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a b s t r a c t

The effects of ambient temperature on stroke death in China have been well addressed. However, few
studies are focused on the attributable burden for the incident of different types of stroke due to ambient
temperature, especially in Beijing, China. We purpose to assess the influence of ambient temperature on
hospital stroke admissions in Beijing, China. Data on daily temperature, air pollution, and relative hu-
midity measurements and stroke admissions in Beijing were obtained between 2013 and 2014.
Distributed lag non-linear model was employed to determine the association between daily ambient
temperature and stroke admissions. Relative risk (RR) with 95% confidence interval (CI) and Attribution
fraction (AF) with 95% CI were calculated based on stroke subtype, gender and age group. A total number
of 147, 624 stroke admitted cases (including hemorrhagic and ischemic types of stroke) were docu-
mented. A non-linear acute effect of cold temperature on ischemic and hemorrhagic stroke hospital
admissions was evaluated. Compared with the 25th percentile of temperature (1.2 �C), the cumulative RR
of extreme cold temperature (first percentile of temperature, �9.6 �C) was 1.51 (95% CI: 1.08e2.10) over
lag 0e14 days for ischemic type and 1.28 (95% CI: 1.03e1.59) for hemorrhagic stroke over lag 0e3 days.
Overall, 1.57% (95% CI: 0.06%e2.88%) of ischemic stroke and 1.90% (95% CI: 0.40%e3.41%) of hemorrhagic
stroke was attributed to the extreme cold temperature over lag 0e7 days and lag 0e3 days, respectively.
The cold temperature's impact on stroke admissions was found to be more obvious in male gender and
the youth compared to female gender and the elderly. Exposure to extreme cold temperature is asso-
ciated with increasing both ischemic and hemorrhagic stroke admissions in Beijing, China.

© 2017 Elsevier Ltd. All rights reserved.
e by David Carpenter.
ital Medical University, No.10
0069, China.

uted equally to this study.
1. Introduction

Over the past two decades, stroke has gained public health
concern on a global scale (Feigin et al., 2016). Stroke incidence
varies by races and countries, especially in economically low in-
come and developing countries (Carandang et al., 2006; Tsai et al.,
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2013; Wu et al., 2013; Zhang et al., 2012). According to the Global
Burden of Disease Study in 2013, more than 90% of the stroke
burden is attributable to the modifiable risk factors, including
adopted lifestyle as well as low physical activity and metabolic
status (Feigin et al., 2016). It is a remarkable fact that environmental
conditions and meteorological factors, particularly ambient tem-
perature and air pollution have significantly and affectedly shifted
the global stroke burden, currently accounting for approximately
29.2% (Feigin et al., 2016).

Despite the consistent evidence of extreme weather conditions
associated with an increased risk of cardiovascular diseases (Phung
et al., 2016) and respiratory diseases (Lavigne et al., 2014), previ-
ously reported studies have demonstrated conflicting results on the
correlation of ambient temperature and the incidence of stroke
(Cevik et al., 2015; Jeong et al., 2013). Several published works
suggest that a decline in ambient temperature is evidently linked
with a higher susceptibility to ischemic stroke (Cevik et al., 2015;
Hong et al., 2003; Mostofsky et al., 2014; Rakers et al., 2016).
However, another research conducted in the United States about 6
years ago, reported no significant association between ambient
temperature and any stroke subtype from 155 hospitals in 20
different States over a five-year study period (Cowperthwaite and
Burnett, 2011). Furthermore, two recent meta-analyses have also
concluded that a lower mean ambient temperature was signifi-
cantly related to a higher risk of stroke incidence (Wang et al., 2016;
Zorrilla-Vaca et al., 2016). Nevertheless, themeta-analyses byWang
et al. (2016) which included three studies from Taiwan (Chen et al.,
1995; Fang et al., 2012; Lee et al., 2008) and one study from Hong
Kong (Goggins et al., 2012). The other meta-analyses by Zorrilla-
Vaca et al. (2016) only entailed one study from Taiwan (Chen
et al., 1995) and one study from Shanghai, China (Meng et al.,
2015). Therefore, suggesting that a reproducible large population-
based and high quality evidence study from Beijing, China is
certainly lacking.

