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Abstract

Background: Numerous studies have found associations between ambient fine particulate matter (PM,s) and increased
mortality risk. However, little evidence is available on associations between PM, s and years of life lost (YLL). We aimed to
estimate the YLL due to chronic obstructive pulmonary disease (COPD) mortality related to ambient PM, 5 exposure.

Methods: A time-series study was conducted based on the data on air pollutants, meteorological conditions and 18,472
registered COPD deaths in Ningbo, China, 2011-2015. The effects of PM, 5 on YLL and daily death of COPD were

estimated, after controlling long term trend, meteorological index and other confounders.

Results: The impact of PM5 5 on YLL due to COPD lasted for 5 days (lag 0-4). Per 10 ug/m? increase in PMs5 was
associated with 0.91 (95%Cl: 0.16, 1.66) years increase in YLL. The excess YLL of COPD mortality were 8206 years,

Exposure—response curve

and 0.38 day per person in Ningbo from 2011 to 2015. The exposure-response curve of PM,s and YLL due to
COPD showed a non-linear pattern, with relatively steep at low levels and flattened out at higher exposures..
Furthermore, the effects were significantly higher in the elderly than those in the younger.

Conclusions: Our findings explored burden of PM, s on YLL due to COPD and highlight the importance and
urgency of ambient PM, s pollution control and protection of the vulnerable populations.
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Background

Ambient fine particulate matter (PM,5) is one of the
most important environmental issues worldwide, and
the adverse impact of PM, 5 has become a great concern.
Many epidemiological studies have provided evidences
of associations between PM, 5 exposure and excess mor-
tality [1-3]. The majority of these studies had estimated
excess mortality using daily death counts as the
dependent variable. However, using this indicator might
ignore the differences in ages of deaths [4]. From a pub-
lic health perspective, deaths occurring at different ages
are not equally important.

* Correspondence: hetf@nbcdc.org.cn

"Equal contributors

°Ningbo Municipal Center for Disease Control and Prevention, Haishu
District, 237 Yongfeng Road, Ningbo 315010, China

Full list of author information is available at the end of the article

( BiolVled Central

Years of life lost (YLL) is a measure of disease burden
that considers the life expectancy at death and, there-
fore, assigns higher weights to deaths that occur at
younger ages [5]. Besides, it is more accurate than mor-
tality to measure premature death and excess mortality
[6]. In this sense, exploring the relationships between
PM, 5 and YLL may provide additional information for
policy making and health resource allocation, and has
important public health significance.

Chronic obstructive pulmonary disease (COPD), char-
acterized by irreversible airflow obstruction, is a com-
mon chronic respiratory disease [7]. Due to the slow
progression and chronic nature of the disease, COPD
represents a massive and growing disease burden and is
an important cause of morbidity and mortality [8]. The
Global Burden of Disease study showed that COPD was
the third leading cause of deaths in the world and
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ranked the ninth of global YLL in 2010 [9]. There is
compelling evidence that short-term exposure to par-
ticulate matter is a risk factor for the development and
exacerbation of COPD [10-13]. However, the availability
of studies on the associations between ambient PM, 5
and YLL of COPD is rare up to now, and the modifica-
tions of socioeconomic factors such as age, gender and
marital status are unclear.

With the rapid development in industrialization and
urbanization, ambient PM, 5 pollution has aggravated in
China in recent years. Ningbo, located in the Yangtze
River Delta in the southern China, is the world’s fourth-
largest port city. The population in Ningbo was esti-
mated to be 7.83 million in 2015, distributed in an area
of approximately 9816 km?. The high level of economic
development in the city also caused the ambient PM, 5
pollution to be a subject of highly concern.

In this study, we conducted a time-series study to
explore the disease burden of COPD from short term
ambient PM, 5 exposure in Ningbo, China, 2011-2015,
using the indicator of YLL..

Methods

Data on mortality and YLL

Daily mortality data on deaths of COPD between January
1st 2011 and December 31th 2015 were obtained from
Ningbo Municipal Center for Disease Control and Preven-
tion, and the data was restricted to registered residents
only. COPD deaths were identified according to the Inter-
national Classification of Diseases 10th version (ICD-10:
J40-44). The dataset comprised date of death, gender, age
and marital status. Daily death count was defined as the
number of deaths occurring on a single day.

