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ABSTRACT

Background: Seasonal variation and regional heterogeneity have been observed in the estimated effect of fine
particulate matter (PM2.5) mass on mortality. Differences in the chemical compositions of PM2.5 may cause this
variation. We investigated the association of the daily concentration of PM2.5 components with mortality in Nagoya,
Japan.
Methods: We combined daily mortality counts for all residents aged 65 years and older with concentration data for
PM2.5 mass and components in Nagoya from April 2003 to December 2007. A time-stratified case-crossover design
was used to examine the association of daily mortality with PM2.5 mass and each component (chloride, nitrate,
sulfate, sodium, potassium, calcium, magnesium, ammonium, elemental carbon [EC], and organic carbon [OC]).
Results: We found a stronger association between mortality and PM2.5 mass in transitional seasons. In analysis for
each PM2.5 component, sulfate, nitrate, chloride, ammonium, potassium, EC, and OC were significantly associated
with mortality in a single-pollutant model. In a multi-pollutant model, an interquartile range increase in the
concentration of sulfate was marginally associated with an increase in all-cause mortality of 2.1% (95% confidence
interval, −0.1 to 4.4).
Conclusions: These findings suggest that some specific PM components have a more hazardous effect than others
and contribute to seasonal variation in the health effects of PM2.5.
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INTRODUCTION

Epidemiological studies have shown an association between
mortality and short-term exposure to particulate matter (PM).
PM is a complex mixture of particles with various sizes
and chemical compositions, and there is interest in whether
this variation is responsible for differences in target health
outcomes and effect size estimates. It has been postulated that
fine particles have greater health effects than coarse particles,
because fine particles, which are primarily derived from fossil
fuel combustion, deposit more deeply in the lungs. Previous
studies have shown that fine PM with an aerodynamic
diameter less than 2.5 µm (PM2.5) has a strong effect on
mortality.1,2

Several multi-city studies have suggested regional
heterogeneity in the estimated effect of PM on mortality3–5

and hospitalization.6,7 Seasonal variation has also been found

to affect estimates of PM effects.6,8 These regional and
seasonal variations are partly explained by community
characteristics, such as air-conditioning prevalence,8

population density,9 proportion of elderly residents,10 and
effect modification by ambient temperature.11 Seasonal and
regional variations in the chemical composition of ambient
particles have also been suggested to contribute to
heterogeneity in PM health effects. Using seasonal mean
concentrations of particle components, Franklin et al indicated
that specific PM2.5 components modified the association
between mortality and mass concentration of PM.12 Bell
et al also illustrated the role of PM composition in the effect
of PM2.5 on hospital admission in the United States.6

Several studies have examined the association between
particle components and mortality in the United States,13–16

Chile,17 Korea,18,19 and China.20 However, no such study has
been conducted in Japan. In the present study, we investigated
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the association of daily concentrations of PM components
with mortality in Nagoya, a large urban city located on the
Pacific coast of Japan.

METHODS

Mortality data
Data on daily mortality counts, which were provided by the
Ministry of Health, Labour and Welfare of Japan, were
collected among all Nagoya residents aged 65 years and older
from April 2003 to December 2007. Mortality records
included information on sex, age, and date of death.
Primary cause of death was coded according to the
International Classification of Diseases, 10th revision.
Analyses were performed for all-cause deaths except injuries
and external reasons (A00–R99), cardiovascular disease
(I00–I99), and respiratory disease (J00–J99). This study was
approved by the Ethics Committee of the Graduate School of
Engineering, Kyoto University.

