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H I G H L I G H T S

• The effect of DTR on daily mortality was estimated in a high plateau city with a large DTR in China.
• A time-series analysis with 7 years of daily mortality data was used to assess the effect of DTR.
• The effect of DTR on mortality was non-linear, with J- or U-shaped curves.
• Relative risk assessments showed strong monotonic increases starting at DTR 16 °C.
• Males and people b75 years old were more susceptible to extreme high DTR than females and older people.
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Background:Diurnal temperature range (DTR) is an importantmeteorological indicator that reflectsweather sta-
bility and is associatedwith global climate change and urbanization. Previous studies have explored the effect of
DTR on human health in coastal cities with small daily temperature variations, but we have little evidence for
high plateau regions where large DTRs usually occur. Using daily mortality data (2007–2013), we conducted a
time-series analysis to assess the effect of DTR on daily mortality in Yuxi, a high plateau city in southwest China.
Methods: Poisson regression with distributed lag non-linear model was used to estimate DTR effects on daily
mortality, controlling for dailymean temperature, relative humidity, sunshine duration, wind speed, atmospher-
ic pressure, day of the week, and seasonal and long-term trends.
Results: The cumulative effects of DTR were J-shaped curves for non-accidental, cardiorespiratory and cardiovas-
cular mortality, with a U-shaped curve for respiratory mortality. Risk assessments showed strong monotonic in-
creases in mortality starting at a DTR of approximately 16 °C. The relative risk of non-accidental morality with
extreme high DTR at lag 0 and 0–21 days was 1.03 (95% confidence interval: 0.95–1.11) and 1.33 (0.94–1.89),
respectively. The risk of mortality with extreme high DTR was greater for males and age b75 years than females
and age ≥75 years.
Conclusions: The effect of DTR onmortality was non-linear, with high DTR associatedwith increasedmortality. A
DTR of 16 °Cmay be a cut-off point formortality prognosis and has implications for developing intervention strat-
egies to address high DTR exposure.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Climate change and temperature variation are associated with in-
creased frequency, intensity and duration of adverse weather events
(e.g., heat waves, cold spells, El Niños and storms) and have drawn
the attention of researchers, especially concerning the adverse impacts
on human health (Curriero et al., 2002; Iniguez et al., 2010; Yang
et al., 2013). The association of daily ambient temperatures and
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mortality has been extensively demonstrated in various geographic re-
gions, populations and climatic zones worldwide (Basu and Samet,
2002; Curriero et al., 2002; Iniguez et al., 2010; Medina-Ramon et al.,
2006; Yu et al., 2011). Typically, the effects of daily ambient tempera-
tures on mortality have been shown to be non-linear, following V-, U-,
W-, J-, or inverse J-shaped curves that usually indicate increases inmor-
tality at temperatures below the cold threshold or above the hot thresh-
old (Curriero et al., 2002; Iniguez et al., 2010; Medina-Ramon and
Schwartz, 2007; Wu et al., 2013; Yu et al., 2011).

Previous studies usually adopted daily mean, minimum, maximum
or apparent temperature as ambient temperature indicators to explore
the effects of temperature on mortality (Basu and Samet, 2002; Saez
et al., 1995; Wu et al., 2013). In recent years, diurnal temperature
range (DTR) has been suggested as a predictor of mortality and found
an independent risk factor for human health by an increasing number
of epidemiological studies (Kan et al., 2007; Song et al., 2008; Yang
et al., 2013). Calculated as the daily maximum temperature minus the
daily minimum temperature within 1 day, DTR is an important meteo-
rological indicator associated with global climate change and urbaniza-
tion that reflects the stability of weather (Cheng et al., 2014; Xu et al.,
2014; Zhou et al., 2014).

Most previous studies have shown that mortality risk depends on
exposure to the current day's DTR and on the exposure experienced
during several previous days (“lag” or delayed effects) (Braga et al.,
2001; Guo et al., 2011; Vutcovici et al., 2014). Among time-series stud-
ies, the generalized additivemodel has been commonly used to quantify
the effect of DTR onmortality and calculate the lag effects, because daily
mortality counts typically follow the Poisson distribution and the effect
of DTR on health is potentially nonlinear (Song et al., 2008). Recently, a
new methodological framework, the distributed lag non-linear model
(DLNM), has been used for simultaneously representing the non-
linear and distributed lag effects between a predictor and an outcome
in time series data (Gasparrini, 2014; Gasparrini et al., 2010). Developed
on the basis of a “cross-basis” function, DLNM is a flexible model in un-
derstanding and investigating the relationship between DTR and mor-
tality (Gasparrini et al., 2010; Goldberg et al., 2011).

The effect of DTR onmortality has been explored in China (Kan et al.,
2007; Song et al., 2008; Zhou et al., 2014), Korea (Lim et al., 2013; Lim
et al., 2012), Finland (Holopainen et al., 2013) and Canada (Vutcovici
et al., 2014). However, most of the cities under study were high-
income and located in low-altitude regions or coastal areas with low
DTR. The impact of DTR on daily mortality in a high plateau area, with
low atmospheric pressure, thin air and largeDTR, has not been reported.
In this study, we aimed to estimate the effect of DTR on mortality in
Yuxi, a high-altitude city with a large DTR, in Yunnan Province, south-
west of China.

