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BACKGROUND: Associations between airborne particles and health outcomes have been documented
worldwide; however, there is limited information regarding health effects associated with different
particle sizes.

OBJECTIVES: We explored the association between size-fractionated particle number concentrations
(PNCs) and daily mortality in Shenyang, China.

METHODS: We collected daily data on cause-specific mortality and PNCs for particles measuring
0.25-10 pm in diameter between 1 December 2006 and 30 November 2008. We used quasi-
Poisson regression generalized additive models to estimate associations between PNCs and mor-
tality, and we used natural spline smoothing functions to adjust for time-varying covariates and
long-term and seasonal trends.

RESULTS: Mean numbers of daily deaths were 67, 32, and 7 for all natural causes, cardiovascular
diseases, and respiratory diseases, respectively. Interquartile range (IQR) increases in PNCs for
particles measuring 0.25-0.50 pm were significantly associated with total and cardiovascular
mortality, but not respiratory mortality. Effect estimates were larger for PNCs during the warm
season than the cool season, and increased with decreasing particle size. IQR increases in PNCs of
0.25-0.28 pm, 0.35-0.40 pm, and 0.45-0.50 pm particles were associated with 2.41% (95% CI:
1.23, 3.58%), 1.31% (95% CI: 0.52, 2.09%), and 0.45% (95% CI: 0.04, 0.87%) higher total mor-
tality, respectively. Associations were generally stable after adjustment for mass concentrations of
ambient particles and gaseous pollutants.

CONCLUSIONS: Our findings suggest that particles < 0.5 pm in diameter may be most responsible
for adverse health effects of particulate air pollution and that adverse health effects may increase
with decreasing particle size.
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Introduction

Particulate matter (PM) consists of discrete
particles that range in size over several
orders of magnitude, including inhalable
particles (< 10 pm in aerodynamic diam-
eter, PMyy), coarse particles (PM; 5_1¢),
fine particles (PM; s5), and ultrafine particles
(UFPs; PM < 0.1 pm in aerodynamic diam-
eter). Numerous epidemiologic studies have
reported significant positive associations
between particulate air pollution and adverse
health outcomes (Brunekreef and Forsberg
2005; Chen et al. 2011, 2012; Dominici
et al. 2006), but information on health
effects according to particle size is limited
(Wichmann et al. 2000).

Smaller particles (e.g., < 2.5 pm) are more
likely than larger particles to be produced by
fuel combustion and to be formed by sec-
ondary reactions. Compared with larger par-
ticles, small particles have higher total particle
number concentrations (PNCs, reported as
particles per cubic meter), and they tend to
absorb more toxic components, have higher
deposition efficiency in the respiratory tract,
and have larger surface areas (Delfino et al.
2005; Valavanidis et al. 2008). However,
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previous findings regarding the health
effects of increases in mass concentrations
(milligrams per cubic meter) of PM; 5 and
PM, 5s_10 have been inconsistent (Brunekreef
and Forsberg 2005). Epidemiologic evi-
dence regarding associations with PNCs is
inadequate because of the limited availability
of size-resolved measurements, and findings
also have been inconsistent (Ibald-Mulli et al.
2002). For instance, Pekkanen (et al. 2002)
reported significant positive associations of
ST-segment depression during exercise tests
with PNCs of smaller particles (PNCy 1_;,
and PNC_ (), with mass concentrations
of PM, s, but not PM; 5_14. In contrast,
Andersen et al. (2008) reported that cardio-
vascular hospital admissions in the elderly
were positively associated with PM;, and
PNCO.]*].O’ but not PNC< 0.1

Most previous studies of PNCs and
adverse health outcomes have been con-
ducted in developed countries. Few studies
on size-fractionated PNCs have been con-
ducted in China, where particulate air pol-
lution is exceptionally high and may differ
from air pollution in developed countries
with regard to particle size distributions,

chemical components, and other charac-
teristics (Kan et al. 2009). The objective of
the present study was to explore the asso-
ciation between short-term exposures to size-
fractionated PNCs and daily mortality in
Shenyang, China.

Methods

Data. Shenyang is the capital city of Liaoning
province and the largest city in northeastern
China. Our study area was limited to the
urban areas of Shenyang and had a target
population of 3.5 million by 2008. The major
sources of PM air pollution in Shenyang are
coal combustion, urban traffic emissions,
building construction, the chemical industry,
and natural dust.