Environmental data
Details of the study site and ambient air sampling methods
are described by Yamagami et al.21 Briefly, daily samples of
PM2.5 were collected from April 2003 to December 2007 at
a monitoring site located at the Nagoya City Institute for
Environmental Sciences, which is located in the southern part
of Nagoya city, approximately 110m north of National Route
23. PM2.5 concentrations were simultaneously measured at
three other monitoring sites within the city for each season
during 2009. Variation in PM components was temporally
homogeneous between each sampling site within 7 km.
Moreover, PM2.5 mass concentrations at the Nagoya City
Institute were highly correlated with those measured at the
monitoring sites 5 and 10 km away from the study site
(r = 0.94 and 0.90, respectively). Thus, the PM2.5 mass
concentrations and the components measured at the study
site were considered representative of those in the southern
area of Nagoya City. Most data were collected from Sunday
through Thursday using a pair of FRM-2000 samplers
(Rupprecht & Patashnick, Albany, NY, USA) with PTFE
filters (TK15-G3M; Pall Life Sciences, Port Washington, NY,
USA) for ion components and Quartz fiber filters (2500QAT-
UP; Pall Life Sciences) for carbon. Samples were collected
from 9:30 a.m. through 9:00 a.m. on the next day. We used
the concentration of each PM component sampled from
9:30 a.m. until 9:00 a.m. of the next day as a proxy of
concentration at lag 0. In order to verify that the concentration
of PM components sampled from 9:30 a.m. until 9:00 a.m.
of the next day can be used as a proxy of concentration from 0
to 23 hours of the day, we obtained hourly samples of PM2.5

monitored by Tapered Element Oscillating Microbalance in
2003 at the site 6.5 km away from the study site. We
calculated 24-hour mean concentration using the hourly
values from 0 to 23 of the day and compared the proxy

concentration with the 24-hour mean concentration from
9 a.m. until 9 a.m. of the next day. Pearson’s correlation
coefficient was 0.92 (eFigure 1).
During the study period (1736 days), the number of days

with available data on PM components ranged from 886 to
926 days. Ion chromatography (Dionex ICS-1000; Thermo
Fisher Scientific Inc., Waltham, MA, USA) was used for
analysis of ion components (chloride, nitrate, sulfate,
ammonium, sodium, potassium, calcium, and magnesium).
A thermal/optical carbon analyzer (Sunset Laboratory Inc.,
Tigard, OR, USA) with the IMPROVE thermal/optical
reflectance protocol was used for analysis of organic carbon
(OC) and elemental carbon (EC). Values below the detection
limit were recorded as half of the detection limit.
Hourly concentrations of nitrogen dioxide (NO2) and

photochemical oxidants (Ox), which are mixtures of ozone
and other secondary oxidants generated by photochemical
reactions, were collected at the closest monitoring station to
the Nagoya City Institute for Environmental Sciences. Data
on meteorological variables were obtained from the Japan
Meteorological Agency, and hourly measurements were
collected at the Nagoya District Meteorological Observatory.
Daily mean ambient temperature, relative humidity, and
concentration of NO2 were calculated using hourly
measurements from 0 to 23 hours. Daily maximum 8-hour
mean concentration of Ox was also calculated. Data were
excluded from days when more than four measurements were
missing.

Statistical analysis
A time-stratified case-crossover design22 was applied to
examine the association between daily mortality and each
PM2.5 component. Single-day lags from the current day (lag 0)
and 1–3 days prior to death (lag 1, lag 2, and lag 3) were
examined separately. In the case-crossover design, within-
subject comparisons were made between a case period and
control periods. A case period was defined as the date of
death. As control periods, we chose the same day of the week
in the same month of the same year as the case period. This
control selection strategy is expected to adjust for the effects
of long-term trends, seasonality, and day of week by design.23

We estimated the odds ratios (ORs) and 95% confidence
intervals (CIs) of mortality associated with PM2.5 mass and
each PM component using conditional logistic regression.
Based on our previous study,5 we used a natural cubic spline
function of ambient temperature with 6 degrees of freedom
(df) and relative humidity with 3 df for averages from lag 0 to
lag 3 (lag 0–3).
First, season-specific estimates were obtained on the effect

of PM2.5 mass on mortality. The dataset was stratified into
summer (June–September), winter (December–March), and
transitional seasons (April–May and October–November),
in consideration of the temperature distribution. Then, the
transitional seasons were further divided into spring (April–
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May) and autumn (October–November). Second, the effect of
each PM component on mortality was estimated using single-
pollutant models. Days with missing data for each PM
component were excluded from the analysis. In a sensitivity
analysis, the df for weather variables were changed. We also
adjusted for Ox and NO2. Third, we included the multiple
PM components simultaneously in multi-pollutant models
when the PM components were significantly associated
with mortality in the single-pollutant models. We excluded
ammonium from multi-pollutant models when sulfate and
nitrate were included in the models because ammonium
particles generally exists as ammonium sulfate ((NH4)2SO4)
and ammonium nitrate ((NH4)NO3), and ammonium is highly
correlated with sulfate and nitrate.19 Results were expressed as
percent excess risk, which was calculated as (OR − 1) × 100,
with a 95% CI of all-cause, cardiovascular, and respiratory
mortality per interquartile range (IQR) increase in PM2.5 mass
and each PM component. This facilitates the comparison of
estimated effects among PM components. Analyses were
conducted using R (version 3.1.1; R Development Core Team
2014, Vienna, Austria).