We calculated YLL by matching the patient’s age to
the life table for each death. The sex- and age-group
specific life expectancy of Chinese population was ob-
tained from the World Health Organization (WHO),
and life expectancies for 2011-2015 were averaged
(Additional file 1: Table S1). Daily YLL were calculated
by summing the YLL for all deaths on the same day.
Both daily YLL and deaths counts were stratified by age
(<75 and >75 years), gender (male and female) and mari-
tal status (the married and the widowed).

Exposure assessment

Concentrations of PM,5, inhalable particulate matter
(PMyy), sulfur dioxide (SO,) and nitrogen dioxide (NO)
were monitored continuously at 11 monitoring sites
which cover urban and suburban areas of Ningbo. The
concentrations of the air pollutants were measured ac-
cording to the Chinese National Ambient Air Quality
Standard [14]. The Environment Monitoring Center of
Ningbo collects the pollutants concentrations from all
the monitoring sites of the city and records the hourly
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concentrations, from which the daily average levels for
all the individual monitoring sites and the whole city
levels were derived. Number of missing is less than 1%,
and the missing values were substituted with the mean
daily value. Daily meteorological data, including
temperature and relative humidity, were obtained from
the Ningbo Meteorological Bureau.

Statistical analysis
We used generalized additive model (GAM) to explore
the impacts of particulate matter on YLL. Because the
dependent variable of daily YLL follows a normally dis-
tributed (Additional file 1: Figure S1), the family func-
tion for GAM was Gaussian.

The model is as follows:

YLLt=a+ Y ¢ Bi(Xi)+ Zleﬁ(Cj, df) + Wt(week)

In the model, YLL, is the observed daily YLL at day £ «a
is the intercept; f3 is the coefficients of YLL associated with
per 1 pg/m?® increase in particulate matter; Xi is the daily
mean concentrations of particulate matter; Cj is the con-
founding factors including time, daily temperature, daily
relative humidity; f; is the smooth functions (natural cubic
spline); Wj(week) is the dummy variables for day of week
on day ¢. We applied the penalized spline function of time
and 7 degrees of freedom per year was used to control for
secular trend and seasonality. Degrees of freedom for
temperature and relative humidity were set to 3 according
to the previous studies [15, 16]. Considering the lagging
effects of temperature, the 14-day moving average of
temperature was used. For relative humidity, the average
value of the present day was used in the models.

Then, to investigate the lag pattern of PM, 5, potentially
delayed and cumulative associations were estimated. We
first examined the delayed associations using a single day
lag (from lag0 to lag7), as previous studies showed the lag
effects of particulate matter were strongest within 7 days
[2, 17]. Then the cumulative associations were estimated
using the moving average over the lag periods from lag01
(moving average concentrations of day0 and dayl) to
lag07 (moving average concentrations of day0O to day?).
Final results were presented as changes in daily YLL with
per 10 pg/m® increase in PM, in different lag days. Con-
sidering the PM, 5 effect of 5-day moving average concen-
trations from day O to day 4 (lag04) is strongest, so we use
lag04 in our main analysis.

We also calculated the excess YLL as follows:

1826
YLL of COPD advanced by PMt = » _ PMt x B
t=1

Where PMt is the concentrations of PM, ;5 (lag04) in
our main studies at day t, 3 is the value of 1 pg/m> par-
ticulate matter increase.
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Secondly, we used the penalized spline of PM, 5 to re-
place the linear variable of PM,s5 to plot the dose-
response curve of PM, 5 and YLL (Fig. 3). The relationship
appeared to be nonlinear and the curve became flattening
in high level PM, 5 concentration days, so we detected the
turning point. The Akaike Information Criterion (AIC)
values of GAM models using 1 unit increment in PM; 5
within the identified range of threshold were computed
between 100 pg/m> and 150 pg/m>(Additional file 1: Table
S2). The concentration of PM, 5 with the lowest AIC value
was selected as the turning point. Similar method had
been used in previous studies [18-20]. According to the
turning point (128 pg/m?), we created two variables (high
concentration level, low concentration level), which were
higher or lower than the turning point respectively, to ex-
plore the piecewise linear association of PM, 5.