The relationship between ambient temperature and stroke
mortality has been reported in different areas of China (Chen et al.,
2013b; Yang et al., 2012; Yang et al., 2016). However, the effect of
ambient temperature on hospital stroke admissions is rarely
addressed and inadequately accounted for. Recently, Guo et al.
(2016) found that cold temperature is attributed to stroke hospi-
tal admission in Guangzhou, China. Comparably, ambient temper-
ature in Beijing (North) is much lower than observed in Guangzhou
(South), China (Chen et al., 2013b). Additionally, the effect of
ambient temperature on stroke may differ by the stroke subtype
(Ding et al., 2016). For instance, one study reported that a higher
temperature was more detrimental to ischemic stroke than to
hemorrhagic stroke (Lim et al., 2013), while another study reported
a conflicting result (Guo et al., 2016). It is therefore critically
important to investigate the relationship between ambient tem-
perature and hospital admissions for different stroke subtypes.

The impacts of ambient temperature on hospital stroke admis-
sions in Beijing, China, between 2013 and 2014 were investigated
using distributed lag non-linear models (DLNMs) (Gasparrini et al.,
2010; Gasparrini and Leone, 2014), and whether the associations
differed by gender, age group and the stroke subtype were explored
in this large population-based study.

2. Method

2.1. Study setting

Beijing, the capital of China, is an international metropolis with
a population of over 20 million. It is in the Northern China Plain
(39�260 to 41�030 north latitude, 115�250 to 117�30’ east longitude)
with an estimated area of about 16410 km2. Beijing belongs to a
somewhat humid continental monsoon climate with an average
temperature of 11.6 �C within the study period.

2.2. Data collection

Daily meteorological data from 1 January 2013 to 31 December
2014 were collected from the Chinese Meteorological Bureau,
which included daily mean temperature (�C) and relative humidity
(%). Daily mean levels of particulate matter with an aerodynamic
diameter <2.5 mm (PM2.5) for the same period were collected from
the Centre of City Environmental Protection Monitoring Website
Platform of Beijing.

Daily count of stroke admissions from 1 January 2013 to 31
December 2014 was extracted from the databases maintained by
the Beijing Public Health Information Center. These databases
encompassed 63 hospitals in Beijing which are highly recognized
and approved by the Chinese government to diagnose and treat
cardiovascular and cerebrovascular related diseases. Stroke was
defined according to the International Classification of Diseases
10th Revision (ICD-10). The count of stroke admissions by stroke
subtype (ischemic stroke, ICD10: I63 and hemorrhagic stroke,
ICD10: I60e61) were also documented. A flowchart showing how
these counts of stroke admissions were composed of was in the
Supplementary materials (Fig. S1).

This study's protocol was approved by the School of Public
Health, Capital Medical University Institutional Review Board
(IRB00009511). Informed consent from patients was not necessary
since only aggregated data was used in this study.

2.3. Statistical analysis

Descriptive statistics was used to describe for the participant's
characteristics including gender, age group, and stroke subtype in
this study. Time-series line figure was utilized to evaluate the long-
term trends and seasonal patterns of stroke admissions, weather
variables and air pollution. A distributed lag non-linear model
(DLNM) was applied to investigate the delayed and non-linear ef-
fects of temperature on stroke admissions, after controlling the
potential co-variates. A ‘‘cross-basis’’ function was used to evaluate
the two-dimensional relationship between different number of lag
days and temperature change by DLNM (Gasparrini et al., 2010).
Specifically, according to the previous studies (Gasparrini and
Leone, 2014), a natural cubic spline with three degrees of
freedom (df) for the lag dimension and four df for the temperature
change dimension were utilized in the ‘‘cross-basis’’ function. As
from the prior knowledge, the impact of cold temperature on stroke
mortality and emergency hospitalization could last for two or three
weeks, however, the effect of hot temperature was shorter
(Gasparrini et al., 2015b; Tian et al., 2016). Because the hot effects of
temperature cannot be assessed by the short lags adequately due to
the harvesting effects (Guo et al., 2011; Lavigne et al., 2014). The
maximum lag period was chosen to 21 days to adequately capture
the long-term delay effect of cold temperature effect and hot effect
while also taking harvesting effect into account (Guo et al., 2014;
Yang et al., 2015, 2016). A quasi-likelihood Poisson generalized
additive model was used to model the natural logarithm of
everyday stroke admission counts as functions of predictors, and is
displayed as follows:

