pollution

We acquired meteorological data from the Korea Meteorolog-
ical Administration. These data included daily average, maxi-
mum and minimum temperature, and relative humidity, mea-
sured at one station in Seoul. Air pollution data were provided
by the Ministry of Environment, and we calculated daily mean
values of particulate matter with a diameter <10 pm (PMuo)
and ozone (0O;), by averaging the 24-hour levels from 27 moni-
toring stations in Seoul.

Statistical analysis

Our analyses were restricted to those aged =40 years because
ischemic stroke cases are rare in young adults (n=1912, 3.0%
of cases in the database). To estimate optimum threshold tem-
peratures and the risk of ED visits for ischemic stroke related
to temperature, we applied a method used in a previous study
on ambient temperature and heat-related illnesses,'® with the
HEAT package (https://cran.r-project.org/web/packages/
HEAT/HEAT.pdf) in R version 3.2.3. First, we plotted the rela-
tionship between daily average temperature and the number
of ED visits for ischemic stroke on the same day. Analyses were
conducted for all seasons (January to December) and each four
seasons (spring, March to May; summer, June to August; fall,
September to November; winter: December to February). We
found the relationship varying in direction at a point in sum-
mer and winter (Fig. 1). Second, to find optimum temperature
thresholds in summer and winter, piecewise linear regression
analyses were conducted. A piecewise linear regression model
is useful when a regression coefficient is varied from a certain
point, which is called a threshold, below and above."” Piece-
wise linear regression analyses allowed us to explore the points
where a regression coefficient varies, identifying the model
with the optimum point based on the smallest Akaike’s infor-
mation criterion value (i.e., the highest goodness of fit). Finally,
above and below the thresholds shown by the piecewise linear
regression model, we estimated the relative risks (RR) and 95%
confidence intervals (CI) per a 1°C increase in temperature using
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Fig. 1. Relationship of average temperature to daily number of ED visits for ischemic stroke in Seoul, Republic of Korea. (A) All seasons, (B) spring, (C)

summer, (D) fall, and (E) winter. ED, emergency department.

generalized linear models with Poisson link, adjusting for rela-
tive humidity,'® holidays, day of the week, and air pollutants.
Among air pollutants, PMy, and Os were selected according to
pre-existing evidence on the association with ischemic stroke.?
Using the same statistical model, subgroup analyses for summer
and winter were conducted in relation to age and gender group,
national health insurance type, and underlying disease, respec-
tively. Age and gender group consisted of the middle-aged (40-64
year-old) and the elderly (=65 year-old) men and women.
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RESULTS

The overall mean temperature was 12.87°C (standard devia-
tion, 10.16°C) and the mean relative humidity was 60.81%
(14.67%) in 2005-2009 in Seoul (Table 1). In summer, the aver-
age temperature was 24.23°C and the maximum was 30.10°C.
In winter, the average temperature was -0.21°C and the mini-
mum was -11.57°C.

The total number of ED visits for ischemic stroke during
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Table 1. Distribution of Ambient Temperature and Relative Humidity in 2005-2009 in Seoul, Republic of Korea

Mean SD Minimum Maximum 25% 50% 5%

All seasons

Temperature (°C) 12.87 10.161 -11.57 30.10 4.16 14.51 21.89

Relative humidity (%) 60.81 14.673 19.42 96.00 49.79 61.60 71.33
Spring

Temperature (°C) 12.15 6.128 -4.99 2413 173 12.54 17.23

Relative humidity (%) 55.35 14.838 19.42 93.33 4471 54.60 74.96
Summer

Temperature (°C) 24.23 2.648 14.94 30.10 22.56 24.43 26.14

Relative humidity (%) 7161 11.57 24.00 96.00 65.21 7173 79.42
Fall

Temperature (°C) 15.09 16.123 -4.23 26.95 10.02 16.11 20.80

Relative humidity (%) 62.25 11.919 2529 90.79 53.38 62.83 70.92
Winter

Temperature (°C) -0.21 4330 -11.57 10.63 -3.31 0.19 313

Relative humidity (%) 53.92 13.015 27.00 93.38 43.42 52.63 62.83

SD, standard deviation.