In addition, the analyses were stratified by age, gender
and marital status. Single pollutant model was used to ex-
plore the main association of PM, 5 with daily YLL, while
two pollutants models with SO, or NO, added was used
to examine the stability of these associations. In order to
have a comparison, we also examined the effects of PM;.

Furthermore, we evaluated the impacts of particulate
matter on daily death counts of COPD. The independent
variable, lag structure and relevant degrees of freedom in
the model were similar to those in YLL model, except
time series function with the Poisson link under a GAM
framework was used because the dependent variable daily
death counts following a Poisson distribution. Results
were presented as changes in excess risk (ER) of deaths
from COPD per 10 pg/m3 increase in PM, 5 and PM,, in
different lag days. The equation of ER was as follows:

ER = (e!P-1) x 100%

In the equation, f§ is the value of daily death counts
associated with a unit increase in particulate matter.

An autocorrelation function (ACF) was used in the
models to assess whether the residuals were independ-
ent over time and the reliability of the models. The
results showed no obvious autocorrelations were found
(Additional file 1: Figure S2 to Figure S5). Sensitivity
analyses were performed on the parameters included in
the models to test the robustness of our results. We
tested using 4 of degrees of freedom of relative humidity,
4 of degrees of freedom of temperature, and used 6 & 8 of
degrees of freedom of time per year in the models.

In this study, the mgcv packages in R software (Ver-
sion 3.1.2) were used to perform the analyses. P < 0.05(2
side) were considered to be significant. The study was
approved by the Institutional Review Board of Ningbo
Municipal Center for Disease Control and Prevention
(No. IRB 201603).
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Results

Mean daily concentrations of PM,s and PM;, were
49.58 pg/m® and 78.59 pg/m> respectively during 2011
to 2015 in Ningbo, China (Table 1). Correlations be-
tween air pollutants and meteorological conditions were
examined by Spearman correlation function and pre-
sented in Table 2. Particulate and gaseous pollutant and
meteorological conditions were correlated with each
other, with the most significant correlations observed be-
tween the four air pollutants.

A total of 18,472 registered COPD deaths were iden-
tified for the five study years. Daily death counts and
YLL of COPD had a mean of 10 and 80 years, respect-
ively. The average daily YLL of the elderly, male and
the married ones were higher than that of the young,
female and the widowed ones, respectively (Table 1).
Both outcomes showed a seasonal trend, with higher
values in November through the next April than other
months (Fig. 1).

Estimated changes with 95% confidence intervals in
YLL due to COPD associated with 10 pg/m? increase in
PM, 5 in different lag days were presented in Fig. 2. In
general, the associations with PM, 5 lasted for five days
(lag0 to lag4), and gradually reduced after day 4. From
day 5 to day 7, the effects had no significance. In
addition, the lag patterns were similar for YLL and ER.

The strongest associations were found in 5-day mov-
ing average concentrations from day 0 to day 4 (lag04).
In single pollutant model, a 10 pug/m?® increase in PM,
was associated with 0.91(95% CI: 0.16, 1.66) years in-
crease in YLL, and 1.32% (95%CI: 0.52%, 2.12%) increase
in ER for COPD deaths, respectively.

We also analyzed the associations of PM;, in our
study. Per 10 pg/m® increase in PM;, was associated
with 0.81 (95%CI: 0.30, 1.33) years increase in YLL and
1.07% (95%CI: 0.51%, 1.63%) increases in ER of COPD
death at lag04-.

Furthermore, the excess YLL of COPD mortality in
Ningbo from 2011 to 2015 were estimated, which were
8206 years. Take the population of Ningbo into consid-
eration, the YLL in days per person of the population for
a 365 day period of exposure was nearly 0.38 day per
person in Ningbo from 2011 to 2015.