Log½EðYtÞ� ¼ aþ b1 � Tempt;l þ nsðt; df ¼ 7� 2Þ
þ nsðRHt ;df ¼ 3Þ þ b2 � PM2:5ðtÞ þ b3 � DOWt

þ b4 � Holidayt

Here, EðYtÞ is the expected daily counts of stroke hospital admission
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at calendar day t (t ¼ 1, 2, …, 730); a is the intercept and
b1; b2; b3; b4 is the regression coefficient. Tempt;l is the “cross-basis”
function in DLNM, where a natural cubic spline was used with 3
internal knots placed at an equal space in the temperature range for
considering the nonlinear relationship of temperature (Gasparrini
and Leone, 2014) and lag effect from lag 0 (current day) to lag l
days, where themaximumof lwas 21 days (Guo et al., 2014).Nsð:Þ is
a natural cubic spline; we used 7 degrees of freedom (df) per year
for time to control for the long term and seasonality (Bhaskaran
et al., 2013); 3 df was used for relative humidity (RH)(Bhaskaran
et al., 2013). PM2:5 was controlled for air pollutant as a linear
relationship in the model, as previous studies have labeled them as
potential confounders (Huang et al., 2016; Yang et al., 2016). Day of
the week (DOW) and Holiday were also included in the model as a
categorical variable (Yang et al., 2016).

We plotted flexibly the exposure-lag-response relationships
along temperature with stroke hospital admission over lags 0e14
days and a reference temperature of 13 �C (which was approxi-
mately the median value during the study period) was chosen. The
impacts of extreme temperatures on stroke admissions in different
day lag structures were explored. The relative risks (RR) [95%
confidence interval (CI)] for stroke admissions at extreme cold
(defined as the first percentiles of temperature distribution) and
moderate cold (defined as the 10th percentiles) temperature,
extreme hot (defined as the 99th percentiles) and moderate hot
(defined as the 90th percentiles) temperaturewere reported, which
were compared with the 25th and the 75th percentiles of tem-
perature respectively. The selection of the cutoffs above for calcu-
lating the RR were based on those from the previously reported
studies (Chen et al., 2013a), and the RR (95% CI) over different lag
periods including 0e3, 0e7, 0e14, and 0e21 days were calculated.

To explore the burden of stroke admissions in regard to tem-
perature, fractions of the hospital admissions attributed to hot and
cold temperatures were evaluated below or above the reference
temperature quartiles (75th and 25th percentiles of temperature
distribution respectively). The definitions of extreme and moderate
temperature conditions were the same as described before. These
reference confinements were driven by the multi-geographic study
conducted by Gasparrini and colleagues (Gasparrini et al., 2015a).
In the current analysis, a backward method was chosen to calculate
the over-all attributable fraction (AF) to the specific temperature
exposure (Gasparrini et al., 2015a; Gasparrini and Leone, 2014).
Equations of algebra were provided elsewhere, and monte carlo
simulations were utilized to acquire the empirical confidence in-
tervals (eCI) (Gasparrini and Leone, 2014).

Subgroup analyses were carried out to examine whether the
relationships of temperature and stroke admissions differed by sex
(man vs. women) and age group (>65 years old vs. � 65 years old).
The df of calendar time is crucial for the DLNM model. Sensitivity
analyses were performed by changing the degrees of freedom,
which range from 4 to 14 per year. The Akaike Information Criterion
(AIC) was used to choose the df of smooth function of calendar time.
Additionally, considering the impact of temperature differed by the
type of hemorrhagic stroke, the relationship between temperature
and subarachnoid hemorrhage (I60, SAH) as well as intracerebral
hemorrhage (I61, ICH) were re-modelled.

All the statistical tests were two-tailed and a P < 0.05 was
considered statistically significant. The “dlnm” package in R soft-
ware (R Foundation for Statistical Computing, Vienna, Austria, and
Version 3.2.3) was used to fit DLNM.