Table 2. Characteristics of Emergency Department Visits for Ischemic
Stroke in 2005-2009 in Seoul, Republic of Korea (n=63564)

Variable n (%)

Age and gender group

40-64 year-old men 15585 (24.52)

40-64 year-old women 9057 (14.25)

>65 year-old men 18160 (28.57)

>65 year-old women 20762 (32.66)
National health insurance type

National health insurance 57616 (90.64)

Medical aid beneficiaries 5948 (9.36)
Underlying disease

Cerebrovascular disease (160—169) 16327 (25.69)

Ischemic heart disease (120-125) 11796 (18.56)

Hypertensive disease (110-115) 26442 (41.60)

Diabetes mellitus (E10-E14) 18473 (29.06)
Season

Spring 17412 (27.39)

Summer 16889 (26.57)

Fall 14852 (22.67)

Winter 14411 (22.67)

2005-2009 in Seoul was 63564. Men accounted for 33745
(53.1%) of these visits and women for 29819 (46.9%) (Table 2).
Those aged 265 years and medical aid beneficiaries accounted
for 61.2% (n=38922) and 9.4% (n=5948) of visits, respectively.
Underlying diseases were present in 16327 (25.7%) patients
for stroke, 11796 (18.6%) for ischemic heart disease, 26442
(41.6%) for hypertension, and 18473 (29.1%) for diabetes mel-
litus. In summer, 16889 (26.6%) ischemic stroke ED visits were
observed, with 14411 (22.7%) in winter.

In all seasons, the risk of ED visits for ischemic stroke rose
with a temperature increased (Fig. 1). In summer, the risk of
ED visits for ischemic stroke was related to temperature in-
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creases above the threshold temperature of 26.8°C, but this
was not statistically significant (Table 3). The threshold tem-
perature for medical aid beneficiaries was 25.0°C, and the risk
significantly increased by 5.5% per 1°C increase (95% CI,
0.6%-10.6%) above this threshold. Patients with ischemic
heart disease had a significantly higher risk of ED visits for
ischemic stroke in ambient temperatures >28.0°C (RR per 1°C
increase, 1.179, 95% CI, 1.028-1.352). Patients with diabetes
were also at high risk of ED visits for ischemic stroke above the
ambient temperature threshold of 25.8°C (RR per 1°C increase,
1.044; 95% CI, 1.007-1.082).

In winter, the threshold temperature of ED visits for ischemic
stroke was 7.2°C (Table 4). The risk of ischemic stroke de-
creased significantly as the temperature rose (RR per 1°C in-
crease, 0.773; 95% CI, 0.700-0.852). The risk of ED visits for
ischemic stroke significantly declined with temperature in-
creases above the threshold at 0.8°C in the elderly women (RR
per 1°C increase, 0.966; 95% CI, 0.948-0.984) and at 0.6°C
among medical aid beneficiaries (0.968; 0.938-0.999). In hy-
pertensive patients, the risk of ischemic stroke visits dropped
as temperatures rose above 8.2°C (RR per 1°C increase, 0.618;
95% CI, 0.453-0.842). Among patients with diabetes, the risk
declined with temperature increases above 7.4°C (0.643;
0.501-0.824).

DISCUSSION

Using piecewise linear regression, we identified ambient tem-
perature thresholds at which the risk of ED visits for ischemic
stroke increased, and analyzed their differences among sub-
groups. In summer, no significant associations were found
among the total study population, but significantly higher risks
were observed above threshold temperatures in medical aid
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Table 3. Threshold Temperatures and RRs of Emergency Department
Visits for Ischemic Stroke in Relation to a 1°C Increase of Ambient Tem-
perature in Summer

Ambient Temperature and Ischemic Stroke

Table 4. Threshold Temperatures and RRs of Emergency Department
Visits for Ischemic Stroke in Relation to a 1°C Increase of Ambient Tem-
perature in Winter