In addition, the exposure-response curve of PM, s
and YLL due to COPD showed a non-linear pattern
(Fig. 3). When stratified by the turning point of PM, 5,
the associations below the turning point concentration
were stronger than those above the turning point con-
centration (Table 3). Specially, the associations of
PM, 5-YLL due to COPD was 1.44 (95%CI: 0.57, 2.32)
below the turning point concentration, while the value
was 0.32 (95%CI:-0.59, 1.23) above the turning point
concentration. And the mean age at death for PM,5
concentrations above and below the median are 74.50
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Table 1 Daily weather conditions, YLL and death counts of COPD in Ningbo, China, 2011-2015
Variables Mean + SD Minimum 25th Median 75th Maximum
PMys (pg/mS) 49.58 + 32.36 5.86 28.25 4173 61.25 421.71
PMo (g/m?) 7859 £ 48.19 12.86 44.94 66.33 97.97 543.88
SO, (ug/m?) 2134 +£ 1384 538 12.14 16.94 25.73 1126
NO, (pg/mB) 4341 £ 1865 7.62 30.12 40.61 55 1218
Temperature (°C) 1749 + 894 -167 10 18.89 2444 3444
Relative humidity (%) 7641 £ 1225 31 68 77 86 100
Years of life lost (years)
Total 80 + 40 0 51 73 102 278
Age < 75 years 19+ 20 0 0 13 30 136
Age 2 75 years 61 =30 0 39 55 77 227
Male 46 £ 27 0 26 42 62 174
Female 34 + 22 0 17 30 46 161
Married 44 + 27 0 24 39 59 175
Widowed 33+£20 0 18 29 45 144
Daily death counts (No. of deaths)
Total 10+5 0 7 9 13 34
Age < 75 years 1+1 0 0 1 2 8
Age 2 75 years 9+4 0 6 8 11 33
Male 0 3 5 7 18
Female 0 3 4 6 20
Married 5+3 0 3 4 7 19
Widowed 5+£3 0 3 5 7 20

and 73.87, respectively. Similar pattern were showed for
the associations between PM,s; and ER of COPD
deaths.

In two pollutants models, the estimates for associa-
tions with PM, 5 and PM;, did not change much when
the gaseous pollutants SO, or NO, were added in the
models. For instance, when SO, was added in the
model, 10 pug/m> increasing of PM, 5 was significantly
associated with 1.28 (95%CI: 0.46, 2.11) person year
increase in YLL.

The results of modifications of age, gender and marital
status were summarized in Table 4. When stratified by age,
the associations were stronger in the elderly (275 years)

than the younger (<75 years). In the elderly, a 10 pg/m? in-
crease in PM, 5 corresponded to 0.98(95%CI: 0.42, 1.54)
years increase in YLL. For the younger, no significant
effects were found.

For the modification of gender, the associations be-
tween female and male were not significant. For differ-
ent marital status, the associations in the widowed
showed an increased trend compared with the married
ones, though the effect estimate of the married was well
within the widowed ones..

Sensitivity analyses results showed that the estimations
were stable based on the variations of the parameters in
the models (Table S4).

Table 2 Spearman correlation between air pollutants and meteorological conditions in Ningbo, China, 2011-2015

PM; 5 PMio SO, NO, Temperature (°C) Relative humidity (%)
PM, 1.00 0.95 078 076 -047 —0.28
PMyo 0.95 1.00 0.83 0.76 -046 -042
SO, 0.78 0.83 1.00 0.79 -057 -042
NO, 0.76 0.76 0.79 1.00 -0.59 -0.13
Temperature (°C) —047 —-046 -0.57 -0.59 1.00 013
Relative humidity (%) -0.28 -042 -042 -0.13 0.13 1.00
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Discussion

The relationships between ambient PM, 5 and increased
mortality risk were well documented [1-3]. Although
previous studies indicated that PM, 5 is a significant en-
vironment trigger for acute exacerbation of COPD, and
thus leading to increasing symptoms, emergency visits,
hospital admissions and mortality [10-13]. A study
conducted in China showed that 83% of the population
lived in areas where PM, 5 concentrations exceeded the
Chinese Ambient Air Quality Standard of 35 pg/m?®, pre-
mature mortalities attributed to PM, s nationwide were
0.17 million for COPD [21]. However, the number of
death ignores the difference in ages of deaths, and giving
equal weights to the deaths occurring at a young age
and those occurring at an old age. From a public health
perspective, deaths occurring at different ages are not
equally important, dying at a young age results in more
potential years of life lost (YLL) [4, 6]. Nevertheless few
studies using YLL as dependent variable to explore the
health impact of the current exposure levels of PM, 5 on
COPD deaths in China, possibly due to the lack of indi-
vidual data needed for calculating YLL.

