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Abstract

Background: Associations between air temperature and mortality have been consistently observed in Europe and
the United States; however, there is a lack of studies for Asian countries. Our study investigated the association
between air temperature and cardio-respiratory mortality in the urban area of Beijing, China.

Methods: Death counts for cardiovascular and respiratory diseases for adult residents (≥15 years), meteorological
parameters and concentrations of particulate air pollution were obtained from January 2003 to August 2005. The
effects of two-day and 15-day average temperatures were estimated by Poisson regression models, controlling for
time trend, relative humidity and other confounders if necessary. Effects were explored for warm (April to
September) and cold periods (October to March) separately. The lagged effects of daily temperature were
investigated by polynomial distributed lag (PDL) models.

Results: We observed a J-shaped exposure-response function only for 15-day average temperature and respiratory
mortality in the warm period, with 21.3°C as the threshold temperature. All other exposure-response functions
could be considered as linear. In the warm period, a 5°C increase of two-day average temperature was associated
with a RR of 1.098 (95% confidence interval (95%CI): 1.057-1.140) for cardiovascular and 1.134 (95%CI: 1.050-1.224)
for respiratory mortality; a 5°C decrease of 15-day average temperature was associated with a RR of 1.040 (95%CI:
0.990-1.093) for cardiovascular mortality. In the cold period, a 5°C increase of two-day average temperature was
associated with a RR of 1.149 (95%CI: 1.078-1.224) for respiratory mortality; a 5°C decrease of 15-day average
temperature was associated with a RR of 1.057 (95%CI: 1.022-1.094) for cardiovascular mortality. The effects
remained robust after considering particles as additional confounders.

Conclusions: Both increases and decreases in air temperature are associated with an increased risk of cardiovascular
mortality. The effects of heat were immediate while the ones of cold became predominant with longer time lags.
Increases in air temperature are also associated with an immediate increased risk of respiratory mortality.

Background
In recent years, concern on the effects of meteorological
factors on population health has increased. Research
started by exploring the effects of weather, since its rela-
tionship with certain health outcomes is relatively easy
to be investigated compared to rather long-term climate

changes. The Intergovernmental Panel on Climate
Change (IPCC) has recommended short-term air tem-
perature fluctuations as one of the main markers for
analyzing the association between climate and mortality
or morbidity [1].
So far, the association between air temperature and

mortality has been investigated in various locations of the
world, either by simple descriptive statistics or by time-
series or case-crossover approaches. Results obtained from
heat wave events formed most of the existing evidence
of heat effects on mortality from 1970s until today [2].
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The 2003 European heat wave and 2006 California heat
wave are two prominent recent events. Excess deaths in
early August 2003 were speculated to be at least 33,120
for Western Europe [3] (maximum “% excess death”
was found to be 60% for France from 1 to 20 August, 2003
[4]); while 655 (6%) excess deaths were estimated for Cali-
fornia from 15 July to 1 August, 2006 [5]. However, not
only heat waves but also increases in moderate tempera-
ture contribute to the observed heat-related mortality.
Exposure-response functions between mortality time-ser-
ies and continuous temperature measures have shown V-,
U- or J-shaped associations, and the range of temperature
corresponding with a minimum mortality (“threshold”,
“turning point” or “optimum temperature”) was reported
to be related with latitude [6,7]. The residents of lower
latitudes tended to be more vulnerable only at higher tem-
perature values, indicating less susceptibility to heat [8-10].
Excess winter mortality has been well known (which

may have also caused that in recent years, particularly in
the light of global warming, there were fewer studies
particularly focusing on cold spells or temperature
decreases). The Eurowinter study [11] found that annual
excess deaths due to cold ranged from 408 to 1,617 for
eight European regions on days colder than 18°C.
Barnett et al. [12] compared coronary events occurring
in the coldest 25% of periods with those occurring in
the rest of periods among the WHO MONICA project
population and found an overall increase. In a recent
large multi-centre European study (PHEWE, 15 cities),
Analitis et al. [13] found that a 1°C decrease in 16-day-
average minimum apparent temperature was associated
with 1.25%-3.30% increases of total or cause-specific
mortalities.
Until today, most studies regarding weather and cli-

mate effects on health have been conducted in Europe
and the United States; however, there is a lack of data
and publications about the temperature-mortality rela-
tionship in the Asian region. For this reason, we con-
ducted the present study aiming at investigating the
association between daily air temperature and daily car-
diovascular as well as respiratory mortality in the urban
area of Beijing, China. Moreover, we were interested in
the age-group that is affected the most by heat or cold
in this area and investigated in addition, if air pollution
plays a role in the temperature-mortality relationship.

Material and methods
Study area and period
We conducted the study in the urban area of Beijing,
China, from 1 Jan 2003 to 31 Aug 2005 (974 days). Beij-
ing is located on the North China Plain surrounded by
mountains of 1000-1500 m in altitude to the west,
north, and northeast, while Bohai Sea on the southeast
side. Typical warm temperate semi-humid continental

monsoon climate brings Beijing hot, humid summers
and cold, dry winters. Springs and autumns are both
of relatively short duration. The urban area of Beijing
is about 1,368 km2 consisting of eight districts (see
Figure 1) with approximately 7,072,000 registered per-
manent residents [14].

Mortality data
We obtained mortality data in the Beijing urban area for
adult residents (≥ 15 years) from Beijing Centers for Dis-
eases Control and Prevention (CDC). We calculated daily
death counts for adults (referring as “the whole popula-
tion”) as well as for individuals of 65 years and older.
Daily death counts included deaths due to cardiovascular
(ICD-10 code: I00-I99), respiratory (J00-J99), and cardi-
orespiratory (I00-J99) diseases. We further considered
death counts for ischemic heart diseases (I20-I25) and
cerebrovascular diseases (I60-I69), which were the two
major cardiovascular subcategories. Influenza and pneu-
monia (J10-J18) and chronic lower respiratory diseases
(J40-J47), the two major respiratory subcategories, were
not analyzed because of too small counts.

