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ABSTRACT

Objectives: To explore the association between
weather conditions and hospital admissions for
pneumonia in Shanghai.

Design: A time-series analysis was performed for a
period of 4 years (January 2008-December 2011).

A generalised additive model was used to calculate the
relative risks.

Setting: Shanghai, China.

Participants: All daily hospital admissions for
pneumonia were obtained from the Shanghai health
insurance system between 1 January 2008 and

31 December 2011 (n=99 403).

Results: The relationship between the mean
temperature and pneumonia hospital admissions
followed a V-shaped curve, with an optimum
temperature (OT) at 13°C. When the mean temperature
was below the OT, a 1°C decrease corresponded to a
4.88% (95% Cl 2.71% to 7.09%) and 5.34% (95% Cl
2.04% 1o 8.74%) increase in pneumonia hospital
admissions in lag 4 using a single-day lag structure
and lag 0-7 using a multiday lag structure. When the
mean temperature >Q0T, no adverse effects from the
temperature on pneumonia hospital admissions were
found. The magnitude of the effects of temperature
varied across gender and age groups. Hospitalisations
for pneumonia increased by 15.99% (95% Cl 0.06% to
34.46%) in the cold period.

Conclusions: Cold temperature may be one of the
important risk factors for pneumonia hospitalisations.
Prevention programmes are needed to reduce the
impact of cold temperature on pneumonia
hospitalisations such as developing a weather warning
system within a wide public health context.

BACKGROUND

Despite the availability of safe and effective
antibiotics and vaccines for treatment and
prevention, pneumonia is still a leading
cause of death worldwide.! 2 Pneumonia, in
general lower respiratory tract infections,
accounts for 6.6% of all deaths globally.® In

Strengths and limitations of this study

= Generalised additive models and two different
lag structures were developed to explore the pos-
sible interaction between meteorological factors
and hospital admissions for pneumonia.

= We used the available outdoor monitoring data
of ambient meteorological factors derived from a
monitoring station rather than measures of per-
sonal exposure. This is expected to result in
exposure misclassification.

adults, the incidences varied between 1.6
and 11/1000 adults in different countries,
with hospitalisation proportions ranging
from 40% to 60%.* China is estimated to
have 2.5 million pneumonia cases annually,
of which 5% die from pneumonia-related
diseases.” ©

Climate change is potentially the largest
global threat to human health.” In recent
years, the association between meteorological
factors and respiratory diseases has been
observed extensively. Temperature has been
reported to lead not only to direct deaths
and illnesses and also to the aggravation of
respiratory diseases.® ¢ Several studies have
emphasised the relationships between tem-
perature and daily respiratory deaths.'® '
Generally, the curves between temperature
and daily respiratory deaths were V-shaped
or J-shaped." ' In addition, time-series
studies on respiratory mortality have sug-
gested that temperature has lag effects up to
3weeks after exposure.'* As one of the
major respiratory diseases, pneumonia has
been reported to be influenced by meteoro-
logical factors."" '"'7 However, the relation-
ships varied across areas with different
weather patterns and latitudes. In Japan, for
example, the case numbers of Mycoplasma
pnewmoniae  pneumonia  increased  with
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increased average temperature and relative humidity.'®
Contrarily, neither hot nor cold temperatures had much
effect on pneumonia deaths in hot cities in the USA."!

Although pneumonia is recognised to result in sub-
stantial morbidity and mortality in some developed
countries, the potential patterns of associations in other
countries remain unclear, whereas the populations of
source limited countries may be more sensitive to
changes in weather conditions because of their poorer
public health infrastructure and vulnerability of the
populations. We therefore performed a time-series ana-
lysis to estimate the acute effects and time pattern of
meteorological factors on hospital admissions for pneu-
monia. A better understanding of the possible inter-
action will provide relevant information for developing
public health plans and risk assessments in an ambient
environment.

