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Abstract

Studies indicate that the mortality effects of temperature may vary by population and region,
although little is known about the vulnerability of subgroups to these risks in Korea. This study
examined the relationship between temperature and cause-specific mortality for Seoul, Korea,
for the period 2000-7, including whether some subgroups are particularly vulnerable with
respect to sex, age, education and place of death. The authors applied time-series models
allowing nonlinear relationships for heat- and cold-related mortality, and generated
exposure—response curves. Both high and low ambient temperatures were associated with
increased risk for daily mortality. Mortality risk was 10.2% (95% confidence interval 7.43,
13.0%) higher at the 90th percentile of daily mean temperatures (25 °C) compared to the 50th
percentile (15 °C). Mortality risk was 12.2% (3.69, 21.3%) comparing the 10th (—1°C) and
50th percentiles of temperature. Cardiovascular deaths showed a higher risk to cold, whereas
respiratory deaths showed a higher risk to heat effect, although the differences were not
statistically significant. Susceptible populations were identified such as females, the elderly,
those with no education, and deaths occurring outside of a hospital for heat- and cold-related
total mortality. Our findings provide supportive evidence of a temperature—mortality
relationship in Korea and indicate that some subpopulations are particularly vulnerable.

Keywords: climate change, cold, extreme temperature, heat, mortality, vulnerable populations,

weather

Online supplementary data available from stacks.iop.org/ERL/6/034027/mmedia

1. Introduction

Numerous epidemiologic studies have demonstrated that low
or high ambient temperature is associated with increased risk
of daily mortality in many parts of the world [1-6]. These
health risks could be exacerbated by climate change including
more frequent and extreme episodes of particularly hot or cold
temperatures [7]. A recent National Institutes of Health (NIH)
report noted that the identification of populations vulnerable to
climate change health impacts, such as heat-related mortality,
is a crucial research need [8].

3 Address for correspondence: School of Forestry and Environmental Studies,
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The effect of temperature on mortality may differ by
population characteristics including socioeconomic factors.
There is a need to characterize this effect modification
and identify susceptible populations in temperature-related
mortality studies. Better knowledge of these modifiers would
be useful for public policy making to avert temperature-related
health burdens and in risk assessments of how weather condi-
tions impact health. Further, research on which populations are
most vulnerable to temperature-related health consequences
is vital to research on climate change and health, especially
as the distribution of these characteristics may be changing,
such as an increase in older populations. Several studies have
reported variation in the temperature—mortality association by

© 2011 IOP Publishing Ltd  Printed in the UK
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race, sex, age, housing characteristics, air conditioning, and
several socioeconomic factors such as income, education, and
unemployment in the United States, Italy, France, England
and Wales, Mexico, Brazil and Chile [3, 9-14]. However,
the temperature—mortality relationship and vulnerability to
temperature effects may vary by population and region, and
the influence of some characteristics still remain unclear. For
example, some studies identified women to be at higher risk,
while others showed no difference by gender or observed men
to be at higher risk [10, 15-17]. Bell et al [13] examined
heat-related mortality for three Latin American cities and
reported that vulnerability by sex and education differed by
city. Thus, more studies in other locations are needed to
evaluate susceptibility to temperature’s effect on mortality.

In Korea, studies have been conducted to examine how
mortality is affected by winter temperatures [18], heat [19],
and previous-winter’s mortality [20]. However, relatively few
epidemiologic studies have focused on identifying vulnerable
subgroups. This study examines the relationship between
temperature and total, cardiovascular and respiratory mortality
for Seoul, Korea, from 2000 to 2007, focusing on whether
some subgroups are particularly vulnerable to temperature-
related mortality with respect to sex, age, education and place
of death.

2. Methods

2.1. Data

Daily counts of deaths in Seoul between 1 January 2000 and
31 December 2007 were obtained from the National Statistical
Office, Republic of Korea. Mortality data included date of
death, cause of death, sex, age, educational level and place of
death (in or out of hospital). We considered total mortality
as all causes of death except external causes (International
Classification of Diseases, ICD-10, AO0-R99). Cardiovascular
causes (ICD-10, 100-199) and respiratory causes (ICD-10,
JO0-J99) were analyzed separately. Age was categorized as 0—
14, 15-64, 65-74 and >75 yr. Educational level was assessed
for those >20 yr as <6, 7-12 and >12 yr of educational
attainment.