Meteorological and air pollution data
Daily meteorological data were available from China
Meteorological Data Sharing Service System (station
54511, located at N39°48’ E116°28’ in the south eastern
part of Beijing within Daxing District, see Figure 1) and
included daily mean temperature, relative humidity, and
barometric pressure. We further calculated apparent
temperature (a measure of individually perceived dis-
comfort due to a combination of temperature and
humidity) [15]. Daily mean meteorological data from
another measurement station (Houhai, located in the
centre of Beijing, see Figure 1) was gathered from an
internet weather service (Weather Underground 2011)
as well, but contained missing values. The Pearson cor-
relation coefficients for valid days between the two data
sources were 0.995, 0.967 and 0.999 for daily air tem-
perature, relative humidity and barometric pressure,
respectively, indicating a good agreement.
Daily mass concentrations of ambient particulate matter

with an aerodynamic diameter <2.5 μm (PM2.5) and num-
ber concentrations of ambient particles with an aerody-
namic diameter <0.1 μm (ultrafine particles, UFP) were
obtained from a joint cooperation between Peking Univer-
sity, Beijing, China, and Leibniz-Institute for Tropospheric
Research, Leipzig, Germany [16]. The measurement sta-
tion for aerosol size distribution data is located on Peking
University campus area in the north western part of Beij-
ing (see Figure 1). The number size distribution was used
to calculate number concentrations of UFP, and mass con-
centrations of PM2.5 assuming spherical particles with a
mean particle density of 1.5 g cm-3. Details are described
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elsewhere [17]. Particle data were available only from
March 2004 on.

Statistical analyses
We used generalized semi-parametric Poisson regression
to model the natural logarithm of the expected daily
death counts as a function of the predictor variables.
Penalized splines were used to allow for non-linear con-
founding and temperature effects. Data were analyzed
using the package “mgcv” version 1.4-1.1 in the statisti-
cal software R version 2.7.2 (R Development Core
Team, 2008).
We explored the effects of air temperature on mortal-

ity within warm period (April to September) and cold
period (October to March) separately.
In a first step, a base model was built without air tem-

perature exposure for each category of mortality individu-
ally (see Additional file 1, Table S1). To control systematic
variations over time, we considered long-term trend as
well as dummy variables for season, day of the week
(DOW), and public holidays as potential confounders. As

potential meteorological confounders we considered daily
mean relative humidity and barometric pressure with the
same type of lag as the temperature term. To ensure suffi-
cient adjustment for season and other meteorological
parameters, time trend and relative humidity were forced
into all models. Season, day of the week, public holidays
and barometric pressure were only included if they
improved model fit. As a criterion to guide the selection of
degrees of freedom (DF) for trend, we used the minimiza-
tion of the absolute value of the sum of the partial auto-
correlation function (PACF) of the model’s residuals for a
fixed number of lags [18]. Model selection for the other
confounders was carried out by minimizing the General-
ized Cross Validation (GCV) criterion [19].
We considered the mean of lags 0 to 1 and of lags 0 to

14 for air temperature exposure. The focus on these
averages was chosen on the basis of previous studies con-
ducted in Europe, Northern America, and other places
around the world [13,20-22]. Firstly, we added them to
the base models and estimated the exposure-response
functions for temperature effects using penalized splines

Figure 1 Beijing and the urban area of Beijing (shaded).
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with four knots. Then, if the function was linear or
almost linear, temperature effects were directly presented
as relative risk (RR) of death per 5°C increase if positive
linear or decrease if negative linear, respectively. If the
function was non-linear, we selected a temperature
breakpoint (which we commonly call “threshold”) by
minimizing the Akaike Information Criterion (AIC) for a
range of different threshold values. Then for a J-shaped
function, only the temperatures above the threshold were
used for effect estimation. In this case, temperature
effects were presented as relative risk (RR) of death per
5°C increase in temperature above the threshold.
After having explored the effects of air temperature on

mortality for the whole population as described above,
we repeated the same procedure for mortality of elderly
people (65 years and above) only.
Furthermore, we applied polynomial distributed lag

(PDL) models [23] to avoid problems related to co-linear-
ity among lagged exposure variables. We investigated the
lagged effects of air temperature up to 29 days on the
whole population as well as the elderly people (65 years
and above), for warm period and cold period. We con-
strained the shape of the distributed lag curve to follow a
polynomial of 5th-order in order to get a flexible func-
tional form.

Sensitivity analyses
We used different threshold temperatures for a J-shaped
function for the whole population and the elderly people.
All other sensitivity analyses were done only for the whole
population. Sensitivity analyses included the use of differ-
ent values of smoothness for the functions of time trend.
We also estimated the exposure-response functions using
apparent temperature instead of mean air temperature,
again considering two-day and 15-day averages. Moreover,
we re-analyzed the air temperature effects on mortality for
the shorter warm (April to September 2004 plus April to
August 2005) or cold (March 2004 plus October 2004 to
March 2005) period, during which the ambient particle
data was available. We then also included the concentra-
tions of PM2.5 or UFP linearly as additional adjustments
using a lag of two days, as this seemed to be the most
appropriate lag for the association between air pollution
and mortality (Breitner S et al. Unpublished work).

Results
Mortality data
There were 14,723 cardiovascular and 3,150 respiratory
deaths in the warm period, while 17,493 and 4,007 in the
cold period. Table 1 presents descriptive statistics for daily
death counts by cause and age groups, for warm and cold
periods. Deaths occurred within individuals of 65 years
and older were 83% to 88% of all cases due to each cause.
Daily death counts followed a seasonal pattern with peaks

in winters and troughs in summers in the whole popula-
tion as well as the aged people, while daily death counts
for the group of 15 to 64 years had no obvious seasonal
pattern (see Additional file 1, Figure S1).

Meteorology and air pollution
The descriptions of daily meteorological parameters and
air pollutants by time period are shown in Table 2.
Daily mean temperature, relative humidity, and baro-
metric pressure also followed seasonal patterns, but
each with different directions and magnitudes. Due to
the fact that air pollution data was only available for a
shorter time period, we couldn’t confidently detect a
seasonal pattern within this data (see Additional file 1,
Figure S2).