3. Results

In total, there were approximately 147,624 stroke admissions
between the years 2013 and 2014 (Table S1, Fig. S1). The mean age
of study populationwas 68.2 ± 12.8 year. On an average, there were
205.1 stroke hospital admissions per day, of which 181.7 were IS
and 23.4 were HS (Table 1). The daily mean temperature ranged
from �12.9 �C to 30.1 �C with an average 11.6 �C. The means and
(standard deviations, SD) of relative humidity and PM2.5 were 56.0
(17.1) %, and 90.4 (65.8) mg/m3, respectively. The time series of daily
stroke admissions, weather factors and air pollution in Beijing was
displayed in the Supplementary materials (Fig. S2). Seasonal pat-
terns were observed for hemorrhagic stroke admissions, tempera-
ture, relative humidity and PM2.5. There was a winter peak in
hospital admissions for hemorrhagic stroke, rather than ischemic
stroke.

An overall picture of the impacts of temperature on hospitali-
zations for ischemic and hemorrhagic stroke along 21-day lag was
presented in Fig. 1, showing a 3-D plot of the RRs based on daily
temperatures and lag days with the reference of 13 �C. A visual
inspection of the figure clearly suggested the instance of immediate
harmful effect and harvesting effect of high temperature on
ischemic stroke, and subsequently harmful effect. However, for
hemorrhagic stroke, an immediate protective effect of high tem-
perature was observed. The maximum harmful effect of low tem-
perature on ischemic stroke and hemorrhagic stroke were reached
approximately at lag 7e8 and the concurrent day, respectively, and
further declined over succeeding days.

The RRs of daily hospital admissions for ischemic and hemor-
rhagic stroke by temperature for specific lag structures (0, 7, 14, and
21 days) and by lag structures for specific temperatures (�9.6,�4.2,
25.7, and 28.4 �C), corresponding approximately to the first, 10th,
90th and 99th percentiles of temperature distribution (termed as;
moderate and extreme cold and hot) were shown in Fig. S3 and
Fig. S4. There was a significant delayed harmful effect of extreme
cold temperature on ischemic stroke at lag 7 day and immediate
harmful on hemorrhagic stroke at lag 0 day (P < 0.05). The impacts
of moderate cold, moderate hot and extreme hot temperatures on
both ischemic and hemorrhagic stroke were not statistically sig-
nificant (P > 0.05).

Table 2 provides the cumulative impacts of cold and hot tem-
peratures on hospital admissions for ischemic stroke and hemor-
rhagic stroke at different amounts of lag, compared with the
reference values respectively. For ischemic stroke, the effects of
extreme cold temperature heightened along with the lag days
increasing. At lags 0e14 days, the RR was 1.51 (95% CI: 1.08 to 2.10)
for extreme cold temperatures compared to the 25th percentile of
temperature (1.2 �C). For hemorrhagic stroke, the statistically sig-
nificant adverse effects of cold temperatures were only found with
extreme cold (RR: 1.28, 95% CI: 1.03 to 1.59) andmoderate cold (RR:
1.08, 95% CI: 1.01 to 1.16) temperatures at lag 0e3 days compared to
the 25th percentile of temperature (1.2 �C), which were more im-
mediate. Table 2 also shows that hot temperatures were positively
correlated with hospital admissions for ischemic stroke, whereas
negatively correlated with hemorrhagic stroke. However, the ef-
fects were statistically insignificant (P > 0.05).

Table 3 reports the stroke admission fraction attributable to
temperature with 95% CI by separating the components into con-
tributions from moderate and extreme temperatures. For ischemic
stroke, 1.57% (95% CI: 0.06%e2.88%) hospital admissions were
attributable to extreme cold temperature at lag 0e7 days compared
to the 25th percentile of temperature (1.2 �C). For hemorrhagic
stroke, the contributions from extreme and moderate cold tem-
peratures accounted for 1.90% (95% CI: 0.40%e3.41%) and 0.69%
(95% CI: 0.03%e1.37%) at lag 0e3 days compared to the 25th
percentile of temperature (1.2 �C), respectively.

Table 4 shows the RR of cold and hot temperatures for ischemic
stroke admissions stratified by gender and age over lag 0e7 days
and for hemorrhagic stroke over lag 0e3 days. For ischemic stroke,



Table 1
Descriptive statistics of daily stroke admissions, temperature, relative humidity and PM2.5 during 2013e2014 in Beijing, China.