We obtained daily mortality data for urban
residents of Shenyang between 1 December
2006 and 30 November 2008 (731 days) from
the Liaoning Provincial Center for Disease
Control and Prevention. The causes of death
were coded according to the International
Classification of Diseases, Revision 10 (ICD-10;
World Health Organization 1992) and cate-
gorized as deaths due to nonaccidental causes
(ICD-10 codes A0O0-R99), cardiovascular dis-
ease (ICD-10 codes 100-199), and respiratory
disease (ICD-10 codes J00-J98).

An automatic continuous monitoring
system was installed on the rooftop of the
Shenyang Regional Meteorological Centre
to measure daily PNCs with size distribu-
tions between 0.25 pm and 10 pm. Shenyang
Regional Meteorological Centre is located in
Shenhe District and is mainly surrounded by
residential and commercial areas. In accord
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with Chinese government regulations, the
monitor was located away from major roads,
industrial sources, buildings, and residen-
tial sources of emissions from burning coal,
waste, or oil. The sampling instrument was
placed 10 m above ground. Aerosol num-
ber size distributions of particles between
0.25 pm and 10 pm were measured continu-
ously with an Ambient Dust Monitor 365
(GRIMM; Grimm Aerosol Technik GmbH
& Co. KG, Ainring, Germany), which uses
light-scattering technology to measure PNCs.

Particle diffusion is the primary mecha-
nism for the deposition of particles < 0.5 pm
in the respiratory tract, in contrast with par-
ticles between 0.5 and 2.5 pm that are primar-
ily deposited by sedimentation (Wichmann
et al. 2000). Therefore, we calculated daily
mean PNCs for particles categorized accord-
ing to multiple size fractions, specifically,
PNCy 25028 PNCo 25030, PNCo 30035
PNCo 35-0.40. PNCo 40-0.45. PNCo 45050,

Co.50-0.65 PNCo 6510 PNCy 9 25, and
PNC,5_10. We also collected daily aver-
age mass concentrations of PM, 5, PMy,,
PM,; 5_1¢, sulfur dioxide (SO,), and nitrogen
dioxide (NO,) at the same station. The optical
scattering method was used to measure mass
concentrations of PM, 5 and PM;, (GRIMM
Environmental Dust Monitor, EDM 180),
and PM, 5_;( concentrations were estimated by
subtracting PM; 5 from PM concentrations.
Methods based on ultraviolet fluorescence
and chemiluminescence (models 43A and
42C, respectively; Thermo Environmental
Instruments Inc., Franklin, MA, USA) were
used to measure SO, and NO,. Twenty-
four—hour average concentrations of PMj,
PM, 5, SO,, and NO, were collected for all
days with data for > 75% of all 1-hr measure-
ments on that day. Meteorological data (daily
mean temperature and relative humidity) were
obtained from the Shenyang Meteorological
Bureau. The institutions that provided mor-
tality, air pollution, and weather data all cur-
rently participate in detailed quality assurance
and quality control programs mandated by the
Chinese government.

Statistical analysis. We used a time-series
design to investigate the short-term effects
of size-fractioned PNCs on daily mortal-
ity (Zeger et al. 2006). Specifically, we used
generalized additive models (GAMs) with
quasi-Poisson regression (Bell et al. 2004).
The same analytical protocol has been used
in the Public Health and Air Pollution in
Asia (PAPA) project (Wong et al. 2008) and
the China Air Pollution and Health Effects
Study (CAPES) (Chen et al. 2012). The
GAMs incorporated natural cubic smooth
functions of calendar time with 7 degrees of
freedom (df) per year to control for long-
term and seasonal trends in daily mortality.
We also controlled for the current-day mean
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temperature and relative humidity using nat-
ural cubic smooth functions with 6 and 3 df,
respectively (Chen et al. 2012), and included
an indicator variable for the day of the week
in our model.

Consistent with previous studies, we used
2-day moving average PNCs for the current
and previous day (lag 01) in our main analyses
(Chen et al. 2012; Wong et al. 2008). In addi-
tion to all-year analyses, we performed separate
analyses for the warm season (May—October)
and cool season (November—April) to assess
the potential modifying role of season.