MATERIALS AND METHODS

Data collection

Shanghai is the most populous city in China, located at the
eastern tip of the Yangtze River Delta, at latitude 31°14'N
and longitude 121°29'E. The city comprises 19 urban/sub-
urban districts and counties, with a total area of 6341 km?2,
and had a population of over 23 million people by the end
of 2010, of which 14 million are registered residents. The
city features a moderate subtropical climate, with four dis-
tinct seasons and abundant rainfall.

For this analysis, the target population included all
registered population living in Shanghai with urban resi-
dents’ basic medical insurance (hereafter population 1)
and urban workers’ basic medical insurance (hereafter
population 2). Population 1 included children, students
and non-employed adults and excluded those with new
rural cooperative medical insurance. Population 2
included employees, retirees and other insuranced parti-
cipants. Daily hospital admissions for pneumonia
incurred by the two populations of Shanghai from
1 January 2008 to 31 December 2011 were collected
from the Shanghai Municipal Medical Insurance System.
All forms of pneumonia coded J12-J18 according to the
International Classification of Diseases, the tenth version
(ICD-10) were included for the analysis. Daily meteoro-
logical data (including mean temperature, relative
humidity, precipitation and wind speed) were obtained
from the Shanghai Center for Urban Environmental
Meteorology. The weather data were measured at a fixed
meteorological station located in the Xuhui District of
Shanghai. Owing to the probable confounding effects
that air pollution and suspended particles may have on
temperature and pneumonia, air pollution data (sulfur
dioxide (SOg), nitrogen dioxide (NOs) and particulate
matter with particle size below 10 u (PM10)) were also
obtained from the Shanghai Center for Urban
Environmental Meteorology.

Patient records/information was de-identified prior to
analysis; daily aggregated counts for hospitalisations were

calculated and used to implement the final analysis. The
authors did not have access to individual patient infor-
mation prior to data anonymisation and aggregation,
and therefore there was no individual interaction with
patients in this study.

Statistical methods

The hospital admissions for pneumonia and meteoro-
logical factors were linked by the date and therefore can
be analysed with a time-series model.'” As the number
of daily hospital admissions is a type of low-probability
event and follows a Poisson distribution,”” a Poisson gen-
eralised additive model (GAM) approach was used to
explore the association between meteorological factors
and hospital admissions for pneumonia.

In order to examine the effect of meteorological
factors on hospital admissions for pneumonia, we con-
trolled the potential confounders such as long-term
trend, the day of the week (DOW) and air pollutants.
We first fitted non-parametric smoothing terms for the
trend on days and a dummy variable for DOW.
Thereafter, four meteorological factors were introduced
into the model to explore the relationship between
meteorological factors and hospital admissions for pneu-
monia. The independent model is described below:

logE(Yt) =a+s(temperature, df) +s(relative humidity, df)
+s(precipitation, df) + s(windspeed, df)
+s(time,df) + DOW +Z,

where E(Yt) denotes the estimated daily hospital admis-
sions for pneumonia counted on day t; o is the inter-
cept; s() denotes a regression spline function for
non-linear Variables21; time is the number of calendar
days on day t; Z, indicates the pollutant concentrations
on day t; df is the degrees of freedom. The partial auto-
correlation function (PACF)** was used to select the
degrees of freedom of time trends until the absolute
values of the sum of PACF for lags up to 30 reached a
minimum. Sensitivity analyses were performed to check
whether the results were robust to the specification of
parameters in the model. We found that the effects were
stable when using 4 or 5 degrees of freedom per year
for time. In addition, we modified degrees of freedom
of the smoothing spline (4-5 df) for the meteorological
factors, and the estimates were not changed substantially.
These sensitivity analyses resulted in the selection of 4 df
per year to control for time trend and 4 df for meteoro-
logical factors. For meteorological factors, the selection
of degrees of freedom was based on minimising Akaike’s
information criterion (AIC).**

Additionally, we fitted linear terms for the mean tem-
perature in the GAM to explore the log risk of daily hos-
pital admissions for pneumonia associated with a unit
increase of mean temperature. On examination of the
lag effects of meteorological factors on hospital admis-
sions for pneumonia, we developed two different lag