Variables No. of Days Mean SD Min P1 P10 P25 P50 P75 P90 P99 Max

Stroke (count) 730 205.1 62.8 81.0 93.0 116.2 142.0 212.0 255.0 280.9 330.8 375.0
IS 730 181.7 57.8 59.0 79.3 101.0 122.0 188.0 227.0 252.0 294.0 344.0
HS 730 23.4 7.8 4.0 7.3 13.1 18.0 23.0 28.0 34.0 43.0 48.0
Men 730 125.7 40.1 42.0 54.0 70.0 87.0 128.5 157.0 174.0 206.0 225.0
Women 730 79.4 24.5 28.0 33.0 46.0 56.0 82.0 98.0 109.0 130.7 150.0
>65 years 730 119.2 37.9 41.0 49.6 66.0 80.0 126.0 149.0 164.9 195.4 215.0
�65 years 730 85.8 26.7 27.0 37.0 50.0 62.8 85.0 106.0 121.0 144.0 179.0

T (�C) 730 11.6 11.4 �12.9 �9.7 �4.2 1.2 13.3 22.1 25.7 28.4 30.1
RH (%) 730 56.0 17.1 17.4 20.0 33.0 42.9 56.0 69.8 79.0 88.6 93.5
PM2.5 (mg/m3) 689 90.4 65.8 6.7 8.8 24.0 44.3 76.1 116.6 171.9 326.7 482.8

IS, ischemic stroke; HS, hemorrhagic stroke; T, temperature; RH, relative humidity; PM2.5, particulate matter that is 2.5 mm or less in diameter; SD, standard deviation; Min,
minimum value; P1-P99, 1st-99th percentile; Max, maximum value.

Fig. 1. Three-dimensional plot of relative risk along temperatures and lag days, with reference at 13 �C.

Table 2
Relative risks and their 95% confidence intervals of moderate and extreme cold and hot temperatures on stroke admissions over multiple lag days.

Variable Lag Extreme cold a Moderate cold b Moderate hot c Extreme hot d

(-9.6 �C) (-4.2 �C) (25.7 �C) (28.4 �C)

IS 0e3 1.26 (1.04e1.52) 1.04 (0.97e1.11) 1.01 (0.94e1.10) 1.03 (0.91e1.16)
0e7 1.33 (1.05e1.68) 1.07 (0.99e1.16) 1.01 (0.92e1.10) 1.01 (0.88e1.17)
0e14 1.51 (1.08e2.10) 1.11 (1.00e1.24) 1.01 (0.91e1.13) 1.03 (0.86e1.23)
0e21 1.57 (1.00e2.46) 1.13 (0.97e1.32) 1.02 (0.90e1.16) 1.04 (0.85e1.27)

HS 0e3 1.28 (1.03e1.59) 1.08 (1.01e1.16) 0.95 (0.85e1.03) 0.91 (0.78e1.07)
0e7 1.24 (0.95e1.63) 1.07 (0.98e1.17) 0.89 (0.79e1.00) 0.83 (0.69e1.00)
0e14 1.36 (0.92e2.01) 1.09 (0.96e1.24) 0.92 (0.80e1.06) 0.88 (0.70e1.11)
0e21 1.56 (0.92e2.64) 1.14 (0.95e1.37) 0.94 (0.80e1.11) 0.91 (0.70e1.18)

IS, ischemic stroke; HS, hemorrhagic stroke.
a The first percentile of temperature (�9.6 �C) relative to the 25th percentile of temperature (1.2 �C).
b The 10th percentile of temperature (�4.2 �C) relative to the 25th percentile of temperature (1.2 �C).
c The 90th percentile of temperature (25.7 �C) relative to the 75th percentile of temperature (22.1 �C).
d The 99th percentile of temperature (28.4 �C) relative to the 75th percentile of temperature (22.1 �C).
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the adverse effects of cold temperatures seemed to be higher
among male gender and the younger population aged �65 years
compared with female gender and population aged >65 years. For
instance, compared to the 25th percentile of temperature (1.2 �C),
the RR of extreme cold temperature on ischemic stroke were 1.43
(95% CI: 1.12 to 1.82) for male population and 1.19 (95% CI: 0.92 to
1.53) for female population. The RR of extreme cold temperature on
ischemic stroke for above 65 years and 65 years and younger
subjects were 1.28 (95% CI: 0.99 to 1.64) and 1.41 (95% CI: 1.10 to
1.80), respectively. The effects of cold temperatures on hemorrhagic
stroke admissions and hot temperatures on both ischemic and
hemorrhagic stroke admissions were also higher among male
population and �65 years compared to female population and
those aged over 65 years. However, the estimates were not statis-
tically significant (P > 0.05).