We investigated whether the relationship between tem-
perature and mortality is confounded by air pollution levels.
Hourly particulate matter with aerodynamic diameter <10 pm
(PMj) and ozone (O3) levels were obtained for 27 monitoring
stations in Seoul and operated by the Department of Envi-
ronment, Republic of Korea during the whole study period.
We used 24 h averages as the exposure index for PM;g, by
first averaging hourly values across all monitors for each day
and then calculating 24 h values. For Oj, we calculated the
maximum daily 8 h moving average as the exposure index. The
National Meteorological Administration, Republic of Korea,
provided hourly measurements of ambient temperature and
relative humidity for Seoul during the study period. We
converted weather data into 24 h values.

2.2. Statistical analysis

To estimate the relationship between daily mortality and
temperature, we used an over-dispersed Poisson generalized

linear model with natural cubic splines for time and
meteorology:

In[E(Y;)]=Bo+DOW;+ns (time;)+ns(7;_1,g) +ns(humidity)

ey
where E(Y;) = expected number of deaths on day #; By =
model intercept; DOW; = categorical variable for day of
the week; ns(time;) = natural cubic spline of a variable
representing time to adjust for long-term trends, with 7 degrees
of freedom (df) per year; ns(7;_j,,) = natural cubic spline of
temperature for a specific lag from day ¢, with 3 df and equally
spaced knots; ns(humidity) = natural cubic spline of humidity
on day ¢, with 4 df.

We estimated the temperature—mortality response curve
and also estimated heat- and cold-related temperature effects
for specific portions of the curve. For the heat effect,
we present results comparing the mortality risk at mean
daily temperatures of 25-15°C (90th—50th percentile of
temperatures in Seoul) and 29-25°C (99th-90th percentile).
For the cold effect, we present results comparing mortality risk
at —1 to 15°C (10th-50th percentile) and —4 to —1°C (Ist—
10th percentile).

Previous work has shown that low temperature—mortality
effects persist for longer lag times whereas high temperature
effects act on shorter lag times [14]. We considered lag
structures of temperature on the same day and up to 28
days earlier. A similar approach was applied in a previous
study [14].

As a sensitivity analysis, we included variables for PMy
and ozone in the model to assess potential confounding. Lag
structures for each pollutant were selected as the single-day lag
with the highest point estimate.

We applied stratified models to investigate the suscepti-
bility by cause of death (total, cardiovascular and respiratory
mortality), sex, age, educational level, and place of death. All
analyses were conducted using R 2.10.1 (R Foundation for
Statistical Computing, Vienna, Austria).

3. Results

Table 1 shows summary statistics of the study population,
weather, and pollution variables. A total of 272040 deaths
for all causes were included in this analysis. More deaths
were attributed to cardiovascular than respiratory causes. The
distributions of population characteristics are provided for
men and women separately in supplemental table 1 (available
at stacks.iop.org/ERL/6/034027/mmedia) and for age groups
separately in supplemental table 2 (available at stacks.iop.org/
ERL/6/034027/mmedia). The pattern of each cause of death
was similar in males and females. A higher proportion of
female cases received no education and were in the >75 age
group. The older persons had less education.

We investigated multiple lag structures of the temperature
effect by calculating the heat effect (99th versus 90th
percentile) and cold effect (Ist versus 10th percentile)
estimates for the same day and for multiple days of exposure
including the same day and previous days up to 28 days
earlier (supplemental figure 1 available at stacks.iop.org/ERL/
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Table 1. Summary statistics of the study population, weather, and
pollution variables in Seoul, Korea, 2000-7 (N = 272 040).