We performed several sensitivity analyses
to examine the robustness of our findings.
First, we fitted separate two-pollutant models
adjusted for mass concentrations of PMyj,
PM, 5, PM, 5 19, SO,, or NO,, respectively.
Second, we estimated effects using different
lag structures, including single-day lags (from
lag 0 for the current day to lag 5 for the 24-hr
average exposure 5 days prior to the current
day) and the 6-day moving average concen-
tration for the current day and the previous
5 days (lag 05). In addition, we evaluated
the impacts of using alternative df values for
the smooth time trend function, of adjust-
ing for temperature using a 3-day moving
average temperature (lag 1-3) to account for
any delayed effects of temperature on daily
mortality, and of estimating associations with
broader particle size categories (PNCg 55_9 3,
PNCp3 95 and PNCps_; o).

All analyses were conducted in R 2.15.1
using the MGCV package (version 1.7-22; R
Foundation for Statistical Computing, Vienna,
Austria). Statistical tests were two-sided, and

p-values of < 0.05 were considered statisti-
cally significant. The results are presented as
mean percent changes in daily mortality [with
95% confidence intervals (Cls)] associated
with an interquartile range (IQR) increase in
size-fractionated PNCs. For seasonal analy-
ses, exposure contrasts were scaled to IQRs for
season-specific exposure distributions.

Results

During the study period, the mean numbers of
daily deaths in Shenyang were 67, 32, and 7 for
deaths due to all natural causes, cardiovascular
diseases, and respiratory diseases, respectively
(Table 1). The overall PNC for particles from
0.25 to 10 pm in diameter was dominated by
particles < 0.35 pm, which accounted for 84%
of the total PNC. In contrast, coarse particles
(PM;5_10) accounted for < 0.1% of the total
PNC. For each size class, PNCs were higher
in the cool season than in the warm season (see
Supplemental Material, Table S1).

Generally, PNCs for particles < 2.5 pm
in diameter were strongly correlated with
mass concentrations of PM, 5, and moder-
ately correlated with mass concentrations of
PMIO’ PM2.5710, SOZ, and NOZ (Table 2) In
contrast, these pollutants were not correlated
with PNC:s for particles > 2.5 pm. PNCs for
particles < 2.5 pm were moderately correlated
with temperature and humidity on the same
day (Table 2).

In the all-year analyses, PNCs of
0.25-0.50 pm particles were significantly
associated with total and cardiovascular mor-
tality, with stronger associations as particle
sizes decreased (Table 3). For example, IQR

Table 1. Summary statistics of daily death numbers, air pollution levels, and weather conditions in

Shenyang, China.

Variable Mean + SD Minimum Maximum IOR
Daily deaths (n)
All natural causes 67+ 10 4 113 14
Cardiovascular 32+7 15 76 9
Respiratory 73 1 18 4
Air pollutant?
PNCq25-10 11,000 + 400 1,100 71,000 8,400
PNCq 25028 3,500+2,700 380 16,000 2,600
PNCq 280,30 2,700 + 2,300 260 15,000 2,000
NCo30-035 1,900 + 1,800 170 13,000 1,510
NCg 35040 1,100 + 1,300 81 9,600 850
NCo 40-045 520+ 810 28 6,400 360
NCo 45050 290 + 520 1 4,300 193
NC0_5070_55 270+ 21 9.2 4,300 188
PNC0_55_1_U 110.0+£89 3.8 2,000 63
PNCy 995 320+£35 1.0 1,900 22
PNCy5 19 9.40+42 0.1 2,600 4
PM, 5 95.9+56.0 1.0 424.0 63.9
PMy 510 48.0+375 35 5732 36.7
PMyg 1425729 18.1 703.6 86.3
S0, 55.2+449 8.0 331.0 53.0
NO, 353+16.9 9.0 108.0 19.0
Weather condition
Temperature (°C) 88+12.3 -18.0 27.0 23.0
Humidity (%) 65.2+14.1 16.0 98.0 20.0