RESULTS

Table 1 displays the total and daily number of deaths for this
study. During the study period, the daily number of all-cause

deaths varied from 16 to 64 deaths. Table 2 presents the
summary statistics of concentrations of PM2.5 and its
components, as well as weather variables in Nagoya during
the study period. There was seasonal variation in the
concentration of PM components, with sulfate levels higher
in spring and summer (Table 3 and eFigure 2) and nitrate and
chloride levels significantly lower in summer because they are
usually in the gas phase during warmer seasons. EC and OC
levels were highest in autumn. Table 4 shows the correlation
coefficients between PM2.5 and each chemical component.
PM2.5 was highly correlated with sulfate (r = 0.73),
ammonium (r = 0.89), potassium (r = 0.74), EC (r = 0.73),
and OC (r = 0.78).
Year-round and season-specific estimates of the PM2.5 effect

are presented in Figure 1. For year-round estimates, an IQR
increase in PM2.5 mass had associated effects at lag 0 of 2.8%
(95% CI, 1.1 to 4.6), 3.4% (95% CI, 0.3 to 6.5), and 4.5%
(95% CI, 0.3 to 8.8) on all-cause, cardiovascular, and
respiratory mortality, respectively. Association with all-cause
mortality was strongest at lag 0 and decreased gradually at
later lags. Stronger associations were observed in spring and
autumn for all-cause mortality, autumn for cardiovascular
mortality, and spring for respiratory mortality.
Figure 2 shows the association between concentrations of

the chemical components of PM2.5 and mortality in the single-
pollutant models. An IQR increase in sulfate was significantly

Table 1. Number of deaths in Nagoya from April 2003 to December 2007

Cause of death
Number of deaths during

the study period
(1736 days)

Number of deaths for days
when PM composition data
are available (926 days)

Daily number of deaths during the study period

Mean SD Minimum Maximum

All causes except for injuries 61892 32969 35.7 (7.4) 16 64
Cardiovascular diseases 20287 10850 11.7 (4.0) 1 32
Respiratory diseases 10437 5591 6.0 (2.7) 0 17

PM, particulate matter; SD, standard deviation.

Table 2. Summary statistics of PM2.5 and its chemical components in Nagoya from April 2003 to December 2007

Variables
Days of data
available

All-year

Mean SD Minimum Median Maximum IQR

PM2.5 (µg/m3) 926 23.69 (12.72) 2.55 20.98 77.66 16.24
Sulfate (µg/m3) 926 5.57 (4.18) 0.591 4.41 35.23 4.40
Nitrate (µg/m3) 926 1.46 (2.05) 0.01 (ND) 0.60 16.00 1.73
Chloride (µg/m3) 926 0.28 (0.45) 0.00 (ND) 0.10 4.00 0.34
Ammonium (µg/m3) 923 2.61 (1.86) 0.17 2.10 11.67 2.21
Sodium (µg/m3) 923 0.15 (0.09) 0.00 (ND) 0.13 0.94 0.11
Potassium (µg/m3) 923 0.15 (0.10) 0.00 (ND) 0.12 0.74 0.11
Magnesium (µg/m3) 923 0.02 (0.01) 0.00 (ND) 0.02 0.09 0.01
Calcium (µg/m3) 923 0.05 (0.05) 0.02 (ND) 0.02 0.59 0.04
Elemental carbon (µg/m3) 886 3.55 (2.13) 0.24 3.13 14.55 2.56
Organic carbon (µg/m3) 886 4.79 (2.16) 0.88 4.38 21.74 2.40
Ambient temperature (°C) 1736 16.72 (8.31) −0.33 17.36 32.70 14.81
Relative humidity (%) 1736 65.84 (12.20) 28.00 65.04 96.71 15.88