Characteristic Threshold RR (95% CI) Characteristic Threshold RR (95% CI)
temperature (°C)* temperature (°C)*
Total Total
<26.8 0.998 (0.990-1.005) <1.2 1.006 (1.001-1.010)
>76.8 1.026 (0.995-1.057) =72 0.773(0.700-0.852)
Age and gender group Age and gender group
40-64 year-old men <176 0.770(0.648-0.915) 40-64 year-old men <12 1.002 (0.993-1.011)
>176 1.011(0.998-1.024) >7.2 0.774(0.630-0.951)
<27.0 0.984 (0.965—1.003) <14 1.002 (0.990-1.014)
40-64 year-old women =270 1,085 (0.994-1.184) 40-64 year-old women 74 0,612 (0.421-0.890)
>65 yearold men <174 0.822 (0.683-0.988) >65 year-old men <0.8 1.021(1.007-1.035)
=174 1.005(0.993-1.017) =08 0.983 (0.965-1.002)
N <26.8 0.998 (0.990-1.005) e E— <1.0 1.025(1.013-1.038)
>726.8 1.026 (0.995-1.057) >10 0.966 (0.948-0.984)
Health insurance type Health insurance type
National health insurance <268 0.989(0.991-1.007) National health insurance <72 1005(1.000-1.009)
>76.8 1.018 (0.986—1.052) >72 0.753 (0.676-0.838)
Medical aid beneficiaries ;222% ?EZ,Z, :?gg;j ?g;; Medical aid beneficiaries :2]% ;ggg :;ggg:;g;;;
Underlying disease Underlying disease
Cerebrovascular disease <288 0.899(0.985-1.011) Cerebrovascular disease <74 0.986(0.987-1.004
>788 1.193(0.924-1.540) >74 0.779 (0.628-0.966)
Ischemic heart disease <280 1002(0.987-1.078) Ischemic heart disease <08 1.004(0.987-1.021)
>28.0 1.179 (1.028-1.352) =08 0.967 (0.944-0.991)
Hypertensive disease <154 3.085(0.736-12.923) Hypertensive disease <B8.2 0.999 (0.993-1.006)
>154 1.008 (0.998-1.018) >82 0.618(0.453-0.842)
Diabetes mellitus <258 0.998 (0.982-1.014) Disbetes mellitus <14 1.008 (0.999-1.016)
>258 1.044 (1.007-1.082) =74 0.643 (0.501-0.824)

RR, relative risk; Cl, confidence interval.

*Piecewise linear regression analyses were used to find optimum tempera-
ture thresholds, adjusting for relative humidity, holidays, day of week, PMq,
and Os.

beneficiaries and in patients with ischemic heart disease and
diabetes. In particular, medical aid beneficiaries were affected
by temperature increases above 25.0°C, the lowest meaning-
ful threshold temperature in summer. In winter, the risk of ED
visits for ischemic stroke increased as temperature decreased
to a certain level. Below that level, however, the risk rather de-
clined as temperature decreased. This prominent trend was
present in all subgroups. The temperature thresholds for pa-
tients with hypertension and diabetes were similar to those of
the total study population, but the magnitude of risk was re-
markably greater.

Earlier studies have shown null associations*® or inverse re-
lationships between ischemic stroke morbidity and tempera-
ture®” in summer. In the present study, we also found no asso-
ciation between them for the total study population in summer,
which is consistent with an Australian study.* However, as the
temperature rose above a certain level, the risk of ED visits for
ischemic stroke increased significantly in medical aid benefi-
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RR, relative risk; Cl, confidence interval.

*Piecewise linear regression analyses were used to find optimum tempera-
ture thresholds, adjusting for relative humidity, holidays, day of week, PMq,
and 0.

ciaries and in patients with ischemic heart disease and diabe-
tes. This indicates that individuals with low socioeconomic sta-
tus, ischemic heart disease, and diabetes may be susceptible
to ischemic stroke if they are exposed to high enough temper-
atures. Considering the increasing number of days with ex-
tremely hot weather due to climate change,” the effects of am-
bient temperature on ischemic stroke might become apparent
in the general population and be amplified in susceptible
groups.

Previous studies have shown an inverse relationship be-
tween temperature and ischemic stroke in winter,>” whereas
we found an inverted V-shape. The inconsistency may be due
to the fact that we used a piecewise linear regression model.
We observed an increased risk of ischemic stroke due to a
temperature decrease, as previous studies have suggested, but
only to a certain temperature; however, below that tempera-
ture, a decreased risk of ischemic stroke related to a decrease
in temperature showed borderline significance for the total
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study population. Our present study suggests that there is an
inverse association between temperature and ischemic stroke
in winter, but there is a temperature threshold at which the as-
sociation changes to a null or weak positive one. It is quite pos-
sible that individuals are more likely to avoid cold exposure by
reducing outdoor activities at below a certain temperature
threshold.