2. Materials and methods

2.1. Study area and population

Yuxi city is on the western edge of the Yunnan–Guizhou Plateau,
with complex geographic features including plateaus, mountains, val-
leys and basins. The area has a distinct subtropical plateaumonsoon cli-
mate, with four spring-like seasons year round, giving the city a stable
daily mean temperature but large temperature difference between
day and night, morning or evening and daytime, indoor and outdoor,
and sunny and shade locations. The area is 15,285 km2 with a popula-
tion of 2.30 million (1.18 million males) in 2010, as reported in the
sixth national population census.

2.2. Mortality and meteorological data

Individual mortality data were collected from the Center for Disease
Control and Prevention in the Hongta District and Tonghai County of
Yuxi, which were included in the National Disease Surveillance Points.

In 2010, these two districts contained 0.80 million residents,
representing 34.55% of the population of Yuxi. Most of the people who
live in these two districts are permanent residents, with low mobility.

A total of 28,201 registered deaths (15,581 males) occurred from
January 1, 2007 to December 31, 2013, and included information on
age, sex, date of birth, date of death, underlying cause of death, per-
manent address, educational attainment and occupation. The under-
lying causes of death in these two districts are usually assigned by
medical personnel, and examination procedures are routinely per-
formed to ensure accurate data. The daily mortality categories were
classified according to the Tenth Revision of the International Classi-
fication of Diseases (ICD-10). Non-accidental mortality (ICD-10:
A00-R99), cardiorespiratory mortality (ICD-10: I00–I99 and J00–
J99), cardiovascular mortality (ICD-10: I00–I99) and respiratory
mortality (ICD-10: J00–J99) were examined separately. Daily fre-
quency of non-accidental deaths was summarized by gender and
age (b75 and ≥75 years old).

Daily meteorological data including daily minimum temperature,
maximum temperature, mean temperature, mean wind speed, sun-
shine duration, atmospheric pressure and mean relative humidity
were obtained from the China Meteorological Data Sharing System
for the same period. DTR was calculated as the difference between
maximal and minimal temperatures within 1 day (Xu et al., 2014).
During the study period, there were no missing values in the daily
meteorological data except for daily sunshine duration (0.08% miss-
ing). All missing values were replaced by the median for the corre-
sponding variables.

2.3. Statistical analysis

A quasi-Poisson generalized linear regression model combined with
DLNM was used to estimate the effect of DTR on daily mortality, while
controlling for daily mean temperature, relative humidity, sunshine du-
ration,wind speed, atmospheric pressure, day of theweek and the long-
term trends of daily mortality, as suggested by previous studies
(Gasparrini et al., 2010; Yang et al., 2012). The statistical model used
in the analysis was as follows:

E Ytð Þ ¼ Expf α þ β DTRt; l þ λ Tempt; l þ NS Timet ;7� 7ð Þ þ NS RHt ;3ð Þ
þNS Sunshinet ;3ð Þ þ NS WSt ;3ð Þ þ NS APt ;3ð Þ þ γ DOWt g

where t is the day of the observation (t = 1,2,3…2557), Yt is the ob-
served daily death counts and E(Yt) is the expected number of deaths
on day t. Exp{ } is the natural exponential function; α is the intercept;
DTRt, l is amatrix obtained by theDLNM tomodel non-linear and distrib-
uted lag effects of DTR over a lag of 0 (the current day) to l days, and β is
the vector of coefficients forDTRt, l; Tempt, l is amatrix obtained by apply-
ing the DLNM to mean temperature with the vector of coefficients of λ;
andNS() is the natural cubic spline. A nature cubic spline for timewith 7
degrees of freedom (df) per year was used to describe the long-term
trends and seasonality (Gasparrini et al., 2010). We also used natural
cubic splines with 3 df at equally spaced quantiles for relative humidity
(RH), sunshine duration (Sunshine), wind speed (WS) and atmospheric
pressure (AP) as per previous studies (Gasparrini et al., 2010; Guo et al.,
2011; Yang et al., 2013). Themoving average of lag 0–2 days for relative
humidity, sunshineduration,wind speed and atmospheric pressurewas
used.DOWt is the day of theweek effect (a categorical variable) on day t,
and γ is the vector of coefficients.

We used a “natural cubic spline-natural cubic spline” DLNM, exam-
ining both the non-linear and lag effects of DTR onmortality with natu-
ral cubic splines. We placed spline knots at equally spaced values in the
range of DTR, with the knots in the lag space placed equally on a loga-
rithmic scale to mirror greater expected smoothness with increasing
lag. Themedian value of DTR (10.2 °C)was used as the reference for cal-
culating the relative risks (RRs) and 95% confidence intervals (CIs)
across the study period (Guo et al., 2011; Yang et al., 2012). The RRs
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