Regression results
Among all the exposure-response functions (Figure 2
and Additional file 1, Figure S3) between two-day or 15-
day average temperature and mortality of the whole
population due to different causes, only the association
between 15-day average temperature and mortality due
to respiratory diseases in the warm period showed J-
shaped curve (Figure 2), all the other functions could be
considered as linear. The exposure-response functions
for the elderly population had similar shapes (data not
shown).
Based on the AIC, it appeared that 21.3°C was the

most appropriate threshold temperature for the one J-
shaped relationship. The RRs of mortality associated
with mean temperature by time period and age group
are shown in Table 3. In the warm period, heat effects
were found for two-day average temperature and mor-
tality due to all causes except for ischemic heart dis-
eases. The strongest one was seen for respiratory
mortality of the whole population. For elderly people,
the RRs were lower for respiratory mortality, higher for
cerebrovascular mortality, and almost the same amount
for cardiovascular and cardiorespiratory mortality com-
pared to the whole population. Heat effect was also
found for 15-day average temperature and respiratory
mortality, but with slightly higher effect size for elderly
people. In the cold period, heat effects were also found,
for both two-day and 15-day average temperature and
respiratory mortality, also with higher effect size for the
whole population compared to the elderly. Cold effects
were found between 15-day average temperature and
mortality due to all the other four causes, as well as
between two-day average temperature and ischemic
heart diseases mortality. The sizes of the effects for
elderly people were all lower, although not much, com-
pared to those for the whole population.
Figure 3 and Additional file 1, Figure S4 together

show polynomial distributed lag curves with daily mean
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temperature for mortality of the whole population due
to all causes. In the warm period, heat effects were
always observed within the first five days, whereas a
delayed cold effect was observed only for cardiovascular
mortality and disappeared with a lag of about two
weeks. It is debatable if the described “delayed cold
effect” is real or also partly reflects a harvesting effect
(mortality displacement) following the heat effect that
might have led to an accumulation of premature deaths
in the susceptible subpopulation. In the cold period, a
heat effect was also observed for respiratory mortality.
Apparent one to eight days delayed cold effects were
observed for cardiovascular, cerebrovascular and cardi-
orespiratory mortality, showing no significant following
harvesting effect. The polynomial distributed lag curves
restricted to the elderly population were similar to the
ones for the whole population (data not shown).

Sensitivity analyses
The exposure-response curves for the whole population
obtained by using different values of smoothness for the
functions of time trend were quite robust (data not
shown). When using different threshold temperatures
(21.1, 21.2 and 21.4-21.7°C), the effects of 15-day aver-
age temperature on respiratory mortality of the whole
population as well as the elderly people in the warm
period all became slightly weaker; the size of the effect
on elderly people was still higher than the one on the
whole population (data not shown). The exposure-
response functions for apparent temperature were simi-
lar to the ones derived from the mean temperature ana-
lyses (data not shown).
The exposure-response curves for the whole popula-

tion during the shorter period showed almost no change
compared to those in Figure 2 as well as in Additional

Table 1 Descriptive statistics of daily death counts in the urban area of Beijing by time period, age group, and cause
of death

Whole population 65+ years

Warm period Cold period Warm period Cold period

Cause of death
(ICD-10 code)

Mean
± SD

Min Median Max Mean
± SD

Min Median Max Mean
± SD

Min Median Max Mean
± SD

Min Median Max

Cardiovascular
diseases (I00-I99)

28 ± 9 8 29 51 38 ± 8 17 38 70 24 ± 7 6 24 44 32 ± 7 13 32 62

Respiratory diseases
(J00-J99)

6 ± 3 0 6 17 9 ± 4 0 8 25 5 ± 3 0 5 15 8 ± 3 0 8 22

Ischemic heart
diseases (I20-I25)

12 ± 4 1 12 26 16 ± 4 5 16 35 10 ± 4 0 10 23 14 ± 4 4 13 31

Cerebrovascular
diseases (I60-I69)

12 ± 5 2 12 26 16 ± 5 4 16 33 10 ± 4 1 10 23 14 ± 4 3 13 29

Cardiorespiratory
diseases (I00-J99)

34 ± 10 10 35 62 47 ± 10 23 47 85 29 ± 9 9 29 54 40 ± 9 18 40 75

Table 2 Descriptive statistics of meteorological parameters and air pollutants in the urban area of Beijing by time
period

Time period Meteorological parameter/air pollutant Mean ± SD Min 1st Qu Median 3rd Qu Max

Warm Air temperature (°C) 22.6 ± 4.8 6.9 19.8 23.3 26.2 32.1

period Apparent temperature (°C) 23.6 ± 6.8 4.3 19.2 24.5 29.0 37.7

Relative humidity (%) 60.5 ± 18.1 10 48 63 74 95

Barometric pressure (hPa) 005.0 ± 59.5 989 1001 1005 1009 1023

PM2.5 (μg/m
3) a 105.7 ± 66.8 9.9 53.6 98.4 138.2 436.7

UFP (number/cm3) a 23940 ± 9442 9024 16920 21890 29310 73010

Cold Air temperature (°C) 3.4 ± 6.3 -9.1 -1.5 2.3 8.2 18.7

Period Apparent temperature (°C) 2.9 ± 5.5 -8.0 -1.3 1.9 6.4 18.1

Relative humidity (%) 47.8 ± 20.8 12 31 46 63 96

Barometric pressure (hPa) 1021.0 ± 65.4 999 1016 1021 1025 1037

PM2.5 (μg/m
3) a 122.0 ± 94.6 13.9 47.5 90.3 184.4 413.4

UFP (number/cm3) a 30940 ± 10637 13460 24120 29150 35550 76280

a. Particulate air pollution data were available only for the period from March 2004 on.

PM2.5: particulate matter (PM) with an aerodynamic diameter <2.5 μm.

UFP: ultrafine particles, particles with an aerodynamic diameter <0.1 μm.
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file 1, Figure S3, although the 95%CI of some curves
became wider (data not shown). The correlations
between temperature and PM2.5 as well as UFP by time
period are presented in Additional file 1, Table S2. As
shown in Additional file 1, Table S3, compared with the
effects obtained without adjustment for particle air pol-
lution, there were no relevant changes for the effects of
two-day average temperature after controlling for lag 2
of PM2.5 or UFP, either in warm or in cold period. The
effects of 15-day average temperature on cardiovascular
and cardiorespiratory mortality in the warm period

dropped and became non-significant after controlling
for lag 2 of PM2.5 or UFP; while which in the cold per-
iod only dropped after controlling for lag 2 of PM2.5.