aPNC are reported as particles/cm?, and mass concentrations of PM, SO,, and NO, are reported as pg/m®.
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increases in PNCg »5_¢ 28, PNCy 35_0 40> and
PNCy 45_9.50 were associated with 2.41%
(95% CI: 1.23, 3.58%), 1.31% (95% CI:
0.52, 2.09%), and 0.45% (95% CI:
0.04, 0.87%) higher daily average values for
total mortality, respectively. Associations were
strongest for cardiovascular mortality, whereas
corresponding associations with respiratory
mortality were weaker and not statistically sig-
nificant for PNCs of any size fractions. We
also estimated significant positive associations
with IQR and 10-pg/m? increases in mass
concentrations of PM, 5 (with all-cause and
cardiovascular mortality) and PMy, (for all
three mortality outcomes), but not PM, 5_j
(see Supplemental Material, Table S2).

Effect estimates for exposures during the
warm season were approximately two times
higher than corresponding estimates for the
entire study period (Table 3). We did not
observe statistically significant associations
of PNCs and mortality for any particle size
fractions during the cool season. For example,
an IQR increase in PNCy »5_g 55 during the
warm season (2,000 particles/cm?) was associ-
ated with 4.21% higher mortality (95% CI:
2.43, 5.99%), whereas the corresponding
estimate for an IQR increase during the cool
season (3,600 particles/cm3) was only 1.92%
(95% CI: -0.14, 3.97%).

Associations with IQR increases in PNCs
for particles < 0.40 pm remained statistically
significant after adjustment for mass concen-
trations of PMI(], PM2‘5, SOz, and N02 in
two-pollutant models (Table 4). Associations
with PNCs for particles < 0.50 pm were

stronger when adjusted for PM; s_j,.
Controlling for moving average temperature
over the previous three days (lag 1-3), instead
of temperature on the current day, had little
impact on estimated associations with PNCs.

We observed similar trends for PNCs of
0.25-0.50 pm particles when different lag
structures were modeled (Figure 1), with the
highest effect estimates for single day lags on
lag day 1, and no evidence of associations by
lag day 5. Changing the df per year of calen-
dar time from 7 df to 4-10 df did not sub-
stantially affect the association of PNCs with
daily mortality (data not shown). Associations
with broader categories of particle sizes
(PNCy5-0.3» PNCp 395, and PNCqs_; o)
were consistent with findings for the smaller
particle size groups used in the main analysis
(see Supplemental Material, Table S3).

Discussion

In this time-series study, we found signifi-
cant positive associations between PNCs for
particles from 0.25 to 0.5 pm in diameter
and daily mortality that seemed to increase
in magnitude as particle size decreased. Our
estimates were relatively robust to adjustment
for mass concentrations of PM;j, PM, s,
PM; 5_10, SO3, and NO,, suggesting that
PNCs may have independent effects on mor-
tality. Associations between PNCs and daily
mortality were much stronger in the warm
season than in the cool season.

To our knowledge, ours is one of only a
few studies to examine the health effects of
PNCs in a developing country. Our results

Table 2. Correlation coefficients for daily mean values of meteorologic and air pollution variables.

were consistent with previous studies con-
ducted in Erfurt, Germany (Stolzel et al.
2007; Wichmann et al. 2000) and in Beijing,
China (Breitner et al. 2011; Leitte et al.
2012). Wichmann et al. (2000) reported posi-
tive associations between daily mortality and
PNC:s for particles between 0.01 and 2.5 pm,
whereas we observed significant associations
only for particle fractions between 0.25 pm
and 0.5 pm. Previous estimates of associa-
tions between mortality and lagged PNCs
have been inconsistent. In our analysis, asso-
ciations with single-day lags were strongest
for lag day 1, and associations were signifi-
cant for the first 3 lag days only. In contrast,
other studies have reported evidence of more
delayed effects for smaller particles (Ibald-
Mulli et al. 2002; Leitte et al. 2012; Stolzel
et al. 2007). For example, Leitte et al (2012)
reported the strongest association between
PNCy 31,0 and daily mortality using a lag of
4 days. More studies are needed to clarify the
lag structure for PNCs of various sizes.
Although previous epidemiologic stud-
ies have reported short-term associations of
PNCs with hospital admissions for respiratory
disease in adults > 65 years of age (Andersen
et al. 2008) and pulmonary function in non-
smoking asthmatics (Peters et al. 1997), we
did not observe significant positive associa-
tions between PNCs and respiratory mortality
in our study population. The nonsignificant
associations we observed for respiratory mor-
tality, in contrast with significant positive asso-
ciations with cardiovascular mortality, were
consistent with findings reported in the study
from Erfurt, Germany, where a sensitivity
analysis suggested that associations between
ultrafine particle PNCs and cardiorespiratory