IQR, interquartile range; ND, not detectable (below the detection limit); PM2.5, fine particulate matter; SD, standard deviation.
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associated with an increase in all-cause mortality (2.4%; 95%
CI, 0.9 to 4.0), with a lag pattern similar to that of PM2.5 mass.
Significant positive associations were also observed for
ammonium, potassium, EC, and OC at lag 0. While
cardiovascular mortality was significantly associated with
chloride, EC, and OC at lag 0, respiratory mortality was
significantly associated with sulfate at lag 0, nitrate at lag 2,
ammonium at lag 0 and lag 2, and potassium at lag 0.

We changed the df for ambient temperature to 3 and relative
humidity to 6, which did not alter results substantially (data
not shown). When adjusted for Ox and NO2, the positive
associations of all-cause mortality with potassium, EC, and
OC became non-significant (eFigure 3), whereas the positive
associations of cardiovascular mortality with chloride, EC,
and OC remained significant. Respiratory mortality was
associated only with sulfate. We observed a few inverse
associations of all-cause mortality with calcium at lag 1 and
OC at lag 2, and cardiovascular mortality with nitrate at lag 2
and OC at lag 2 after adjusting for gaseous pollutants.

In the multi-pollutant models, we simultaneously included
sulfate, potassium, EC, and OC for all-cause mortality;
chloride, EC, and OC for cardiovascular mortality; and

sulfate, nitrate, and potassium for respiratory mortality,
based on the results of the single-pollutant models. Effect
size generally became smaller with wider 95% CIs than in
the single-pollutant models. An IQR increase in sulfate was
marginally associated with an increase of 2.1% (95% CI, −0.1
to 4.4) in all-cause mortality (Figure 3).

DISCUSSION

In this study, season-stratified analysis showed a stronger
association of PM2.5 mass with all-cause mortality in
transitional seasons than in summer and winter. We also
observed a stronger association of PM2.5 mass with
cardiovascular mortality in autumn and with respiratory
mortality in spring. In an analysis examining the association
between mortality and concentrations of each PM component,
mortality was significantly associated with sulfate, nitrate,
chloride, ammonium, potassium, EC, and OC, which are
related to combustion and traffic sources. In the multi-pollutant
models, we observed a marginal association between all-cause
mortality and sulfate. These findings suggest that some specific
PM components are more hazardous to health than others.

Table 3. Seasonal variation in PM2.5 and its chemical components in Nagoya from April 2003 to December 2007

Spring Summer Autumn Winter

n
Mean
(µg/m3)

(SD)
(µg/m3)

n
Mean
(µg/m3)

(SD)
(µg/m3)

n
Mean
(µg/m3)

(SD)
(µg/m3)

n
Mean
(µg/m3)

(SD)
(µg/m3)

PM2.5 165 24.56 (11.20) 321 22.56 (11.23) 166 24.86 (14.52) 274 23.79 (13.97)
Sulfate 165 6.39 (3.82) 321 6.75 (5.04) 166 4.47 (3.32) 274 4.35 (3.13)
Nitrate 165 1.83 (2.25) 321 0.56 (1.18) 166 1.37 (1.67) 274 2.33 (2.48)
Chloride 165 0.16 (0.25) 321 0.04 (0.09) 166 0.29 (0.39) 274 0.62 (0.59)
Ammonium 162 2.96 (1.72) 321 2.65 (1.89) 166 2.15 (1.75) 274 2.62 (1.92)
Sodium 162 0.16 (0.09) 321 0.14 (0.10) 166 0.17 (0.09) 274 0.14 (0.08)
Potassium 162 0.16 (0.10) 321 0.12 (0.09) 166 0.17 (0.11) 274 0.16 (0.11)
Magnesium 162 0.02 (0.01) 321 0.02 (0.01) 166 0.02 (0.01) 274 0.02 (0.01)
Calcium 162 0.07 (0.08) 321 0.04 (0.04) 166 0.05 (0.05) 274 0.05 (0.05)
Elemental carbon 148 3.04 (1.84) 309 3.43 (1.68) 155 4.20 (2.62) 274 3.60 (2.35)
Organic carbon 148 4.61 (2.22) 309 4.44 (1.74) 155 5.52 (2.50) 274 4.86 (2.24)

PM2.5, fine particulate matter; SD, standard deviation.