Discussion
Summary
We only observed J-shaped association between 15-day
average temperature and respiratory mortality in the
warm period; the other associations did not diverge
from linearity. Immediate heat effects could be seen on
every outcome in the warm period, even on respiratory
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Figure 2 Exposure-response functions (together with 95% CIs) for two-day and 15-day average temperature and daily mortality of the
whole population due to cardiovascular and respiratory diseases in the urban area of Beijing, by warm/cold period.
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Table 3 Relative risks (RR, with 95% confidence intervals (CI)) of daily mortality in association with a 5°C increase of
2-day average temperature or a 5°C decrease of 15-day average temperature in the urban area of Beijing, by time
period, age group and cause of death

Warm period Cold period

RR (95%CI) per 5°C
increase of 2-day
average temperature

RR (95%CI) per 5°C
decrease of 15-day
average temperature

RR (95%CI) per 5°C
increase of 2-day
average temperature

RR (95%CI) per 5°C
decrease of 15-day
average temperature

Whole population

Cardiovascular disease (I00-
I99)

1.098(1.057,1.140) * 1.040(0.990,1.093) 0.982(0.958,1.007) 1.057(1.022,1.094) *

Respiratory disease (J00-J99) 1.134(1.050,1.224) * 0.937(0.899,0.976) *a 1.149(1.078,1.224) * 0.851(0.767,0.944) *

Ischemic heart diseases (I20-
I25)

1.020(0.975,1.067) 0.997(0.915,1.087) 0.947(0.914,0.982) * 1.123(1.057,1.193) *

Cerebrovascular diseases (I60-
I69) Cardiorespiratory diseases
(I00-J99)

1.047(1.000,1.097) * 1.025(0.950,1.106) 0.980(0.954,1.007) 1.036(1.002,1.071) *

1.114(1.076,1.153) * 1.033(0.968,1.101) 1.009(0.983,1.035) 1.057(1.006,1.111) *

65+ 65+ years

Cardiovascular disease (I00-
I99)

1.093(1.048,1.139) * 1.038(0.978,1.101) 0.994(0.965,1.023) 1.054(1.016,1.093) *

Respiratory disease (J00-J99) 1.080(1.010,1.154) * 0.931(0.890,0.973) *a 1.128(1.056,1.204) * 0.887(0.798,0.988) *

Ischemic heart diseases (I20-
I25)

1.016(0.968,1.067) 0.978(0.888,1.077) 0.954(0.920,0.990) * 1.116(1.046,1.191) *

Cerebrovascular diseases (I60-
I69)

1.064(1.008,1.123) * 1.008(0.928,1.095) 0.999(0.961,1.038) 1.031(0.978,1.087)

Cardiorespiratory diseases (I00-
J99)

1.117(1.075,1.160) * 1.010(0.941,1.084) 1.025(0.997,1.054) 1.042(1.001,1.085) *

a. Threshold model for a threshold of 21.3°C.
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mortality in the cold period; while in the cold period,
prolonged cold effects could be seen on every outcome
except for respiratory mortality. Previous studies also
found immediate heat effects and delayed cold effects
[24-26]. The strongest immediate heat effect in the
warm period was found in association with respiratory
mortality, stronger for the whole population than for
elderly people (65 years and older). However, the pro-
longed heat effect on respiratory mortality, as well as
the immediate heat effects on cardiovascular, cerebro-
vascular and cardiorespiratory mortality in the warm
period appeared with similar magnitudes for the two
age groups. The strongest cold effect in the cold period
was found in association with ischemic heart diseases
mortality, with similar effect magnitudes for the whole
as well as the elderly population. The prolonged cold
effects on cardiovascular, cerebrovascular and cardiore-
spiratory mortality in the cold period appeared also with
similar magnitudes for the two age groups. When con-
sidering PM2.5 or UFP with lag 2 as confounders, there
were no relevant changes for two-day average tempera-
ture effects, and a drop in 15-day average temperature
effects on cardiovascular and cardiorespiratory
mortalities

Heat effects
For the J-shaped exposure-response function, we found
21.3°C as our most appropriate threshold temperature.
Curriero et al. [9] got 19°C to 21°C as “minimum mor-
tality temperature” for New York (NY), Philadelphia
(PA), Baltimore (MD), Washington, D.C., U.S., while
Ballester et al. [27] got 22°C to 25°C for Valencia, Spain.
Those cities are all located on similar latitudes (from 38°
54’N to 40°54’N) as Beijing (39°54’N), and “turning-point
temperatures” were all close to each other. However,
both authors observed V-shaped temperature-mortality
functions.
For the convenience of comparison, we re-calculated

the percentages based on a 1°C increase in lag 0-1 aver-
age temperature in the warm period, which resulted in
2.5% and 1.9% increases in respiratory and cardiovascular
mortality, respectively. A study conducted in four Asian
cities including Beijing reported by Chung et al. [7]
found much higher threshold temperature (31°C) and
temperature effect estimates (10.5% and 7.6% per 1°C
increase, respectively). The fact that they used daily
apparent temperature and also included the entire Beijing
(including the suburban area with approximately
4,100,000 inhabitants, the fifth national census in 2000,
http://www.stats.gov.cn/tjsj/ndsj/renkoupucha/
2000pucha/pucha.htm) as their study area might be the
reasons for the differences. However, Almeida et al. [28]
reported estimates which are more comparable to ours in
their study in Lisbon (38°42’N), Portugal (1.7% and 2.4%

per 1°C increase, respectively) using also daily apparent
temperature. There are also studies pointing out heat
effect on ischemic mortality [26,29], which has not been
found in our results.
Similar to the present study, several authors [7,27,30,31]

observed greater effect on respiratory mortality than on
cardiovascular mortality. In our dataset, daily death counts
due to chronic lower respiratory diseases accounted for
approximately half of respiratory diseases. However, our
explorative analysis revealed that the magnitude of effect
on chronic lower respiratory diseases mortality was as
high as 98% of respiratory diseases mortality (data not
shown). This may reflect that health status of people suf-
fering from chronic respiratory diseases rapidly deterio-
rates during hot periods [31], which should be kept in
mind and considered as priority when setting up preven-
tive strategies during heat events.
After an analysis within the warm period, we found

that the order (April to September in 2003 is the 1st

warm period, April to September in 2004 is the 2nd one,
and April to August in 2005 is the 3rd one.) showed no
significant interaction with two-day average tempera-
ture, and therefore indicates that there was no heat
effect modification by potential population adaption to
heat or by possible increasing prevalence of air-condi-
tioning year by year.