Variables

Weather and pollution (mean (SD))
Daily mean temperature (°C)
241 PMyo (ug m™)

Daily maximum 8 h O3 (ppb)

Population characteristics (N (%))

12.87 (10.10)
66.08 (46.26)
27.73 (15.47)

Sex
Male 145902 (53.7%)
Female 126003 (46.3%)
Age (yr)
0-14 yr 4349 (1.6%)
15-64 90954 (33.4%)
65-74 59967 (22.0%)
>75 116770 (42.9%)
Education (for those >20 yr)
None 65213 (24.4%)
<12yr 167204 (62.6%)
>12yr 32557 (12.2%)
Unknown 2104 (0.8%)
Place of death
Out of hospital 122407 (45.1%)
In hospital 149168 (54.9%)
Daily mortality (mean (SD))
Total 93.1(11.6)
Cardiovascular 25.5(5.5)
Respiratory 5.4 (2.6)
6/034027/mmedia). For heat-related mortality, the effect

estimates declined when longer exposure timeframes were
considered, while the cold effect persisted for longer lag times.
We chose lag O for heat effect and lag 0-25 for cold effect for
subsequent analysis.

We generated temperature—mortality response curves
based on the selected temperature lag structure (lag O for
heat effect; lag 0-25 for cold effect). Figure 1 shows the
increase in mortality risk for a given temperature compared
with a reference temperature (15 °C, approximately the 50th
percentile).  Both cold and heat effects are presented
simultaneously, using different lag structures, with the red
portion of the curve showing the heat effect and the blue
portion showing the cold effect. This method better captures
the temperature—mortality relationship than approaches using
equal lag structures for heat and cold effects. Separate figures
are provided for men and women. Higher responses were noted
for women, as indicated by the higher slopes of the heat and
cold portions of the curve.

We calculated the increase in risk of all-cause mortality
comparing various points on this temperature—mortality curve.

The heat effect was a 10.2% (95% confidence interval 7.43,
13.0%) increase in mortality risk comparing the 90th and
50th percentiles of temperatures and 3.89% (—0.29, 8.25%)
comparing the 99th and 90th percentiles. The cold effect
increase in mortality was 12.2% (3.69, 21.3%) comparing the
10th and 50th percentiles of temperature and 4.45% (—6.78,
17.0%) comparing the 1st and 10th percentiles.

We compared the association between temperature and
daily mortality with and without pollution adjustment (table 2).
Pollutant lag structures for PM;o and O3 were selected as
the single-day lag with the highest point estimate (results
not shown). We used previous-day PMy and same-day O;.
We performed analysis including PM;, and ozone exposures
separately or simultaneously. PM, and ozone exposure were
not correlated (Pearson correlation coefficients = 0.08). Heat
and cold effects remained after inclusion of pollution variables.
For the heat effect, estimates for temperature and mortality
were slightly lower when pollution was included in the model,
for either PM( and/or ozone, while cold effect estimates were
slightly higher with pollution adjustment. For the heat effect,
the increase in mortality risk comparing lag O temperatures of
25 to 15°C was 10.2% (7.4, 13.0%), which lowered to 9.3%
(6.47, 12.2%) with ozone and PM; adjustment. For the cold
effect, the increase in mortality risk was 12.2% (3.7, 21.3%)
comparing —1 to 15 °C for lag 0-25, which increased to 12.9%
(4.40, 22.1%) with adjustment by PM;( and ozone.

We evaluated the effect modification of the temperature—
mortality relationship by several characteristics for total
mortality. Table 3 shows the heat effect (comparison of 25 and
15°C) and cold effect (comparison of —1 and 15 °C) stratified
by sex, age, education, and place of death. Heat effects were
larger for respiratory mortality than cardiovascular, whereas
for cold effect, the reverse was observed. Heat and cold effects
for females were higher than for males. Older persons were
consistently more susceptible to both heat and cold effects,
with trends of increasing risk with older age categories and
the highest risk for the oldest age group (=75 yr). For both
heat- and cold-related mortality, the highest effect estimates
were observed for those with no education. Heat and cold
effects for out-of-hospital deaths were significantly higher than
in-hospital deaths.

Table 4 shows heat and cold effects for cause-specific
mortality by sex, age, education, and place of death. For
cardiovascular mortality, susceptibility by sex differed for the
heat and cold effects. The association was higher for males
for the cold effect, and higher for females for the heat effect.
For respiratory mortality, the effect estimates for males were

Table 2. Percentage change in mortality risk for heat and cold effects, with and without pollution adjustment.