Table 4. Pearson’s correlation coefficients of PM2.5 and its components

PM2.5 Sulfate Nitrate Chloride Ammonium Sodium Potassium Magnesium Calcium
Elemental
carbon

Organic
carbon

PM2.5 1
Sulfate 0.73 1
Nitrate 0.61 0.17 1
Chloride 0.45 −0.06 0.57 1
Ammonium 0.89 0.87 0.57 0.27 1
Sodium 0.26 0.18 0.15 0.20 0.22 1
Potassium 0.74 0.57 0.44 0.36 0.68 0.37 1
Magnesium 0.34 0.44 0.07 −0.04 0.37 0.62 0.48 1
Calcium 0.32 0.24 0.16 0.06 0.25 0.28 0.44 0.49 1
Elemental carbon 0.73 0.30 0.52 0.56 0.49 0.10 0.43 0.02 0.08 1
Organic carbon 0.78 0.39 0.43 0.45 0.54 0.19 0.59 0.17 0.19 0.75 1

PM2.5, fine particulate matter.
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Peng et al explored seasonal patterns in the short-term
effects of PM on mortality, using 100 cities in the United
States.24 Their analyses showed that association between PM
and mortality varied by region. Stronger associations were
observed during spring and summer in northern regions,
with no clear seasonal variation in southern regions. They
hypothesized that differences in PM composition contributed

to the seasonal pattern in association with PM and mortality
(ie, there were more toxic particles during warmer seasons in
the northern regions). Franklin et al indirectly showed that
certain PM components modified the association between
PM2.5 and mortality in 25 communities in the United States.12

They estimated the effect of PM2.5 on mortality for each
season in each community. Combining seasonal effect
estimates and mean seasonal concentration ratios of species
to the total PM2.5 mass for each community, they used a meta-
regression technique to quantify the extent that the association
between PM2.5 mass and mortality was modified by PM
components. Their findings showed that aluminum, sulfate,
and nickel modified the association between PM2.5 mass and
mortality. Our study showed a stronger association between
PM2.5 mass and mortality in the transitional seasons, when
potassium concentrations were higher. Potassium is associated
with all-cause and respiratory mortality, and is considered a
tracer for biomass burning.25 Sulfate and nitrate concen-
trations also showed clear seasonal variations, although these
variations did not necessarily match the seasonal variation
in the effect estimates of PM2.5 on mortality. It is possible
that a certain PM component or combination of several PM
components may contribute to the seasonal variation in the
health effect of PM2.5 mass.
Another possible explanation for the seasonal variation in

health effects of PM2.5 is the difference in personal exposure
by season. More open windows in transitional seasons could
contribute to higher air pollutant exposure, which would lead
to a larger effect.8

Our analysis suggests that sulfate is associated with all-
cause and respiratory mortality. Sulfate secondary particles are
produced by the oxidation of sulfur dioxide and nitrogen
oxides in the atmosphere,26 and the concentration of sulfate in
Japan is influenced by transboundary pollution outflow from
the Asian continent.27 The lag pattern of association between
sulfate and mortality was similar to the pattern between PM2.5

mass and mortality. It is possible that the amount of inhaled
particles, but not a specific component, influenced the size of
the effect because sulfate composes a large fraction of and is
highly correlated with total PM2.5 mass concentration. To take
mass concentration into account, we adjusted for PM2.5 mass
concentration (eFigure 4). Although the positive association
between sulfate and all-cause mortality became non-
significant, the association between sulfate and respiratory
mortality remained significant. This result suggests that sulfate
is responsible for PM toxicity.
While several epidemiological studies have shown a

significant association between sulfate and mortality, toxico-
logical studies have not fully provided evidence indicating
plausible biological mechanisms for this association.26 There
are a few possible explanations for the association between
sulfate and mortality. First, the acidity of sulfate particles may
mediate adverse health effects. Dreher et al suggested that
particle acidity may contribute to adverse health effects by