Cold effects
After re-calculation of the cold effects in the cold period,
we found 1.1% and 2.3% increases in cardiovascular and
ischemic heart disease mortality of our whole study
population associated with 1°C decrease in 15-day aver-
age temperature, respectively. Analitis et al. [13] reported
a higher estimate (a 1°C decrease induced a 1.7% increase
in cardiovascular mortality in cold seasons) within the
PHEWE project, which might be attributed to their use
of a 16-day average of minimum apparent temperature.
Moreover, the PHEWE project included very cold north-
ern cities such as Helsinki and Stockholm. However, the
Eurowinter study [11] found that people in cold regions
such as Finland did not experience more winter excess
mortality than people in mild regions such as London;
Donaldson et al. [32] observed no excess ischemic heart
disease mortality as temperature fell from 10.2°C to
-48.2°C in Yakutsk, eastern Siberia. Both findings reflect
the possibility of population acclimatization to climate
and maybe also to future climate changes. However, the
associations of mortality with environmental tempera-
tures are also strongly modified by behavioural and social
factors (e.g. clothing, housing conditions) [33]. In Beijing,
the residential heating system works every year from
November 15th to next March 15th, regardless of outside
temperatures. However, we found no interaction between
heating and 15-day average temperature after an analysis
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within the cold period, showing that residential heating
didn’t modify the cold effect. This might also reflect that
the study population exposed themselves to outdoor tem-
perature although they probably spent a lot of time
indoors.
Our study showed effects of increasing temperature on

respiratory mortality even during cold season. This is con-
trary to our initial hypothesis, although the same situation
has been observed by Kunst et al. [34] in The Netherlands.
We therefore investigated the exposure-response functions
between 2-day or 15-day average temperature and mortal-
ity due to influenza and pneumonia (J10-J18) and chronic
lower respiratory diseases (J40-J47) (data not shown).
Interestingly, we observed different effects regarding the
two mortality categories. Whereas a decrease in tempera-
ture was associated with an increase in mortality due to
influenza and pneumonia (as expected), we found opposite
effects for mortality due to chronic lower respiratory dis-
eases. In a previous study, Hampel et al. [35] have reported
differences in the associations between a temperature
decrease and several blood markers of inflammation and
coagulation in patients with coronary diseases and patients
with pulmonary diseases. They hypothesized that there
might be different disease patterns as well as patient char-
acteristics and medication responsible for the observed dif-
ferences in the effects. Nevertheless, although we have no
hint of a higher misdiagnosis for respiratory deaths than
for deaths due to other causes, we cannot rule out this
possibility.

Mechanism
Some studies [36,37] have shown that respiratory mortal-
ity increases more for individuals of 65 years and older
compared to the general population when air tempera-
ture increases. One possible explanation is that aged peo-
ple, especially COPD patients, are likely to have bad
excess heat dissipation through circulatory adjustment.
The heat stress increases their risk of developing pul-
monary vascular resistance secondary to peripheral pool-
ing of blood or hypovolemia [38]. However, our results
didn’t show a higher risk for respiratory mortality in indi-
viduals of 65 years and older, although half of the respira-
tory deaths in our study period were due to chronic
lower respiratory diseases (J40-J47, mainly COPD, data
not shown). It can be speculated that aged people in Beij-
ing pay more attention and expose themselves less to
heat. Possible mechanisms through which high tempera-
ture increases cardiovascular mortality include enlarged
skin vessels and facilitated sweat, leading to falling blood
pressure, increased cardiac work load and loss of fluid
and salt, further leading to haemoconcentration [39], a
“thrombosis promoting” state. The activation of coagula-
tion and inhibition of fibrinolysis lead to diffuse micro-
vascular thrombosis. Besides, heat-induced release of

interleukin (IL)-1 or IL-6 into systemic circulation results
in damage and hyperactivation of endothelial cells.
When temperature decreases, the cold receptors in skin

are stimulated, the sympathetic nervous system regulates
the catecholamine level to increases [40] and then the
skin vessels constrict to reduce heat loss. Blood pressure
increases consequently, and approximately 1l of blood
plasma is shifted from skin and legs to central body
parts, then removed by urine or shifted to extra-cellular
space. The shift of blood plasma leads to haemoconcen-
tration, then the concentrations of red and white blood
cells, platelets, certain clotting factors, cholesterol and
fibrinogen, as well as blood viscosity all go up, promoting
clotting and thrombosis. Moreover, protein C, which is
an anticoagulant, moves out to the extra-cellular space
with blood plasma. The rise of blood pressure may lead
to oxygen deficiency in the cardiac muscle which might
induce myocardial ischemia or arrhythmias. If the rise of
blood pressure is too sudden, there is the possibility of
vascular spasm and a rupture of an atherosclerotic plaque
that induces a thrombus [39,41-43].

Strengths and limitations
This study was based on a population as large as seven
million inhabitants, among which the daily cardiorespira-
tory death count reached 40. This ensured the statistical
power of the analysis. Moreover, we did sensitivity ana-
lyses by including PM2.5 or UFP concentration levels as
confounders. Both PM2.5 and UFP [44] have been shown
to be associated with mortality. As Beijing is known as
one of the most polluted cities of the world, controlling
for these two air pollutants was an important strength of
the present study. Some other studies [36,45,46] also
considered PM2.5, PM10 or black smoke as confounders.
However, there are also limitations of the present

study. Firstly, we got both, the meteorological and the air
pollution data from only one monitoring station, which
may lead to misclassification of the exposure level. This
misclassification is non-differential and should bias the
effect estimates towards the null. However, further data
on daily meteorological parameters from an internet ser-
vice (Weather Underground 2011) was obtained for a sta-
tion located in the center of Beijing. Data from the two
sources showed a good agreement (Pearson correlation
coefficient >0.99 for air temperature). Secondly, ozone is
a potentially important confounder to heat effect, but we
had no such data for a sensitivity analysis.