It is noteworthy in the present study that medical aid bene-
ficiaries and patients with diabetes had an increased risk of ED
visits for ischemic stroke, being related to temperature increas-
es from moderately high temperatures of 25.0°C and 25.8°C,
respectively. The threshold temperatures were slightly higher
than the average temperature (24.2°C) in summer, suggesting
that the susceptible populations may be at higher risk of isch-
emic stroke even in moderately hot weather. Individuals with
low socioeconomic status may be sensitive to heatwave im-
pacts because of poor health status,* social isolation,* and
housing features such as poor insulation and no air condition-
ing."! Furthermore, patients with diabetes may be predisposed
to hot temperatures induced ischemic stroke through dehy-
dration® and high counter-regulatory hormone and glucose
levels.®* Therefore, it is imperative for patients with diabetes
to maintain hydration and to appropriately control their blood
glucose in hot weather to prevent ischemic stroke, potentially
induced by high temperatures.

In winter, the elderly and medical aid beneficiaries showed
rising risks of ED visits for ischemic stroke as temperature de-
creases to the temperature thresholds, which were lower than
for the total populations. This implies that the elderly and those
with low socioeconomic status may be vulnerable to ischemic
stroke due to cold even at a temperature that does not increase
the risk of the disease in the other subgroups. Older people are
more likely to develop ischemic stroke due to augmented blood
pressure mediated by their increased central arterial stiffness
during cold exposure.?®* In terms of low socioeconomic sta-
tus, the susceptibility to cold-induced ischemic stroke could
be linked to several factors including personal behaviors re-
lated to cold exposure outdoors,*” housing conditions leading
to indoor cold,® and blue-collar jobs.*® Compared to the total
study population, hypertensive patients had a greater risk of
ED visits for ischemic stroke as temperature decreased, which
was consistent with an earlier study.” Cold exposure may fa-
cilitate arterial thrombosis by increasing plasma cholesterol
and fibrinogen levels.*® Moreover, sympathetic nervous sys-
tem activated by cold exposure may lead to increased platelet
function.” In winter, as in summer, patients with diabetes had
a greater risk of ischemic stroke due to cold exposure. It has
been previously reported that air temperature is inversely as-
sociated with the level of hemoglobin A1C in patients with di-
abetes,* implying that cold exposure might negatively influ-
ence blood glucose control, thereby increasing the likelihood
of developing ischemic stroke. This highlights the importance
of blood glucose control in patients with diabetes, also in cold
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weather.

To our best knowledge, the present study is the first to sug-
gest that socioeconomic inequalities and vulnerability of pa-
tients (such as those with diabetes) influence the relationship
between temperature and ischemic stroke. However, poten-
tial limitations should be mentioned. First, we identified isch-
emic stroke, based on diagnosis in the ED, without confirma-
tion by neurologists or imaging studies. Of the total ED visits
for ischemic stroke, 73.7% (n=46875) was hospital admission,
in which the diagnosis had high specificity** and was less bi-
ased in estimating risks.* In further analysis with hospitaliza-
tion cases, patterns of the relationship between average tem-
perature and the number of cases remained the same as the ED
visits (Supplementay Fig. 1, only online). In summer, the tem-
perature threshold was 25.6°C. The risk of hospitalization for
ischemic stroke significantly increased above the threshold
(RR per 1°C increase, 1.015; 95% CI, 1.001-1.031), suggesting a
more remarkable impact of temperature on ischemic stroke
morbidity at a lower temperature compared to the ED case
results. In winter, the RRs per 1°C increase were 1.007 (95% CI,
1.002-1.013) below the threshold at 7.2°C, which was the
same as the ED case results, and 0.785 (0.702-0.878) above
the threshold. However, considering hospitalization as an
outcome seems inappropriate in dealing with socioeconomic
inequality because it might miss poor patients who could not
afford hospital admission. Second, we performed a single-city
study, therefore, the results may not be applicable to other
geographic areas. Even if we had conducted a multi-city study
in Korea, we could not generalize the results because temper-
ature effects may vary with latitude and longitude. Nonethe-
less, the present study may be worthy of attention, since we
focused on socioeconomic inequalities and underlying dis-
ease differences in the effect of temperature on ischemic stroke,
which has public health implications.

In conclusion, in summey, an increase of temperature above
a threshold was positively associated with ED visits for isch-
emic stroke in medical aid beneficiaries and patients with
ischemic heart disease or diabetes, whereas an increase of daily
average temperature in winter above a threshold, was inverse-
ly associated with ED visits for ischemic stroke with the high-
est risks observed in patients with hypertension and diabetes.
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