Sensitivity analyses were performed to check the robustness of
the results. Statistically significant effects of extreme cold temper-
ature on the risk for SAH and ICH were observed (Table S2). Using



Table 3
Backward attributable fraction (%) of stroke admissions due to temperatures, reported as components from moderate and extreme cold and hot contributions with 95%
empirical confidence intervals.

Variable Lag Extreme cold a Moderate cold b Moderate hot c Extreme hot d

(-9.6 �C) (-4.2 �C) (25.7 �C) (28.4 �C)

IS 0e3 0.86 (�0.59e2.03) 0.16 (�0.44e0.69) 0.16 (�0.48 e �0.71) 0.34 (�0.98e1.68)
0e7 1.57 (0.06e2.88) 0.44 (�0.24e1.03) 0.04 (�0.59e0.69) 0.11 (�1.70e1.67)
0e14 2.15 (�0.08e4.10) 0.67 (�0.16e1.51) 0.08 (�0.74e0.91) 0.26 (�1.75e2.25)
0e21 2.39 (�0.13e4.96) 0.86 (�0.46e2.10) 0.14 (�0.81e0.96) 0.39 (�1.93e2.62)

HS 0e3 1.90 (0.40e3.41) 0.69 (0.03e1.37) �0.47 (�1.14e0.12) �1.02 (�2.62e0.41)
0e7 1.68 (�0.21e3.37) 0.62 (�0.18e1.38) �0.79 (�1.54e0.02) �1.88 (�3.90e0.10)
0e14 1.93 (�0.80e4.47) 0.71 (�0.42e1.89) �0.57 (�1.49e0.29) �1.34 (�3.82e0.88)
0e21 2.82 (�0.99e6.27) 1.06 (�0.59e2.55) �0.36 (�1.50e0.65) �0.94 (�3.47e1.46)

IS, ischemic stroke; HS, hemorrhagic stroke.
a The first percentile of temperature (�9.6 �C) relative to the 25th percentile of temperature (1.2 �C).
b The 10th percentile of temperature (�4.2 �C) relative to the 25th percentile of temperature (1.2 �C).
c The 90th percentile of temperature (25.7 �C) relative to the 75th percentile of temperature (22.1 �C).
d The 99th percentile of temperature (28.4 �C) relative to the 75th percentile of temperature (22.1 �C).

Table 4
Relative risks and their 95% confidence intervals of moderate and extreme cold and hot temperatures on stroke admissions by gender and age.

Variable Extreme cold a Moderate cold b Moderate hot c Extreme hot d

(-9.6 �C) (-4.2 �C) (25.7 �C) (28.4 �C)

IS* Male 1.43 (1.12e1.82) 1.10 (1.01e1.19) 1.02 (0.93e1.12) 1.04 (0.89e1.21)
Female 1.19 (0.92e1.53) 1.04 (0.96e1.13) 0.98 (0.89e1.08) 0.97 (0.83e1.13)
>65 years 1.28 (0.99e1.64) 1.06 (0.98e1.15) 1.02 (0.92e1.12) 1.03 (0.88e1.20)
�65 years 1.41 (1.10e1.80) 1.10 (1.02e1.19) 0.99 (0.90e1.09) 0.99 (0.85e1.15)

HS# Male 1.27 (0.97e1.66) 1.08 (0.99e1.17) 0.97 (0.86e1.09) 0.95 (0.79e1.15)
Female 1.29 (0.95e1.75) 1.09 (0.98e1.21) 0.91 (0.77e1.03) 0.84 (0.67e1.06)
>65 years 1.28 (0.94e1.74) 1.07 (0.97e1.19) 0.97 (0.84e1.11) 0.96 (0.77e1.20)
�65 years 1.29 (0.99e1.67) 1.09 (1.00e1.18) 0.93 (0.80e1.02) 0.86 (0.71e1.04)