Heat effect Cold effect

90th percentile (25°C) to  99th percentile (29°C) to  10th percentile (—1°C) to  1Ist percentile (—4 °C) to

50th percentile (15°C) 90th percentile (25 °C) 50th percentile (15°C) 10th percentile (—1°C)
Pollution adjustment Estimate (%) 95% CI Estimate (%) 95% CI  Estimate (%) 95% CI Estimate (%) 95% CI
No pollution adjustment  10.16 7.43,12.96 3.89 —0.29,8.25 12.17 3.69,21.34 4.45 —6.78,17.03
Adjusted by PM;, 10.01 7.26,12.82 3.85 —0.36,8.24 12.38 3.89,21.56 4.50 —6.73,17.07
Adjusted by O3 9.39 6.59, 12.28 3.57 —0.80, 8.13 12.77 4.25,21.98 4.62 —6.62,17.20
Adjusted by PMp and O3  9.30 6.47,12.19 3.55 —0.84,8.13 12.92 4.40,22.14 4.65 —6.58,17.23
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Figure 1. Relationship between temperature and risk of mortality, comparing various temperature levels with a reference temperature of 15 °C
for (A) total, (B) male and (C) female. (Note: lag 0 day for heat effect; lag 0-25 days for cold effect. The shaded portions of the curves
represent 95% confidence intervals. The bars represent the ranges of the curves measured as heat effects (dark yellow: 99th-90th percentile;

light yellow: 90th—50th percentile) and cold effects (dark gray: 1st—10th percentile; light gray: 10th—-50th percentile).)

higher than for females for both heat and cold effects. For all
cause-specific mortality results, the 95% confidence intervals
for men and women overlapped. The highest effect estimates
by age were observed for the oldest group (=75 yr) for
cardiovascular mortality for the heat effect and for respiratory
mortality for the cold effect, but not for respiratory-related
heat or cardiovascular-related cold effects. Effect estimates

for out-of-hospital deaths were higher than those of in-hospital
deaths for both cardiovascular and respiratory mortality, heat
and cold effects, although the 95% intervals in all groups
overlapped.

We further examined the association between temperature
and mortality risk with multiple susceptibilities. We
investigated effect modification by sex with other potential
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Table 3. Percentage increase in total mortality risk for heat effects (comparison of 25 to 15 °C) and cold effect (comparison of —1 to 15°C)

by cause, sex, age, education and place of death.

Heat effect Cold effect
Estimate (%) 95% CI1 Estimate (%) 95% CI1

All observations 10.16 7.43,12.96 12.17 3.69,21.34
Cause of death

Cardiovascular 6.07 1.24,11.13 21.17 4.87, 40

Respiratory 12.01 1.25,23.92 8.61 —20.59, 48.54
Sex

Male 8.40 4.82,12.11 7.99 —2.83,20.01

Female 12.33 8.27,16.55 16.88 4.2,31.11
Age

0-14 yr 1.77 —12.26,18.06 —13.48 —46.19, 39.11

15-64 5.24 0.95,9.71 8.36 —4.98,23.57

65-74 6.82 1.42,12.51 14.43 —2.68, 34.54

>75 16.16 11.79, 20.69 16.44 34,31.14
Education (for those >20 yr)

None 16.11 10.37,22.16 28.68 9.96, 50.59

<12yr 8.73 5.44,12.13 6.7 —3.12,17.52

>12yr 8.61 1.19, 16.58 14.49 —8.22,42.83
Place of death

Out of hospital 18.39 13.93, 23.03 30.56 15.8,47.2

In hospital 4.2 0.75,7.78 —1.24 —11.13,9.76

Table 4. Percentage increase in cause-specific mortality risk for the heat effect (comparison of 25 to 15 °C) and cold effect (comparison of

—1 to 15°C) by cause, sex, age, education and place of death.