Conclusions
Our results add to the evidence that both increases and
decreases in air temperature are associated with an
increased risk of cardiovascular mortality. The effects of
heat were immediate while the ones of cold became pre-
dominant with longer time lags. The increase in air
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temperature also immediately elevated the risk for
respiratory mortality.

Additional material

Additional file 1: This file contains three additional tables and four
additional figures to the manuscript. They are: - Additional file, Table
S1. Confounders included in each base model - Additional file, Table S2.
Correlations between air temperature and PM2.5 as well as UFP in the
urban area of Beijing - Additional file, Table S3. Relative risks (RR, with
95% confidence intervals (CI)) of daily mortality by cause of death and
time period in association with a 5°C increase of 2-day average
temperature or 5°C decrease of 15-day average temperature in the urban
area of Beijing, before and after adjusting for PM2.5 or UFP (linearly with
the same moving averages as the temperature term, or linearly with lag
2) in the confounder model - Additional file, Figure S1. Daily death
counts by cause of death and age group - Additional file, Figure S2.
Daily mean air temperature, relative humidity, barometric pressure, and
concentration of PM2.5 and UFP - Additional file, Figure S3. Exposure-
response relationships (together with 95% confidence intervals) for 2-day
and 15-day average temperatures and daily mortality of the whole
population due to ischemic heart diseases, cerebrovascular diseases and
cardio-respiratory diseases in the urban area of Beijing, by time period -
Additional file, Figure S4. Relative risks (together with 95% confidence
intervals) of mortality of the whole population due to ischemic heart
diseases, cerebrovascular diseases and cardiorespiratory diseases in
association with a 5°C increase of temperature obtained with polynomial
distributed lag models. Models were estimated with lags up to 29 days
using a 5th degree polynomial for the cold period and the warm period.
Indicated in each plot are the overall 29-day relative risks

List of abbreviations
PDL models: Polynomial Distributed Lag models; 95%CI: 95% Confidence
Interval; ICD-10: International Classification of Diseases 10th Revision; PM2.5:
Particulate matter with an aerodynamic diameter <2.5 μm; UFP: Particulate
matter with an aerodynamic diameter <0.1 μm; DOW: Day of the week;
PACF: Partial Autocorrelation Function; DF: Degree of freedom; GCV:
Generalized Cross Validation; RR: Relative Risk; COPD: Chronic Obstructive
Pulmonary Disease; IL: Interleukin.

Acknowledgements
The concentrations of air pollutants were monitored by Min Hu (State Key
Joint Laboratory of Environmental Simulation and Pollution Control, College
of Environmental Sciences, Peking University, Beijing, P. R. China), and the
monitoring devices were provided by Leibniz Institute for Tropospheric
Research (IfT), Leipzig, Germany.
Funding
This research was funded by a scholarship being awarded to LL (File No.
2008601213) under the State Scholarship Fund by the China Scholarship
Council (CSC). This research was also funded by the German Research
Foundation (DFG) (grants PE 1156/1-2 and WI 621/16-1).

Author details
1Helmholtz Zentrum Muenchen, German Research Center for Environmental
Health, Institute of Epidemiology II, Neuherberg, Germany. 2Ludwig-
Maximilians-University Munich, IBE Chair of Epidemiology, Munich, Germany.
3Peking University Health Science Center, School of Public Health, Beijing,
China. 4Helmholtz Centre for Environmental Research - UFZ, Core Facility
Studies, Leipzig, Germany. 5Physics Department, Leibniz Institute for
Tropospheric Research (IfT), Leipzig, Germany. 6Helmholtz Zentrum
Muenchen, German Research Center for Environmental Health, Institute of
Epidemiology I, Neuherberg, Germany.

Authors’ contributions
LL performed the statistical analyses and drafted the manuscript. SB guided
the statistical analyses and the interpretation of the results substantially, and
revised the manuscript substantially and critically. XP was substantially

involved in the acquisition of mortality, meteorological and air pollution
data, and revised the manuscript critically. UF and AML were involved in the
acquisition of respiratory mortality data, and revised the manuscript critically.
AW was involved in the acquisition of air pollution data, and revised the
manuscript critically. SvK guided the statistical analyses and revised the
manuscript critically. HEW was substantially involved in the study design and
revised the manuscript critically. AP was substantially involved in the study
design, and guided the interpretation of the results, and revised the
manuscript critically. AS guided the statistical analyses and the interpretation
of the results substantially, and revised the manuscript substantially and
critically. All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 21 January 2011 Accepted: 25 May 2011
Published: 25 May 2011

References
1. Confalonieri U, Menne B, Akhtar R, Ebi KL, Hauengue M, Kovats RS,

Revich B, Woodward A: Human health. In Climate Change 2007: Impacts,
Adaptation and Vulnerability Contribution of Working Group II to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change. Edited
by: M.L. Parry, O.F. Canziani, J.P. Palutikof, P.J. van der Linden and C.E.
Hanson. Cambridge, UK: Cambridge University Press; 2007:391-431.

2. Basu R, Samet JM: Relation between Elevated Ambient Temperature and
Mortality: A Review of the Epidemiologic Evidence. Epidemiol Rev 2002,
24:190-202.

3. Kosatsky T: The 2003 European Heat Waves. Eurosurveill 2005, 10:148-149.
4. Kovats S, Wolf T, Menne B: Heatwave of August 2003 in Europe:

provisional estimates of the impact on mortality.[http://www.
eurosurveillance.org/ViewArticle.aspx?ArticleId=2409].

5. Hoshiko S, English P, Smith D, Trent R: A simple method for estimating
excess mortality due to heat waves, as applied to the 2006 California
heat wave. Int J Public Health 2010, 55:133-137.

6. Baccini M, Biggeri A, Accetta G, Kosatsky T, Katsouyanni K, Analitis A,
Anderson HR, Bisanti L, D’Ippoliti D, Danova J, Forsberg B, Medina S,
Paldy A, Rabczenko D, Schindler C, Michelozzi P: Heat Effects on Mortality
in 15 European Cities. Epidemiology 2008, 19:711-719.

7. Chung JY, Honda Y, Hong YC, Pan XC, Guo YL, Kim : Ambient temperature
and mortality: An international study in four capital cities of East Asia.
Sci Total Environ 2009, 408:390-396.