IS, ischemic stroke; HS, hemorrhagic stroke; *, at lag0e7 days; #, at lag0e3 days.
a The first percentile of temperature (�9.6 �C) relative to the 25th percentile of temperature (1.2 �C).
b The 10th percentile of temperature (�4.2 �C) relative to the 25th percentile of temperature (1.2 �C).
c The 90th percentile of temperature (25.7 �C) relative to the 75th percentile of temperature (22.1 �C).
d The 99th percentile of temperature (28.4 �C) relative to the 75th percentile of temperature (22.1 �C).
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the 25th percentile of temperature (1.2 �C) as reference, the overall
cumulative RRs over lag 0e14 days of extreme cold temperature
were 3.14 (1.25e7.85) and 2.05 (1.28e3.29) for the two subtypes of
stroke, respectively. The value of Akaike Information Criterion (AIC)
with different df of smooth function of calendar time for ischemic
stroke (IS) and hemorrhagic stroke (HS) was showed in Fig. S5. The
seven df per year was acceptable and adequate for controlling
seasonal trends.

4. Discussion

We explored the associations of ambient temperature and
stroke admissions in Beijing, China, during years 2013 and 2014,
using the novel framework within DLNMs. Our study found that
cold temperature had a mild impact on the increased risk of both
ischemic and hemorrhagic stroke admissions to hospitals in Beijing,
the capital of China.

Several large studies have shown that extremes of temperature
were strongly connected with higher all-cause and stroke death
rates across different counties and cities with different climatic
conditions (Gasparrini et al., 2015b; Phung et al., 2016; Wang et al.,
2016; Yang et al., 2016). Our study found that cold temperature,
rather than hot temperature, had a significant and positive corre-
lation with stroke admissions in Beijing, which is consistent with
previously reported studies conducted in Guangzhou (Guo et al.,
2016), Jinan (Wang et al., 2013), Hong Kong (Goggins et al., 2012),
Mozambique (Gomes et al., 2015) and United States
(Cowperthwaite and Burnett, 2011).
In China, previous studies mostly focused on the association of
daily temperature with stroke mortality. Chen et al. (2013b). found
that both hot and cold daily temperature increased stroke death
rates in 8 large cities from 1996 to 2008. While Yang et al. (2016).
found that the pooled AF was 14.5 (95% CI: 11.5%e17.0%) for cold
temperature to stroke mortality from 16 large cities between 2007
and 2013. There were few studies that explored the impact(s) of
cold temperature on stroke incidence in China than other these. In
Jinan city, cold temperature was reported may increase approxi-
mately 43% (RR: 1.43, 95% CI: 1.10e1.85) the risk of ischemic stroke
occurrence (Wang et al., 2013). Similarly, in Guangzhou, the AFs of
ischemic stroke and hemorrhagic stroke admissions for cold tem-
perature were 9.06% (95% CI: 1.84%e15.00%) and 15.09% (95% CI:
5.86%e21.96%) respectively (Guo et al., 2016). Our results show that
the AFs of cold temperature for ischemic stroke and hemorrhagic
stroke admissions in Beijing were lower than Guangzhou, which
may imply that different region and climatic conditions have
different impacts on stroke admissions.

The AFs of stroke admission burden to hot and cold temperature
were different. According to a previously reported study which
encompassed multiple cities from China, 13.9% (95% CI: 6.9%e
20.4%) of stoke mortality burden was attributed to cold tempera-
tures, but only 2.0% (95% CI: 1.2%e2.9%) was due to hot tempera-
tures in Beijing (Yang et al., 2016). In this current analyses, we
evaluated for significant outcomes between extreme cold temper-
ature with ischemic and hemorrhagic stroke admissions, rather
than hot temperature. There are several potential explanations.
Lower ambient temperature may induce oxygen demand and
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vasoconstriction and decrease blood flow to the brain (Croughwell
et al., 1992), which will consequently result in a rise in both sys-
temic vascular resistance and blood pressure (Charkoudian, 2010)
potentially resulting in ischemic and/or hemorrhagic stroke.
Exposure to cold ambient temperature results in an increased blood
platelet count, blood viscosity, heart rate, and C-reactive protein
due to stress reaction, consequently increasing the incidence of
stroke admissions (Wolf et al., 2009). Additionally, there have been
several studies reporting that extremes of ambient temperature
may increase the risk of all-cause (Gasparrini et al., 2015a), car-
diovascular (Yang et al., 2015) and stroke mortality (Chen et al.,
2013b). However, hot effect on stroke admissions was not
observed in the study. Notably, the highest mean of a 24-h daily
temperature recorded 31.1 �C in Beijing which might not have
reached the threshold of an ill-related temperature. Besides, the
association may be influenced by the other climatic conditions, air
pollution, population sizes, and housing types.