Temperature Humidity PM2‘5 PMm PMZ.E*H] SOQ NOZ . . .
Particle fraction (°C) (%) bom)  pym) gl gm)  gmy  morality were probably due primarily to asso-
e = 7 70 05 005 05 08 ciations with cardiovascular mortality (Stolzel
PNCE;Z‘%E 037 073 071 057 007 054 047 et al. 2007). Significant associations between
PNCy a0 0.5 030 0.24 071 0.57 0.08 0.52 047 PN(;S and resPiratory outcomes reportec.i by
NCos 040 028 023 0.65 0.54 011 050 0.46 previous studies were for ultrafine particles
NCg.a0-0.45 -0.28 0.19 0.60 0.52 0.15 0.48 0.44 (< 0.1 pm in diameter), whereas the smallest
NCg.45-050 -0.29 0.17 0.57 0.51 0.18 0.47 0.43 particles measured in the present study were
NCo 50055 -0.29 0.15 0.55 0.51 0.19 0.47 0.42 0.25 pm in diameter; therefore, it may be that
NCogs-10 -0.32 0.1 0.52 0.50 0.23 0.46 0.38 ultrafine particles, but not larger particles, are
mg‘-w-fi 783; 881 ggg gé; 3;6 8?8 gé; responsible for respiratory effects. In addition,
25-10 0. : : : : : :

previous study populations included patients

Table 3. Percent change (95% Cl) of daily mortality associated with a 2-day moving average IQR incremental change in PNCs in Shenyang, China.

All natural causes Cardiovascular Respiratory

Particle fraction All period Warm? Cool? All period Warm? Cool? All period Warm? Cool?
PNCq 25928 2.41(1.23,3.58)* 4.21(2.43,5.99)* 1.92(-0.14,3.97) 2.79(1.09,4.49)* 458(1.91,7.27)* 2.17(-0.77,5.10) 0.72(-2.97,4.40) 3.84(-2.00,9.68)  1.06(-5.31,7.43)
Co28-030 2.10(1.03,3.18)* 4.06(2.25,5.86)* 1.74(-0.16,3.65) 2.47(0.91,4.03)* 4.36(1.66,7.06) 2.06(-0.67,4.78) 0.77(-2.61,4.14) 351(-2.41,943) 1.28(-4.62,7.19)
PNCq 30035 1.85(0.84,2.85) 3.71(1.96,5.47)* 153(-0.21,3.26) 2.22(0.77,3.68)* 3.91(1.28,6.55* 1.94(-0.54,4.41) 0.81(-2.33,3.96) 2.99(-2.81,8.79) 1.37(-3.98,6.72)
PNCg 35040 1.31(0.52,2.09)* 2.93(1.39,4.47)* 1.05(-0.33,2.44) 1.60(0.47,2.74)* 2.85(0.54,5.17)* 1.48(-0.49,3.45 0.79(-1.67,3.26) 2.24(-2.86,7.33)  1.27(-2.99, 5.53)
PNCq 49045 0.69(0.18,1.21)* 2.29(0.94,3.64)* 0.55(-0.41,1.52) 0.92(0.17,1.66)* 2.01(-0.03,4.05) 0.87(-0.51,2.24) 0.72(-0.88,2.32) 2.15(-2.31,6.62)  1.00(-1.96, 3.96)
PNCg 45050 0.45(0.04,0.87)* 2.11(0.72,3.49)* 0.37(-0.45,1.19) 0.64(0.05, 1.23)* 1.67(-0.43,3.76) 0.63(-0.54,1.19) 0.66(-0.60,1.92) 2.53(-2.03,7.09) 0.85(-1.65, 3.36)
PNCq 500565 0.36(-0.04,0.76) 2.33(0.76,3.91)* 0.23(-0.49,0.94) 0.59(0.02, 1.17)* 1.83(-0.54,4.21) 0.49(-053,1.51) 0.66(-0.57,1.90) 3.37(-1.79,852) 0.68(-1.51,2.86)
PNCggs5-10 0.12(-0.22, 0.45) 2.77(0.85, 4.68)* —0.02(-0.76, 0.71) 0.37(-0.10,0.84) 2.23(-0.66,5.11) 0.34(-0.70,1.38) 0.42(-0.59, 1.43) 4.85(-1.25,10.94) 0.40(-1.83,2.62)
PNCyg75 —0.12(-0.43,0.18) 3.68(1.12,6.23)* —-0.29(-0.90,0.32) 0.08(-0.34,0.51) 2.84(-1.00,6.68) 0.07(-0.77,0.92) 0.01(-0.91,0.90) 6.25(-1.82,14.32) —0.19(-1.99, 1.61)
PNC;5 10 —0.03(-0.08,0.02) 2.45(0.35, 4.55)* —0.06 (-0.15, 0.04) 0.00(-0.07,0.06) 2.59(-0.50,5.68) 0.00(-0.13,0.13) -0.03(-0.17,0.11) 4.46(-2.23,11.16) —0.06 (-0.35, 0.22)