2 Liu Y, Kan H, Xu J, et al. BMJ Open 2014;4:¢004961. doi:10.1136/bmjopen-2014-004961

'salfojouyoal Jejiwis pue ‘Buiurel) |y ‘Buluiw erep pue 1xa1 01 palelal sasn Joj Buipnjoul ‘1ybluAdoos Agq paloslold
jooyoasaboysnwseiq
V.11-Z39 juswpedaq e G20z ‘0T dune uo /wod fwg uadolwa//:dny woly papeojumod 10z AINC T U0 T96700-7T0Z-U2dolwa/9eTT 0T Se paysiignd 1sii :uado CINg


http://bmjopen.bmj.com/

8 Open Access

structures: single-day lag and multiday average starting
from lag 0. For example, lag 0-1 stands for the 2-day
moving average of current and previous day values.
Relative risk (RR) refers to the ratio of the probability of
an event occurring, while excess risk (ER) is the change
in risk of a given activity. We used ER to evaluate the
association between daily hospital admissions for pneu-
monia and a unit change of mean temperature. The
value of ER is equal to the value of RR minus one.

We defined ‘cold period’ as a period of at least five
consecutive days with a daily mean temperature below
the 25th centile (9.2°C) and ‘hot spot’ for admissions as
the days with daily pneumonia hospital admissions
larger than the 75th centile (85).

Data preparation and analysis were carried out using
EXCEL 2010, whereas regression models were fitted
using the statistical software R V.3.0.1 by using the mgcv
package.

RESULTS

Data description

Table 1 summarises the basic statistics for our study.
During the study period, totalling 1461 days, 99 403 hos-
pital admissions for pneumonia were recorded in
Shanghai with a mean of 68 (range, 9-195) per day.
During the same time period, the mean daily tempera-
ture was 17.3°C (range, —3.4 to 35.7°C), reflecting the
subtropical climate in Shanghai. A correlation matrix
table for the meteorological and air pollution variables
was provided in the online supplementary table S2.

Daily hospital admissions and meteorological factors

Figure 1 shows the exposure-response (E-R) relationships
between daily hospital admissions for pneumonia and mean
temperature, relative humidity, precipitation and wind
speed, after adjusting for long-term trend, DOW and the air
pollutants in the GAM. The relationship between mean tem-
perature and pneumonia hospital admissions followed a
V-shape (p<0.001; figure 1A). The optimum temperature
(OT), corresponding to the lowest point in the E-R curve,
was about 13°C. Below the OT, as temperatures increased,
the risk of hospital admissions for pneumonia decreased

and then reversed the trend above the OT. In addition, rela-
tive humidity, precipitation and wind speed had no effects
on pneumonia hospital admissions.

Lag effects of temperature on daily hospital admissions

As there was a V-shaped relationship between mean tem-
perature and hospital admissions for pneumonia, we
stratified the data by temperature above (‘hot tempera-
ture’) or below (‘cold temperature’) the OT. Then linear
terms for the daily mean temperature were fitted in
GAMs (table 2). In single-day lag structures, associations
(p<0.01) between cold temperature and hospital admis-
sions for pneumonia were found at lag 2-5. The effect
from cold temperature appears to be larger than that
from hot temperature. The multiday metrics of mean
temperature exposure also showed a larger effect of cold
temperature than that of hot temperature. The effects by
cold temperature peaked at lag 0-6. At lag 0-6, a 1°C
decrease in the 7-day moving average of mean tempera-
ture corresponded to a 5.34% (95% CI 2.04% to 8.74%)
increase in hospital admissions for pneumonia. However,
no adverse effects of hot temperature were found either
in single-day or multiday lag structures.