Contrary to the previous studies (Fang et al., 2012; Guo et al.,
2016; Wolf et al., 2009; Yang et al., 2016), we found that younger
patients were more susceptible to cold temperature for ischemic
stroke admissions. One possible explanation is that younger people
are more likely to go outdoors, which increases their exposure to
cold temperature. The modified effect by gender was controversial.
We found that the impact of cold temperature was greater for men.
Similar results were observed in previously reported studies (Bell
et al., 2008; Yang et al., 2012). The temperature-related suscepti-
bility by gender may contribute to differences in work nature and
physiological tolerance (Yang et al., 2016).

Our results show that the lag structures of cold temperature
were different for ischemic and hemorrhagic stroke admissions.
The impacts of cold temperatures were set to one week. For the
ischemic stroke admission, the maximum of lag days was at the
seventh day and 1.57% (95% CI: 0.06%e2.88%) risks attributed to
extreme cold temperature over lag 0e7 days. For the hemorrhagic
stroke admission, the maximum of lag days was at the same day
and 1.90% (95% CI: 0.40%e3.41%) risks attributed to extreme cold
temperature over lag 0e3 days. The determination of the optimal
lag structures of cold temperature effect can help people make an
early response to deal with cold temperature, such as wearingmore
warm-clothing and decreasing outdoor activities. However, the
reasons for shorter lag days of the cold effect remain unknown.
Previous studies have demonstrated that the overall cumulative
cold effect may continue over lag 0e4 days (Goggins et al., 2012),
lag 0e21 days (Yang et al., 2016), lag 0e28 days (Chen et al., 2013a).
It is substantially important to know that the shorter lags may fail
to capture the potential harvesting effects of hot temperature (Yang
et al., 2012) and the longer lags may overrate the cold effect due to
the multi-collinearity and seasonal residuals (Kinney et al., 2015).

Our study has several strengths. We assessed the temperature
attributable risk to both ischemic and hemorrhagic stroke admis-
sions in a large population using a novel frame-distributed lag
linear and non-linear models for assessed parameters in the capital
of China. To the best of our knowledge, this is the first and premier
study conducted in Beijing, focusing on both ischemic and hem-
orrhagic stroke admissions. Additionally, we utilized a relatively
large sample size: 147,624 stroke admitted subjects only from 2013
to 2014. We also controlled the potential confounding factors,
particularly air pollution in Beijing, which have been implicated to
have a greater impact on stroke admissions (Yang et al., 2016).

Several limitations should be addressed in this study as well.
Firstly, similar to previous other time-series studies, in our study,
the ambient temperature obtained by outdoormonitoring sites was
also used to represent individual exposure, which induced expo-
sure measurement errors and lead exposure misclassification bias
and resulted in a bias towards to the null. Secondly, our findings
extended to other cities should be caution, especially with different
populations, geographic characteristics, climate conditions and air
pollutant. Because our results were derived from this single-city
study-Beijing, which not was generalized to the whole China.
Third, the classification of hemorrhagic and ischemic stroke was
according to ICD-10th, which could be not completely correct and
coding errors may occur, which may cause misclassification and
information biases, especially patients had several subtypes of
stroke. Fourth, we could not identify the re-admissions for patients
with the same stroke from the available data.

5. Conclusions

Our study substantially suggests that cold ambient temperature
is positively correlated with both ischemic and hemorrhagic stroke
admissions in Beijing, China. It also has a potentially strong public
health and clinical significance to advise and curb hospital stroke
admissions during extreme temperature conditions which is
evidently proven by this large population-based study.
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