A) All-cause mortality

B) Cardiovascular mortality

C) Respiratory mortality

Figure 1. Year-round and season-specific effect esti-
mates of PM2.5 mass on (A) all-cause
mortality, (B) cardiovascular mortality, and (C)
respiratory mortality per IQR increase in PM2.5

mass at single-day lags from 0 to 3, adjusted for
ambient temperature, and relative humidity.
IQR, interquartile range; PM2.5, fine particulate
matter.
*P < 0.05.
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altering the pulmonary toxicity of other components or
physical properties instead of through its own direct
toxicity.28 Second, sulfate may catalyze metals to become
bioavailable, which consequently causes oxidative stress.29

Third, sulfate may be a proxy of unmeasured PM components.
Previous epidemiological studies gave heterogeneous results
on the association between particle components and mortality.
Some studies found positive associations for sulfate1,15,20,30,31

and nitrate,14,15 while at least one did not.13 Further evidence
is required to confirm plausible mechanisms.

Nitrate was associated with respiratory mortality. Based on
the concentration levels showing both diurnal and seasonal
variations, nitrate is likely produced by photochemical
reactions.21 There are a few epidemiological studies on the
health effects of nitrate. Cao et al found that nitrate was
associated with total and cardiovascular mortality in Xi’an, a
heavily polluted city in China.20 Ostro et al also observed a

strong association of nitrate with cardiovascular mortality in
California.14 In a study of 72 urban communities in the United
States, however, nitrate was not significantly associated
with mortality.13 No single PM component, but rather a
combination of multiple components, appear responsible for
the health effects of PM.
EC and OC were significantly associated with all-cause and

cardiovascular mortality. Our findings are consistent with
previous studies.14,16,19,20 Ostro et al found that EC and OC
were associated with cardiovascular mortality in California.14

Zhou et al examined the association of mortality and PM
components in Detroit and Seattle and observed associations
of cardiovascular mortality with EC and OC only in the cold
season in Seattle.16 In Asian countries, Heo et al19 and Cao
et al20 reported that OC was associated with cardiovascular
mortality, whereas Son et al18 observed no significant
associations of cardiovascular mortality with EC or OC.

A) All-cause mortality

B) Cardiovascular mortality

C) Respiratory mortality

Figure 2. Percent change in all-cause mortality (A), cardiovascular mortality (B), and respiratory mortality (C) per IQR
increase in chemical components of PM2.5 at single-day lags from 0 to 3, adjusted for ambient temperature, and
relative humidity.
EC, elemental carbon; IQR, interquartile range; OC, organic carbon; PM2.5, fine particulate matter.
*P < 0.05.
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The major source of EC and OC is biomass and fossil fuel
combustion. It is possible that EC and OC reflect the effects
of other correlated components. Previous studies found that
combustion-related metals, such as nickel and copper, were
associated with mortality.14,20

Although ammonium was found to be associated with
mortality, this may reflect the association of sulfate and nitrate
with mortality. In the atmosphere, ammonium salts, such as
(NH4)2SO4 and (NH4)NO3, are formed in the presence of
ammonia gas due to acid gas neutralization.19 Therefore, the
concentration of ammonium is highly correlated with the sum
of sulfate and nitrate. Most sulfate and nitrate particles are
secondary particles produced by atmospheric photochemical
reactions of gaseous pollutants.20 These gaseous pollutants

are mainly emitted due to fuel combustion. Therefore, the
association of these components and respiratory mortality
indicate that combustion-related particles have a greater toxic
effect on health than particles from other sources.
After adjustment for co-pollutants, the lag pattern varied

widely. Like other single-city studies,19,20 we observed
significant inverse associations between mortality and some
of the PM components. This may be partially explained by
the influence of multicollinearity, given that several PM
components are highly correlated with PM2.5 mass and
gaseous pollutants.
This study has several limitations worth noting. First, the

chemical components of PM2.5 were only monitored from
Sunday to Thursday. We evaluated single-day lags separately.
Hence, the effect estimate was calculated using different days
for each lag. This could have affected our effect estimates
because the distribution of PM composition differs between
weekdays and the weekends.32 The concentrations of PM2.5