Cardiovascular mortality

Respiratory mortality

Heat Cold Heat Cold
Estimate Estimate Estimate Estimate
(%) 95% CI (%) 95% C1 (%) 95% CI (%) 95% CI
All observations 6.07 1.24,11.13 21.17 4.87,40 12.01 1.25,23.92 8.61 —20.59, 48.54
Sex
Male 0.46 —5.88,7.23 26.13 3.05, 54.38 14.16 0.9, 29.16 24.55 —15.1,82.71
Female 12.02 4.9,19.62 16.49 —5.0,42.84 4.21 —9.42,19.88 —13.63 —43.07,31.02
Age
0-14 yr 2.29 —19.6,30.14 13.77 —37.85, 108.26 6.3 —18.45,38.57 —44.81 —75.13,22.47
15-64 —2.17 —10.43, 6.84 68.6 28.1,121.91 4.59 —11.15,23.12 —3.56 —42.74, 62.44
65-74 8.55 —1.01, 19.02 14.42 —13.92,52.1 3.53 —11.21,20.71 —21.23 —50.05, 24.22
>75 9.41 2.18,17.15 5.01 —15,29.74 6.12 —6.08,19.91 3.46 —28.71,50.15
Education (for
those >20 yr)
None 9.0 —0.42,19.3 16.22 —12.08, 53.64 —1.45 —15.06, 14.33 5.47 —32.08, 63.8
<12yr 6.16 0.07, 12.63 20.34 0.19, 44.55 16.96 2.46,33.5 —7.54 —38.75,39.58
>12yr 1.14 —10.78, 14.64  74.85 25.58,14347 —3.06 —18.34,15.1 —17.21 —47.86,31.45
Place of death
Out of hospital 14.71 7.34,22.59 39.21 13.15,71.29 26.0 9.8,44.6 27.38 —16.48,94.25
In hospital —1.83 —7.99,4.73 5.78 —13.37,29.16 —2.42 —13.62,10.25 —9.08 —37.2,31.63

susceptibilities by age, education, and place of death. For
both men and women, the highest effect was for the oldest age
group, except for females for the cold effect (table 5). For both
men and women, the education group with the highest cold and
heat effects was the lowest education level, and associations
with out-of-hospital deaths were higher than for in-hospital
deaths (table 5). Table 6 provides results by age group further
stratified by education. The highest association remains for the
no education group compared to other education categories for
those in the 20-64 and 65-74 yr age groups. In the oldest age
category, the effect estimates for the most educated group were
higher than for other education groups.

4. Discussion

In this study, we found that both high and low ambient
temperatures were associated with daily mortality in Seoul,
Korea. Regarding cause-specific mortality, cardiovascular
deaths showed a higher risk to cold, whereas respiratory
deaths showed a higher risk to heat effect. We identified
susceptible populations such as females, the elderly, those with
no education, and deaths occurring outside of a hospital for
heat- and cold-related total mortality. Also, we found some
differences in susceptibility by cause of death. For instance,
susceptibility according to sex differed by heat- and cold-
related cardiovascular mortality. For respiratory mortality, the
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Table 5. Percentage increase in total mortality risk for the heat effect (comparison of 25 to 15 °C) and cold effect (comparison of —1 to
15 °C) for men and women separately, by age, education and place of death.

Heat effect Cold effect
Male Female Male Female
Effect (%) 95% CI1 Effect (%) 95% CI Effect (%) 95% CI Effect (%) 95% CI

Total 8.40 4.82,12.11 1233 8.27, 16.55 7.99 —2.83,20.01 16.88 4.2,31.11
Age

0-14 yr 5.76 —10,24.27 1.19 —15.28,20.88 —2.31 —41.93,64.33 —37.85 —63.16, 4.87

15-64 3.53 —1.45,8.77 9.41 1.24,18.23 6.6 —8.78,24.58 12.48 —11.98,43.72

65-74 6.09 —0.74, 13.38 8.61 —0.04, 18.0 7.26 —12.81,31.95 27.88 —1.34,65.75

>75 18.16 10.98,25.8 15.17 9.78, 20.83 14.89 —5.44,39.6 16.93 0.85, 35.57
Education (for
those >20 yr)

None 26.61 13.33,41.44 13.75 7.51,20.36 50.65 6.99, 112.13  23.56 3.77,47.12

<12yr 6.61 2.5,10.87 12.05 6.62, 17.75 2.57 —9.31, 16.0 13.39 —2.88,32.38

>12 yr 8.08 0.05, 16.77 7.97 —6.05, 24.08 1.06 —17.12,23.23 13.14 —18.04, 56.18
Place of death

Out of hospital 17.1 10.93,23.62 19.73 13.58, 26.21 27.27 7.45, 50.76 32.97 12.86, 56.65

In hospital 2.99 —1.38,7.55 5.97 0.68,11.53 —4.15 —16.35,9.83 2.96 —12.17, 20.69

Table 6. Percentage increase in total mortality risk for the heat effect (comparison of 25 to 15 °C) and cold effect (comparison of —1 to

15°C) by age and education.