8. Stafoggia M, Forastiere F, Agostini D, Biggeri A, Bisanti L, Cadum E,
Caranci N, de’Donato F, De Lisio S, De Maria M, Michelozzi P, Miglio R,
Pandolfi P, Picciotto S, Rognoni M, Russo A, Scarnato C, Perucci CA:
Vulnerability to Heat-Related Mortality: A Multicity, Population-Based,
Case-Crossover Analysis. Epidemiology 2006, 17:315-323.

9. Curriero FC, Heiner KS, Samet JM, Zeger SL, Strug L, Patz JA: Temperature
and Mortality in 11 Cities of the Eastern United States. Am J Epidemiol
2002, 155:80-87.

10. Armstrong B: Models for the Relationship Between Ambient Temperature
and Daily Mortality. Epidemiology 2006, 17:624-631.

11. The urowinter Group: Cold exposure and winter mortality from ischaemic
heart disease, cerebrovascular disease, respiratory disease, and all
causes in warm and cold regions of Europe. Lancet 1997, 349:1341-1346.

12. Barnett AG, Dobson AJ, McElduff P, Salomaa V, Kuulasmaa K, Sans S: Cold
periods and coronary events: an analysis of populations worldwide.
J Epidemiol Community Health 2005, 59:551-557.

13. Analitis A, Katsouyanni K, Biggeri A, Baccini M, Forsberg B, Bisanti L,
Kirchmayer U, Ballester F, Cadum E, Goodman PG, Hojs A, Sunyer J,
Tiittanen P, Michelozzi P: Effects of Cold Weather on Mortality: Results
From 15 European Cities Within the PHEWE Project. Am J Epidemiol 2008,
168:1397-1408.

14. Beijing Statistical Yearbook 2005 [http://www.bjstats.gov.cn/tjnj/2005-tjnj/
content/m3-1.htm].

15. Kalkstein LS, Valimont KM: An Evaluation of Summer Discomfort in the
United States Using a Relative Climatological Index. American
Meteorological Society 1986, 67:842-848.

16. Wehner B, Birmili W, Ditas F, Wu Z, Hu M, Liu X, Mao J, Sugimoto N,
Wiedensohler A: Relationships between submicrometer particulate air

Liu et al. Environmental Health 2011, 10:51
http://www.ehjournal.net/content/10/1/51

Page 10 of 11

http://www.biomedcentral.com/content/supplementary/1476-069X-10-51-S1.DOC
http://www.ncbi.nlm.nih.gov/pubmed/12762092?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12762092?dopt=Abstract
http://www.eurosurveillance.org/ViewArticle.aspx?ArticleId=2409
http://www.eurosurveillance.org/ViewArticle.aspx?ArticleId=2409
http://www.ncbi.nlm.nih.gov/pubmed/19680599?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19680599?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19680599?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18520615?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18520615?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19853280?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19853280?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16570026?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16570026?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11772788?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11772788?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17028505?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17028505?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9149695?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9149695?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9149695?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15965137?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15965137?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18952849?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18952849?dopt=Abstract
http://www.bjstats.gov.cn/tjnj/2005-tjnj/content/m3-1.htm
http://www.bjstats.gov.cn/tjnj/2005-tjnj/content/m3-1.htm


pollution and air mass history in Beijing, China, 2004-2006. Atmos Chem
Phys 2008, 8:6155-6168.

17. Wehner B, Wiedensohler A, Tuch TM, Wu ZJ, Hu M, Slanina J, Kiang CS:
Variability of the aerosol number size distribution in Beijing, China: New
particle formation, dust storms, and high continental background.
Geophys Res Lett 2004, 31:L22108.

18. Touloumi G, Samoli E, Pipikou M, Le Tertre A, Atkinson R, Katsouyanni K:
Seasonal confounding in air pollution and health time-series studies:
Effect on air pollution effect estimates. Stat Med 2006, 25:4164-4178.

19. Simon N, Wood : Generalized Additive Models: An Introduction with R Taylor
& Francis Group LLC; 2006.

20. Anderson GB, Bell ML: Heat Waves in the United States: Mortality Risk
during Heat Waves and Effect Modification by Heat Wave Characteristics
in 43 U.S. Communities. Environ Health Perspect 2011, 119:210-218.

21. Ishigami A, Hajat S, Kovats RS, Bisanti L, Rognoni M, Russo A, Paldy A: An
ecological time-series study of heat-related mortality in three European
cities. Environ Health 2008, 7:5.

22. McMichael AJ, Wilkinson P, Kovats RS, Pattenden S, Hajat S, Armstrong B,
Vajanapoom N, Niciu EM, Mahomed H, Kingkeow C, Kosnik M, O’Neill MS,
Romieu I, Ramirez-Aguilar M, Barreto ML, Gouveia N, Nikiforov B:
International study of temperature, heat and urban mortality: the
‘ISOTHURM’ project. Int J Epidemiol 2008, 37:1121-1131.

23. Zanobetti A, Schwartz J, Samoli E, Gryparis A, Touloumi G, Atkinson R, Le
Tertre A, Bobros J, Celko M, Goren A, Forsberg B, Michelozzi P,
Rabczenko D, Ruiz EA, Katsouyanni K: The Temporal Pattern of Mortality
Responses to Air Pollution: A Multicity Assessment of Mortality
Displacement. Epidemiology 2002, 13:87-93.

24. Alberdi JC, Díaz J, Montero JC, Mirón I: Daily Mortality in Madrid
community 1986-1992: Relationship with meteorological variables. Eur J
Epidemiol 1998, 14:571-578.

25. Rocklöv J, Forsberg B: The effect of temperature on mortality in
Stockholm 1998-2003: A study of lag structures and heatwave effects.
Scand J Public Health 2008, 36:516-523.

26. Braga ALF, Zanobetti A, Schwartz J: The Effect of Weather on Respiratory
and Cardiovascular Deaths in 12 U.S. Cities. Environ Health Perspect 2002,
110:859-863.

27. Ballester F, Corella D, Pérez-Hoyos S, Sáez M, Hervás A: Mortality as a
Function of Temperature. A Study in Valencia, Spain, 1991-1993. Int J
Epidemiol 1997, 26:551-561.