Our study explored the associations of PM, 5 exposure
with daily YLL due to COPD for the first time. Based on
the data of 18,472 COPD deaths over a five year period
in Ningbo, China, we found that PM,5 exposure were
significant associated with increased YLL of COPD. Per
10 pg/m3 increase in PM,s was associated with
0.91(95% CI: 0.16, 1.66) years increase in YLL of COPD

deaths. In the study of He 2016 [5], an increase of
10 ug/m3 increase in PM, s was related to 2.97(95%CI:
-2.01, 7.95) years of all-cause mortality, which using the
data of Ningbo from 2009 to 2013. The comparison
showed the impact of PM,5 on YLL from COPD and
all-cause mortality is different, although the impact of
PM, 5 on YLL of all-cause mortality was not significant,
there was significant influence on COPD YLL. This
indicated more investigations should be carried out to
explore the impact of PM,ys on YLL from diseases
which are leading cause of death and disease burden
such as COPD.

In addition, the excess YLL of COPD mortality was
also estimated, which were 8206 years. Take the popu-
lation in Ningbo into consideration, the YLL in days
per person of the population for a 365 day period of ex-
posure was nearly 0.38 day per person from 2011 to
2015, which gives a different perspective from excess
death number.

Considering the indicator of YLL is a measure of
disease burden that considers the life expectancy at
death [6], and has been extensively used to identify
and prioritize causes of premature death around the
world [22], the results of our study provides a com-
plementary indicator to that of excess deaths, and
gives additional information for policy making and
health resource allocation.

The exposure-response curve of PM, 5 and YLL due to
COPD showed a non-linear pattern in Ningbo, 2011-
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Table 3 Associations of 10 pg/m?® increase in PMs s and PM;q with YLL and ER of deaths from COPD

Pollutants and model

Years of life lost (95% Cl)

Percentage increase in death (95% Cl)

PM, 5 (Single model)

Total

Low concentration level

High concentration level
PM,s + SO,

Total

Low concentration level

High concentration level
PM5s + NO,

Total

Low concentration level

High concentration level
PM; (Single model)

Total

Low concentration level

High concentration level
PMo + SO,

Total

Low concentration level

High concentration level
PM;o + NO,

Total

Low concentration level

High concentration level

0.91(0.16, 1.66)
1.44(0.57, 2.32)
0.32(-0.59, 1.23)

1.28(0.46,2.11)
1.97(1.00, 2.93)
0.65(-0.30, 1.60)

1.07(0.22,1.91)
1.45(045, 2.44)
0.39(-0.59, 1.36)

0.81(0.30,1.33)
1.09(0.52, 1.66)
0.35(-0.31, 1.01)

1.08(0.51,1.65)
141(0.79, 2.04)
0.59(=0.09, 1.28)

0.96(0.38,1.55)
1.18(0.53, 1.83)
0.46(-0.25, 1.17)

1.32(0.52,2.12)
1.87(0.91, 2.83)
0.84(-0.10, 1.79)

1.61(0.74,2.48)
2.31(1.26, 3.37)
1.12(0.14, 2.11)

1.53(0.64,2.42)
1.98(0.97, 3.03)
0.99(-0.05, 1.97)

1.07(0.51,1.63)
1.34(0.71,1.98)
0.72(0.03, 1.41)

1.28(0.66,1.89)
1.60(0.91, 2.29)
0.91(0.19, 1.63)

1.26(0.63,1.89)
1.51(0.82, 2.17)
0.85(1.01, 1.63)

Associations in all concentrations and in low and high concentrations levels were both presented at lag04 (moving average concentrations from day 0 to day4).

Single and two pollutants models were used. Data were collected from Ningbo, China, 2011-2015

2015. The curve was relatively steep at low levels and
flattened out at higher exposures. Previous studies also
found similar pattern under different levels of particulate
matter [20, 23, 24]. However, considering there were few
observations for PM, 5, cautions should be taken when
using the estimations in the high concentration level.