a\Warm season, May-October. %Cool season, November—April. *p < 0.05.
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with asthma or chronic obstructive pulmo-
nary disease who are assumed to be especially
susceptible to air pollution (Zanobetti et al.
2000). Our study population, on the other
hand, consisted of the general population in
one city. Also, cardiovascular deaths due to
short-term exposure are more likely than respi-
ratory deaths (Basso et al. 1999), especially for
those deaths related to air pollution (Dockery
2001). The daily number of deaths due to
respiratory diseases is smaller than the num-
ber of deaths due to cardiovascular diseases,
which limited our ability to estimate associa-
tions with respiratory mortality. Furthermore,
it may be more informative to study associa-
tions of PNCs with respiratory morbidity and
subclinical indicators of disease, instead of
respiratory mortality.

The null association between PNCs of
coarse particles (2.5-10 pm in diameter) and
daily mortality in our analysis was consis-
tent with results of studies focusing on mass
concentration of coarse particles (Chen et al.
2011; Peng et al. 2008). However, because

exposures to coarse particles are more variable

Particle

than exposures to smaller particles within cit-
ies (Wilson and Suh 1997), our results for
PNC, 5_1¢, which were based on data from
a single monitoring site, should be inter-
preted with caution. In addition, because the
exposure contrast for coarse particles (IQR
of 4 particles/cm?) was relatively small (e.g.,
compared with an IQR of 2,600/cm? for
PNCy.5_0.28), associations between an IQR
increase in coarse particles and mortality may
have been more difficult to detect.
Associations between PNCs and daily
mortality were stronger during the warm sea-
son than in the cool season. The pattern of
exposure to ambient particles in populations
may change from season to season. Because of
the low temperature and the widespread use of
central heating system in winter, residents of
Shenyang generally stay home and close their
windows as much as possible, thus reducing
likelihood of exposure to outdoor air pollu-
tion. In contrast, the climate is more pleasant
in the warm season; therefore, exposure to
air pollution would likely be higher due to
the increase in residents’ outdoor activities

number concentrations and daily mortality

and greater penetration of outdoor particles
into indoor environments from increased
natural ventilation. Also, high temperatures
in the summer might enhance adverse health
effects of airborne particles (Meng et al. 2012).
Alternatively, stronger associations observed
in the warm season might relate to lower
background mortality in summer, resulting
in a larger pool of susceptible people (Nawrot
et al. 2007).

Our study has limitations. We estimated
associations for PNCs of particles in multi-
ple size classes and lag times with three dif-
ferent mortality outcomes; some significant
associations, therefore, may have occurred
by chance. Due to limitations of the measur-
ing equipment, we were unable to estimate
exposures to UFPs. In addition, collinearity
between PNCs and copollutants limited our
ability to separate the independent effect for
individual pollutants.

Exposure misclassification is a well-
recognized limitation of time-series studies.
We used the results from one fixed-site
monitoring station as a proxy for population

Table 4. Percent change (95% Cl) of daily all-natural-cause mortality associated with a 2-day moving average I1QR incremental change in particle fractions in
Shenyang, China, adjusted for SO,, NO,, PM;o, PM,5, PM,5 1o, and temperature.