28. Almeida SP, Casimiro E, Calheiros J: Effects of apparent temperature on
daily mortality in Lisbon and Oporto, Portugal. Environ Health 2010,
9:12-18.

29. Basu R, Ostro BD: A Multicounty Analysis Identifying the Populations
Vulnerable to Mortality Associated with High Ambient Temperature in
California. Am J Epidemiol 2008, 168:632-637.

30. Huynen MMTE, Martens P, Schram D, Weijenberg MP, Kunst AE: The Impact
of Heat Waves and Cold Spells on Mortality Rates in the Dutch
Population. Environ Health Perspect 2001, 109:463-470.

31. D’Ippoliti D, Michelozzi P, Marino C, de’Donato F, Menne B, Katsouyanni K,
Kirchmayer U, Analitis A, Medina-Ramón M, Paldy A, Atkinson R, Kovats S,
Bisanti L, Schneider A, Lefranc A, Iñiguez C, Perucci CA: The impact of heat
waves on mortality in 9 European cities: results from the EuroHEAT
project. Environ Health 2010, 9:37-65.

32. Donaldson GC, Ermakov SP, Komarov YM, McDonald CP, Keatinge WR: Cold
related mortalities and protection against cold in Yakutsk, eastern
Siberia: observation and interview study. BMJ 1998, 317:978-982.

33. Näyhä S: Cold and the risk of cardiovascular diseases: a review. Int J
Circumpolar Health 2002, 61:373-380.

34. Kunst AE, Looman CWN, Mackenbach JP: Outdoor Air Temperature and
Mortality in the Netherlands: A Time-Series Analysis. Am J Epdemiol 1993,
137:331-341.

35. Hampel R, Breitner S, Rueckerl R, Frampton MW, Koenig W, Phipps RP,
Wichmann HE, Peters A, Schneider A: Air temperature and inflammatory
and coagulation responses in men with coronary or pulmonary disease
during the winter season. Occup Environ Med 2010, 67:408-416.

36. O’Neill MS, Zanobetti A, Schwartz J: Modifiers of the Temperature and
Mortality Association in Seven US Cities. Am J Epidemiol 2003,
157:1074-1082.

37. Robine JM, Cheung SL, Le Roy S, Van Oyen H, Griffiths C, Michel JP,
Herrmann FR: Death toll exceeded 70,000 in Europe during the summer
of 2003. C R Biol 2008, 331:171-178.

38. Michelozzi P, Accetta G, De Sario M, D’Ippoliti D, Marino C, Baccini M,
Biggeri A, Anderson HR, Katsouyanni K, Ballester F, Bisanti L, Cadum E,
Forsberg B, Forastiere F, Goodman PG, Hojs A, Kirchmayer U, Medina S,
Paldy A, Schindler C, Sunyer J, Perucci CA, on behalf of the PHEWE
Collaborative Group: High Temperature and Hospitalizations for
Cardiovascular and Respiratory Causes in 12 European Cities. Am J Respir
Crit Care Med 2009, 179:383-389.

39. Näyhä S: Environmental Temperature and Mortality. Int J Circumpolar
Health 2005, 64:451-458.

40. Elwood PC, Beswick A, O’Brien JR, Renaud S, Fifield R, Limb ES, Bainton D:
Temperature and risk factors for ischaemic heart disease in the
Caerphilly prospective study. Br Heart J 1993, 70:520-523.

41. Keatinge WR: Winter Mortality and Its Cause. Int J Circumpolar Health 2002,
61:292-299.

42. Schneider A, Schuh A, Maetzel FK, Rückerl R, Breitner S, Peters A: Weather-
induced ischemia and arrhythmia in patients undergoing cardiac
rehabilitation: another difference between men and women. Int J
Biometeorol 2008, 52:535-547.

43. Wolf K, Schneider A, Breitner S, von Klot S, Meisinger C, Cyrys J, Hymer H,
Wichmann HE, Peters A, for the Cooperative Health Research in the Region
of Augsburg (KORA) Study Group: Air Temperature and the Occurrence of
Myocardial Infarction in Augsburg, Germany. Circulation 2009,
120:735-742.

44. Wichmann HE, Spix C, Tuch T, Wölke G, Peters A, Heinrich J, Kreyling WG,
Heyder J: Daily mortality and fine and ultrafine particles in Erfurt,
Germany part I: role of particle number and particle mass. Res Rep Health
Eff Inst 2000, 98:5-86.

45. Zanobetti A, Schwartz J: Temperature and Mortality in Nine US Cities.
Epidemiology 2008, 19:563-570.

46. Hajat S, Kovats RS, Atkinson RW, Haines A: Impact of hot temperatures on
death in London: a time series approach. J Epidemiol Community Health
2002, 56:367-372.

doi:10.1186/1476-069X-10-51
Cite this article as: Liu et al.: Associations between air temperature and
cardio-respiratory mortality in the urban area of Beijing, China: a time-
series analysis. Environmental Health 2011 10:51.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Liu et al. Environmental Health 2011, 10:51
http://www.ehjournal.net/content/10/1/51

Page 11 of 11

http://www.ncbi.nlm.nih.gov/pubmed/16991105?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16991105?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21084239?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21084239?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/21084239?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18226218?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18226218?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18226218?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18522981?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18522981?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11805591?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11805591?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11805591?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9794124?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9794124?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18567653?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18567653?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12426147?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12426147?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9222780?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9222780?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20219128?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20219128?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18663214?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18663214?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18663214?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11401757?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11401757?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11401757?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20637065?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20637065?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20637065?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9765165?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9765165?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9765165?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12546195?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19884649?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19884649?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19884649?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12796043?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12796043?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18241810?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18241810?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19060232?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19060232?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16440607?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7506563?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/7506563?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12546188?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18228048?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18228048?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18228048?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19687361?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19687361?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11918089?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11918089?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18467963?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11964434?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11964434?dopt=Abstract

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Material and methods
	Study area and period
	Mortality data
	Meteorological and air pollution data
	Statistical analyses
	Sensitivity analyses

	Results
	Mortality data
	Meteorology and air pollution
	Regression results
	Sensitivity analyses

	Discussion
	Summary
	Heat effects
	Cold effects
	Mechanism
	Strengths and limitations

	Conclusions
	Acknowledgements
	Author details
	Authors' contributions
	Competing interests
	References