mass and several PM components were lower on Sunday
than on weekdays in our study (eTable 1). Further studies
including the data both of weekdays and weekends are
needed. Second, we used PM components sampled from
9:30 a.m. to 9:00 a.m. of the next day as a proxy of con-
centration at lag 0. We assumed that PM2.5 concentrations
sampled from 9 a.m. to 9 a.m. of the next day would reflect
concentrations from 0 to 23 hours on that day because
these concentrations were highly correlated. However, this
assumption may not be applicable to some PM components
emitted from local sources. The effect estimates at lag 0 for
PM components may have been influenced by temporal
exposure misclassification and may be less reliable than those
at lag 1. Third, we used the data from a single monitoring site
as a proxy of personal exposure to PM2.5 and its components
in Nagoya City. Although the measured PM2.5 concentrations
at the study site were considered to represent those in the
southern area of Nagoya City, random measurement errors
might have been introduced, possibly resulting in bias toward
the null in effect estimates. Fourth, as this was a single-city
study, our findings may not be generalizable to cities with a
different mixture of air pollutants. Thus, further studies should
be conducted in other areas of Japan.
In conclusion, we found that sulfate, nitrate, chloride,

ammonium, potassium, EC, and OC are associated with
mortality in Nagoya, Japan. Our findings suggest that some
specific PM components have more hazardous effects than
others and contribute to seasonal variation in the health effects
of PM2.5.

ONLINE ONLY MATERIALS

eFigure 1. Scatter plot of 24-hour mean concentrations of
PM2.5 from 12 a.m. of the day until 12 a.m. of the next day
and those from 9 a.m. of the day until 9 a.m. of the next day
(n = 346) calculated from the hourly sampling obtained using

A) All-cause mortality

B) Cardiovascular mortality

C) Respiratory mortality

Figure 3. Percent change in all-cause mortality (A),
cardiovascular mortality (B), and respiratory
mortality (C) per IQR increase in chemical
components of PM2.5 for the multi-pollutant
models.
EC, elemental carbon; IQR, interquartile range;
OC, organic carbon; PM2.5, fine particulate
matter.
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a Tapered Element Oscillating Microbalance in 2003 at the
site, which is 6.5 km from the study site in Nagoya.
eFigure 2. Monthly variation in PM2.5 mass and its
components in Nagoya from April 2003 to December 2007.
Box plots represent the median (horizontal line) and the 25th
and 75th percentiles (edges of box).
eFigure 3. Percent change in all-cause mortality (A),
cardiovascular mortality (B), and respiratory mortality (C)
per IQR increase in chemical components of PM2.5 at single-
day lags from 0 to 3, adjusted for ambient temperature,
relative humidity, Ox, and NO2.
eFigure 4. Percent change in all-cause mortality (A),
cardiovascular mortality (B), and respiratory mortality (C)
per IQR increase in chemical components of PM2.5 at single-
day lags from 0 to 3, adjusted for ambient temperature,
relative humidity, Ox, NO2, and PM2.5 mass.
eTable 1. Average and standard deviation of PM2.5 mass and
its components for each day of the week in Nagoya from April
2003 to December 2007.
Abstract in Japanese.

ACKNOWLEDGEMENTS

This study was supported by a grant-in-aid from the Japanese
Ministry of the Environment (S12 and 5-1452) and a grant-in-
aid for the Research Program on Climate Change Adaptation
from the Ministry of Education, Culture, Sports, Science and
Technology.

Conflicts of interest: None declared.

REFERENCES

1. Burnett RT, Brook J, Dann T, Delocla C, Philips O, Cakmak S,
et al. Association between particulate- and gas-phase
components of urban air pollution and daily mortality in eight
Canadian cities. Inhal Toxicol. 2000;12 Suppl 4:15–39.

2. Zanobetti A, Schwartz J. The effect of fine and coarse particulate
air pollution on mortality: a national analysis. Environ Health
Perspect. 2009;117:898–903.

3. Dominici F, McDermott A, Zeger SL, Samet JM. National maps
of the effects of particulate matter on mortality: exploring
geographical variation. Environ Health Perspect. 2003;111:
39–44.

4. Franklin M, Zeka A, Schwartz J. Association between PM2.5
and all-cause and specific-cause mortality in 27 US
communities. J Expo Sci Environ Epidemiol. 2007;17:279–87.

5. Ueda K, Nitta H, Ono M, Takeuchi A. Estimating mortality
effects of fine particulate matter in Japan: a comparison of time-
series and case-crossover analyses. J Air Waste Manag Assoc.
2009;59:1212–8.