Adjusted for

Particle fraction S0, NO, PMyq PM, 5 PMy 510 Temperature (lag 1-3)

PNCo 25028

2.04(0.53, 3.54)*

1.66(0.14,3.17)*

1.75(0.26, 3.24)*

2.18(0.81, 3.55)*

2.52(1.34,3.71)*

2.05(0.81, 3.29)

NCo95 0.0 179(0.39, 3.18)* 142(0.03, 2.82)* 157(0.15. 2.98)* 186/(0.60, 3.13* 220 (1.1, 3.29)* 178 (0.65, 2.91)*
NCo.30-035 1.56 (0.25, 2.87)* 1.20(-0.11,2.51) 1.38(0.02, 2.74)* 1.57(0.39, 2.75)* 1.94(0.92, 2.96)* 1.56 (0.51, 2.61)*
NCo5 0.0 1.05(0.03, 2.06)* 0.72 (-0.30. 1.75) 089 (-0.16, 1.95) 097 (009, 186)* 1.36(0.56, 2.17)* 1.09(0.28, 1.90)*
NCo 40045 0.49(-0.17,1.15) 0.26 (-0.40,0.92) 0.39(-0.29, 1.08) 0.42(-0.14,0.98) 0.73(0.20, 1.26)* 0.57 (0.04, 1.09)*
PNCo.g5 050 027 (-0.24. 0.78) 0.09 (-0.43 0.61) 021 (-0.33. 0.76) 022 (~0.22. 0.66) 047 (0,06, 0.89)* 0.36 (0,06, 0.78)
PNCy0 065 0.16 (~0.34, 0.66) ~0.01(-051,0.50) 0.11(-0.42, 0.65) 0.13(-0.30, 0.55) 037 (~0.04, 0.79) 027 (0.13. 0.68)
PNCqg5-10 —0.07 (-0.47,0.33) 0.15(-0.54, 0.25) —0.12(-0.56, 0.32) —0.06 (—0.40, 0.29) 0.10(-0.24, 0.44) 0.05(-0.28,0.39)
PNC; 025 —0.19(-0.52, 0.14) —0.18(-0.50, 0.14) —0.19(-0.52, 0.14) —0.16 (-0.47, 0.15) —0.15(-0.46, 0.17) —0.15(-0.46, 0.16)
PNC, 510 —0.04 (-0.08, 0.01) —-0.03 (-0.08, 0.02) —-0.03 (-0.08, 0.02) —-0.03 (-0.08, 0.02) —-0.03 (-0.08, 0.02) —-0.03 (-0.08, 0.01)
*p<0.05.
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Figure 1. Percent increase (mean and 95% Cl) of daily mortality associated with an IQR increase in PNCs of particles < 0.50 pm in diameter using different lag
structures in Shenyang, China. Lags 0-5 represent single-day average exposures for the same day (lag 0) up to the fifth previous day (lag 5). Lags 01 and 05 rep-
resent 24-hour moving averages for the same day and previous day (lag 01) and the 6-day moving average for the same day through the previous 5 days (lag 05).
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exposures to PNCs, and we were unable to
assess spatial variation. However, high daily
temporal correlations of PNCs among moni-
toring sites have been reported for several
European cities (Buzorius et al. 1999; Cyrys
et al. 2008; Puustinen et al. 2007), which
suggests that using one carefully chosen
monitoring site is a reasonable approach to
characterize particle number concentrations
for epidemiologic time-series studies. Our
approach was consistent with previous studies
of PNCs and mortality in Erfurt, Germany
(Wichmann et al. 2000) and in Beijing,
China (Leitte et al. 2012), which also relied
on monitoring data from one carefully
chosen site.

Conclusions

Our analyses suggest that particle fractions
measuring < 0.5 pm in diameter may be most
responsible for adverse health effects linked
with particulate air pollution. Associations
between PNCs and mortality appeared to be
independent of particle mass concentrations
and exposures to other gas-pollutants, and
they were much stronger during the warm
season than the cool season. These findings
support further exploration of the PNC-
related health hazards, and may help inform
the development of environmental policies to
protect public health in China.
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