Effects of cold temperature on different types of people
Since no adverse effects of hot temperature in hospital
admissions for pneumonia were found, we focused
further analysis on the association between cold tempera-
ture and hospital admissions for pneumonia. The associ-
ation between hot temperature and hospital admissions
for pneumonia was showed in online supplementary
table S3. Table 3 shows the different single-day lag effects
of cold temperature on different subpopulations. We
found the adverse effects of cold temperature in men
and women. The effects increased from lag 0, with peaks
in lag 3 for men and in lag 4 for women, and then
declined. In age-specific analysis, cold temperature was
positively associated with pneumonia hospital admissions
and had adverse effects in the categories over age 45. The
OT for people who were aged above 65 was 18°C, which
was larger than that for those younger than 65.

Table 1 Summary statistics of daily hospital admissions for pneumonia and meteorological factors in Shanghai, 2008—2011

Mean SD Minimum P25 P75 Maximum

PHA 68 27 9 50 85 195
Weather condition

Mean temperature (°C) 17.3 9.2 -3.4 9.3 25.1 35.7

Relative humidity (%) 69 13 23 61 79 95

Precipitation (mm) 30.9 94.5 0.0 0.0 12.0 1284.0

Wind speed (m/s) 2.9 1.0 0.8 2.2 3.5 7.3
Air pollution

SO, (ug/m®) 36 20 11 22 43 147

NO, (ug/m°) 54 21 12 39 65 142

PMo (ug/m?3) 79 53 12 45 100 599

PHA, pneumonia hospital admissions.
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Figure 1 Smoothing plots of meteorological factors against hospital admissions for pneumonia. (A) mean temperature at lag 4;
(B) relative humidity at lag O; (C) precipitation at lag 0; and (D) wind speed at lag 0. The solid lines indicate the estimated mean
percentage of change in pneumonia hospital admissions, the dotted lines represent 95% CI and log-risk represents log (RR).

Table 2 Per cent change in daily hospital admissions for pneumonia and 95% CI per 1°C change in mean temperature
using alternative lags

Cold temperature Hot temperature

Lag (days)t OT (°C) ER% (%) 95% ClI ER (%) 95% ClI

Single day 13
0 —2.05 —4.78 to 0.61 0.80 —0.90 to 2.51
1 0.43 —2.07 to 3.01 0.41 -1.26 to 2.11
2 3.06* 0.72 to 5.47 0.04 -1.6210 1.74
3 4.85** 2.65 to 7.09 0.37 —1.28 t0 2.04
4 4.88** 2.71 to 7.09 1.28 —0.36 to 2.96
5 2.85* 0.65 to 5.10 1.16 —0.48 to 2.83
6 1.39 —0.81 to 3.64 1.21 —0.41 to 2.86

Multiday 13
0-1 0.03 —2.62102.75 0.13 —1.66 to 1.96
0-2 1.57 —1.26 t0 4.48 —0.08 —1.96 to 1.83
0-3 3.67* 0.84 to 6.59 -0.38 —2.39to 1.67
0-4 4.88** 1.89 to 7.95 -0.42 —2.53t01.75
0-5 5.21* 2.14 t0 8.36 —-0.62 —2.93t0 1.75
0-6 5.34** 2.04 to 8.74 -0.94 —3.42 10 1.60
0-7 5.10** 1.53t0 8.79 -0.48 -3.22 10 2.33
0-8 4.48* 0.72 to 8.37 —-0.67 —3.47 to 2.21
0-9 4.01* 0.03to 8.15 0.15 —2.81to0 3.20
0-10 1.43 —0.26 to 3.16 1.02 —0.52 to 2.59

*p<0.05. **p<0.01.

tLag 0-6: single-day lag from O to 6; lag 0—1 to lag 0—10: multiday average of mean temperature (lag 0—1 means 2-day moving average of
current and previous day values).