In this study, we found that the associations of PM, 5
on both daily YLL and death counts of COPD were
stronger in the elderly (=75 years) than the younger
(<75 years). The difference was plausible from a biological
perspective because of the decreased immunologic func-
tion and reduced lung function as a natural part of aging,
and frailty status which decrease physiologic reserve for

the adverse effects of air pollution, etc. [25, 26]. In
addition, elderly individuals frequently have pre-existing
chronic diseases, which may make them more vulnerable
to the adverse influence of particulate matter exposure
[27, 28]. The higher impact in the elderly was consistence
with a previous study conduct in Ningbo which explored
the air pollution-YLL relationships [5], while was different
from the results from Beijing which indicated the influ-
ence of particulate matter on daily YLL was higher in the
younger people [4]. Considering the annual concentra-
tions of PM,5 and PM;, were 105.1 pg/m®and 144.6 g/
m® in the Beijing study, the difference may be due to the
different levels of particulate matter in Beijing and

Table 4 Associations of PM, 5 with YLL and ER of COPD deaths stratified by age, gender and marital status

Indicator Age Gender Marital status
<75 years 275 years Male Female Married Widowed
Years of life lost (95% Cl) —0.06 (-0.54,042) 098 (0.42,1.54)* 047 (-0.08,1.01) 045 (-0.04,094) 027 (-030,0.84) 063 (0.21,1.05)

Percentage increase in death (95% Cl)  —0.05 (-2.39,2.30) 149 (0.65,2.33)*

1.12 (0.06,2.18) 1.57 (0.39,2.74) 0.84 (-0.31,2.00) 1.76 (0.66,2.86)

Associations were presented at lag04 (moving average concentrations from day 0 to day4) with 10 pg/m? increase in PM, 5. Data were collected from Ningbo,

China, 2011-2015. *P < 0.05
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Ningbo, which implied the associations of particulate mat-
ter and YLL would be different in various pollution levels.

For gender modification, although previous study indi-
cated that female may be more susceptible to particulate
matter pollution because female is a risk factor for de-
veloping airflow limitation and consequently COPD [29],
furthermore, female with COPD would have worse prog-
nosis due to more pronounced dyspnea, lower BMI, and
more frequent anxiety [30], we did not found significant
differences between gender.

It’s the first time to explore the potential effect modifica-
tion of marital status in the particulate matter exposure
and YLL relationships, though non significance was found.
Further investigations still need to be carried out in future.

In our study, we also evaluated the particulate matter
exposure and ER of death counts in our study. Our results
showed a 10 |,lg/m3 increase in PM, s and PM;, were asso-
ciated with maximum increases in ER of death counts of
1.32% (95%CL: 0.52%, 2.12%) and 1.07% (95%CI: 0.51%,
1.63%) at lag04, respectively. The results were supported
by previous studies. For instance, meta-analysis of 31 stud-
ies showed that a 10 pug/m® increase in PM,, was associ-
ated with increase in COPD mortality with an OR of
1.011 (95%CIL: 1.008, 1.014) [31]. A study conducted in
Guangzhou also found an increase of 10 pg/m?® increase
in PM;, was associated with 1.58% (95%CI: 0.12%, 3.06%)
increase of COPD mortality [19].

This study has several strengths. First, our study ex-
plored the associations between PM, 5 exposure and YLL
due to COPD for the first time, and the excess YLL were
also calculated. Using YLL as a key indicator to measure
the impact of particulate matter on premature deaths will
provide more information for policy making and resources
allocation. Secondly, exploring the exposure-response
curve of PM, s on YLL due to COPD was the first time.
We found the exposure-response curve was nonlinear and
the associations were steeper in the low PM, 5 concentra-
tions and became flattening in the high PM, 5 concentra-
tions. Thirdly, the modification of socioeconomic factors
especially the marital status was first investigated, and
provided complementary information for identifying vul-
nerable subgroups.

However, the data used in the study were only from
one city, and cautions should be taken when generaliz-
ing the results to other geographic areas. In addition,
we used ambient particulate matter from fixed site ra-
ther than individual exposure, which may result in
measurement error, and the individual risk factors such
as smoking, drinking and underlying diseases were un-
known and not controlled in the study. Furthermore, as
we used time series method to estimate the effects
which was considered inappropriate to estimate long-
term effects [32], it should be careful when analysing
the long-term associations.
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Conclusions

In conclusion, our study provided a new insight into the
disease burden due to COPD of ambient PM, 5 expos-
ure. We found that PM,;s had significant impacts on
YLL due to COPD in Ningbo, China. Furthermore, the
exposure-response curve was nonlinear and the associa-
tions were steeper at low levels and became flattened
out at higher exposures. The elderly were susceptible
population. Our findings highlight the importance and
urgency of ambient PM, 5 control and protection of the
vulnerable populations.
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