Age (yr)
20-64 yr 65-74 >75
Effect (%) 95% CI Effect (%) 95% CI Effect (%) 95% CI

Heat effect
Education (for those >20 yr)

None 23.08 5.89, 43.06 8.23 —4.06, 22.1 16.75 10.25, 23.63

<12yr 5.21 0.3, 10.35 6.42 0.04, 13.2 15.01 8.99, 21.37

>12yr 4.88 —4.71,15.44 2.08 —10.1, 1591 18.55 4.47,34.53
Cold effect
Education (for those >20 yr)

None 59.12 —1.02, 155.79 82.51 24.81,166.88  18.45 —0.71,41.31

<12yr 2.27 —12.04, 18.91 5.57 —12.91, 27.98 13.25 —4.13,33.79

>12yr 16.75 —13.73,58.0 —1.49 —33.64,46.24 32.75 —9.36,94.43

effect estimate for males was higher than for females for both
heat and cold effect.

Our findings suggest that a short lag is appropriate to
capture the effect of heat on mortality, and longer lags are
required to capture cold’s impact on mortality. A number
of previous studies on heat-related mortality have identified
risk from recent exposure such as same day and a few days
earlier [6, 21]. For cold-related mortality, many studies have
applied one or more weeks’ lag time [12, 22-24]. Cold
temperatures more indirectly affect mortality, whereas heat
effects result from a rapid physical response. Much of the cold-
related effect may be explained by other factors that strongly
influence mortality in winter such as influenza epidemics and
infectious disease [25, 26].

We found that the associations for heat and cold were
adjusted slightly but remained positive and significant when
ozone and/or PM;o were included in the model. The previous
findings for confounding and/or effect modification by air
pollutants remain mixed, and results vary by location. Recent
studies suggest that PM and ozone may be confounders
of weather—mortality relationships, and some studies found
ozone to be a confounder especially on hot days or in the
warm months [16, 21, 27]. However, other studies reported

no significant confounding by pollution on the association
between temperature and mortality [10, 28]. A study by
O’Neill et al [3] found a small decrease in the association
between temperature and mortality when adding ozone and
PM)( individually or jointly. Another study in nine US
cities [7] found no confounding or effect modification due to
air pollution.

In this study, the effects of temperature on mortality
varied with cause of death. We observed that respiratory
mortality was strongly associated with heat-related mortality.
Cold effects were higher for cardiovascular mortality than
for respiratory mortality. This finding is consistent with
previous studies. Hajat et al [12] found that deaths from
respiratory and external causes were more strongly associated
with heat mortality than deaths from cardiovascular and
other causes. Cold weather has a strong association with
cardiovascular disease deaths, both in the United States [4]
and elsewhere [5]. A study in Dublin [29] found no effect
of heat events on cardiovascular deaths but an immediate
effect of cold on cardiovascular mortality that decreased over
the subsequent three weeks. Several biological mechanisms
have been postulated for heat-related mortality. Increased
blood viscosity, elevated cholesterol levels associated with
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higher temperature, higher sweating threshold, and increased
stress on heart and lungs due to overload of the body’s
ability to regulate rising temperature may trigger heat-related
mortality [30]. The biological mechanisms that may explain
increases in cardiovascular death with cold temperature may
relate to blood pressure [4]. Blood pressure is higher during
the winter, and exposure to cold temperatures causes a decrease
in blood irrigation to the skin to prevent heat loss, which
implies an increase in blood volume in the central organs,
with a subsequent cardiac overload and an increased blood
concentration with higher blood viscosity [31]. Results from
arecent study suggest that inflammation may have a role in the
intermediate processes leading to cold-related cardiovascular
deaths [24, 32].