1ER means excess risk, ER=relative risk (RR)—1.
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Figure 2 shows the single-day lag effects of cold tem-
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Figure 2 Per cent change in 8.00 7

daily hospital admissions for
pneumonia and 95% Cls per 1°C
decrease in cold temperature
using a single-day lag structure
by a different subpopulation.
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findings were slightly different from other studies on
morbidity. For example, Braga et al'' described that the
effect of cold temperatures persisted for days, whereas
the effect of high temperatures was restricted to the day
or the day before. Yu et al’' demonstrated that cold tem-
perature had a lag time of 21 days, while hot tempera-
ture appears to exhibit acute effects in the short term.
Given the established importance of seasonal variation

in mortality and morbidity excesses of respiratory dis-
32

eases, several research studies have reported
220
Figure 3 Daily mean
temperature and daily pneumonia admissions
hospital admissions. Cold period 180
means a period of at least five
consecutive days with a daily
mean temperature below the 25th
centile (9.2°C); ‘hot spot’ for 140
admissions means the day with
daily pneumonia hospital
admissions larger than the 75th 100 -
centile (85).
60
20
2008/1/1
-20

Daily mean temperature

T T T T T T
lag1 lag2 lag3 lag4 lags lagé

particularly on the relationship between extremely cold
climatic episodes and mortality and morbidity, noting
that the tendency for a winter mortality increased after
the occurrence of cold spells.33 However, there is
neither a uniform and agreed definition of a cold spell34
nor a precise definition of the period for which such
events should be studied. Our criterion for identifying a
cold period was to combine time and temperature
thresholds, which is similar to that of other studies.*® ¢
We found that there was a 15.99% increase in

Pneumonia hospital

= “Hot spot” for admissions

2009/1/1

2010/1/1 2011/1/1
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pneumonia hospital admissions in the cold period.
Further studies are needed to explore if the cold tem-
perature effects on pneumonia are due to the cold tem-
perature itself or a result of other factors.

The effects of cold temperature on different popula-
tions were observed. The effect of cold temperature on
population 2 was found to be larger and more persistent
than that on population 1. Adverse effects of pneumonia
hospitalisations on population 2 were larger (ER
increased by 0.67% and 1.06% in lag 3 and lag 4,
respectively) than those on population 1. Population 2
included employees and retirees while population 1 was
mostly made up of non-employed adults and students.
Employees have more work pressure and have fewer
opportunities to exercise, which might weaken their
immunity; the elderly people are usually more suscep-
tible to heatrelated or cold-related health risks.”” ** The
magnitude of the effects of temperature varied with
gender and age. The OT for >65 age groups was higher
than that for <65 age groups, indicating that the elderly
people had increased vulnerability to cold weather for
pneumonia. Cold temperature only showed its effect on
people older than 45. For residents in this age group,
the ability to regulate body temperatures is reduced, and
sweating thresholds are generally elevated in comparison
with younger people.™

Influenza epidemics, which generally occur in the
cold weather, have been accounted for as confounders
in some studies.*” Owing to the lack of reliable data, we
did not include the influenza epidemics as a control
factor. However, the smooth function of time should
have eliminated most of such residual secular effects
and there is no reason to expect an association of influ-
enza with temperature (after controlling for the time
trend). In addition, many other studies have not
included influenza as a confounder.® '*

Our study has several limitations. First, we used the
available outdoor monitoring data of ambient meteoro-
logical factors derived from a monitoring station rather
than measures of personal exposure. This was expected
to result in exposure misclassification. Second, our study
only contained hospitalisations for pneumonia, but
excluded less severe cases. Therefore, the effects of the
meteorological factors on hospital admissions of pneu-
monia that we observed may not be applicable to the
effects on the overall situation of pneumonia. Third, the
findings of this study should be treated cautiously when
generalised to other locations, particularly in places with
different climates. In addition, the influence of ozone
was not controlled for, because the data of ozone were
not available.

CONCLUSION

We observed associations between meteorological factors
and daily pneumonia hospital admissions in Shanghai.
Cold temperature presented larger and more persistent
effects and the magnitude of these effects of

temperature varied with gender and age. Cold period
had adverse effects on pneumonia hospital admissions.
Prevention programmes may be needed to reduce the
impact of cold temperature such as developing a
weather warning system within a wide public health
context.
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