A number of studies have examined potential suscepti-
bility to temperature-related mortality for a particular study
population and location. We observed that elderly people are
most susceptible to temperature-related mortality for both heat
and cold effects in Seoul, Korea. Our findings confirm the
trend of increasing risk with age for men and women. Most
previous studies consistently found a higher effect of both cold
and hot temperatures on mortality in the elderly compared to
younger persons [6, 33, 34]. In addition, while some studies
have identified children and infants to be at increased risk for
mortality [15, 21, 23, 35], we found children to be the least
susceptible to temperature-related total mortality.

We examined modification by sex and found women to
be at higher risk for heat- and cold-related mortality. Previous
findings reported that women in various locations had higher
risk than men [10, 16, 36], while others observed men to be
at higher risk [13]. Some investigators reported no difference
by sex [3, 15]. A previous study suggests that clothing is
an important modifier in sex differences [37]. More and
better clothes in cold weather may act as a protective measure.
Another study also suggests that biologic differences between
the ability to thermoregulate may play a role [4]. Body
temperature is regulated by the hypothalamus neurons and
these are directly influenced by estrogen through the estrogen
receptor.

We also found that those with no education, which may be
a predictor of low socioeconomic status, were most vulnerable
to heat- and cold-related mortality. Previous findings suggest
that those with low education and socioeconomic status have a
greater susceptibility to temperature-related mortality [3, 38],
which could be related to poor baseline health status, limited
access to health care, and housing conditions such as the
lack of air conditioning and electric fans [39]. However,
a study by Bell er al [13] reported that the highest effect
estimates were observed for the most educated group in
Mexico City, which corresponds to some findings in our study
(e.g. the most educated group for cold-related cardiovascular
mortality). The association between socioeconomic indicators
and health outcomes can differ by location because education
is one of many factors relating to overall socioeconomic
status and this association can interact with other factors
affecting susceptibility. Further, the influence of education and
socioeconomic status on health may vary by community and
country.

We found that deaths outside a hospital were more
strongly associated with hot and cold temperatures regardless
of cause of death or sex. This finding is consistent with
previous studies and supports the hypothesis that exposure
to ambient temperature affects mortality. People who die
in a hospital are more likely to be in an air filtrated, air
conditioned or heated environment and thus less likely to
experience extreme ambient temperature conditions. A study
by O’Neill et al [3] examined effect modification of heat- and
cold-related mortality by age, race, gender, education, and
place of death in seven US cities and reported that place of
death was the strongest effect modifier. Another study also
found that those dying outside a hospital were more susceptible
to extreme temperatures, especially to heat, compared to those
dying inside a hospital [5].

An important finding of our study is that susceptibility
to temperature varies according to the cause of death. Few
studies have investigated the susceptibility to temperature
by cause of death. @A US study [3] found that cold-
associated respiratory mortality more strongly affected blacks,
those who died outside of hospital, and young persons, but
observed no differences in susceptibility for cardiovascular
mortality. In this study, we observed that females were
more susceptible to heat-related cardiovascular mortality than
respiratory mortality, whereas males had higher risk of heat-
related respiratory mortality than cardiovascular mortality.
These findings on differences in susceptibilities according
to the cause of death are relevant to research on biological
mechanisms of weather-related health responses and can
help interventions target the most susceptible populations.
However, the nature of susceptibility in temperature—mortality
relationships is complex, and many other factors affect
susceptibility such as population demographics, housing
characteristics and adaptation to local climate. Thus,
more research using various study populations and different
locations is needed.

To our knowledge, this is the first study to investigate
effect modification and identify susceptible populations in
temperature-related mortality associations using more detailed
and multiple indicators (e.g., the effects of education level
stratified by age) in Asia. In conclusion, our findings
provide evidence that subpopulations such as females, the
elderly, and those with no education, an indicator of low
socioeconomic conditions, are especially vulnerable to heat-
and cold-related total mortality. Our results also suggest
that deaths occurring outside of a hospital evidenced a
stronger temperature dependence than deaths inside a hospital.
Susceptibility in the temperature—mortality relationship may
vary by cause of death. This research indicates that programs
to reduce the public health burden of weather-related mortality
should emphasize particular populations, as some people are
more susceptible than others. Additional work is needed to
examine susceptibility in other locations.
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