6. Bell ML, Ebisu K, Peng RD, Walker J, Samet JM, Zeger SL,
et al. Seasonal and regional short-term effects of fine particles on
hospital admissions in 202 US counties, 1999–2005. Am J
Epidemiol. 2008;168:1301–10.

7. Dominici F, Peng RD, Bell ML, Pham L, McDermott A, Zeger

SL, et al. Fine particulate air pollution and hospital admission
for cardiovascular and respiratory diseases. JAMA. 2006;295:
1127–34.

8. Bell ML, Ebisu K, Peng RD, Dominici F. Adverse health effects
of particulate air pollution: modification by air conditioning.
Epidemiology. 2009;20:682–6.

9. Zeka A, Zanobetti A, Schwartz J. Short term effects of
particulate matter on cause specific mortality: effects of lags
and modification by city characteristics. Occup Environ Med.
2005;62:718–25.

10. Katsouyanni K, Touloumi G, Samoli E, Gryparis A, Le Tertre A,
Monopolis Y, et al. Confounding and effect modification in
the short-term effects of ambient particles on total mortality:
results from 29 European cities within the APHEA2 project.
Epidemiology. 2001;12:521–31.

11. Meng X, Zhang Y, Zhao Z, Duan X, Xu X, Kan H. Temperature
modifies the acute effect of particulate air pollution on mortality
in eight Chinese cities. Sci Total Environ. 2012;435–436:
215–21.

12. Franklin M, Koutrakis P, Schwartz P. The role of particle
composition on the association between PM2.5 and mortality.
Epidemiology. 2008;19:680–9.

13. Krall JR, Anderson GB, Dominici F, Bell ML, Peng RD. Short-
term exposure to particulate matter constituents and mortality in
a national study of U.S. urban communities. Environ Health
Perspect. 2013;121:1148–53.

14. Ostro B, Feng WY, Broadwin R, Green S, Lipsett M. The effects
of components of fine particulate air pollution on mortality in
california: results from CALFINE. Environ Health Perspect.
2007;115:13–9.

15. Ito K, Mathes R, Ross Z, Nádas A, Thurston G, Matte T. Fine
particulate matter constituents associated with cardiovascular
hospitalizations and mortality in New York City. Environ Health
Perspect. 2011;119:467–73.

16. Zhou J, Ito K, Lall R, Lippmann M, Thurston G. Time-series
analysis of mortality effects of fine particulate matter
components in detroit and Seattle. Environ Health Perspect.
2011;119:461–6.

17. Cakmak S, Dales RE, Vida CB. Components of particulate air
pollution and mortality in Chile. Int J Occup Environ Health.
2009;15:152–8.

18. Son JY, Lee JT, Kim KH, Jung K, Bell ML. Characterization
of fine particulate matter and associations between particulate
chemical constituents and mortality in Seoul, Korea. Environ
Health Perspect. 2012;120:872–8.

19. Heo J, Schauer JJ, Yi O, Paek D, Kim H, Yi SM. Fine particle air
pollution and mortality: importance of specific sources and
chemical species. Epidemiology. 2014;25:379–88.

20. Cao J, Xu H, Xu Q, Chen B, Kan H. Fine particulate matter
constituents and cardiopulmonary mortality in a heavily polluted
Chinese city. Environ Health Perspect. 2012;120:373–8.

21. Yamagami M, Ohara T, Nakashima H, Ikemori F, Hisatsune K,
Ohba K. Trends in chemical composition and pattern of high
concentration of PM2.5 in Nagoya city. J Jpn Soc Atmos
Environ. 2011;46:139–47.

22. Maclure M. The case-crossover design: a method for studying
transient effects on the risk of acute events. Am J Epidemiol.
1991;133:144–53.

Particulate Matter Components and Daily Mortality in Nagoya256

J Epidemiol 2016;26(5):249-257

http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=12881885&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=19590680&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=19590680&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=12515677&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=12515677&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=17006435&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=19842328&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=19842328&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=18854492&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=18854492&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=16522832&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=16522832&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=19535984&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=16169918&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=16169918&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=11505171&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=22854092&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=22854092&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=18714438&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=23912641&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=23912641&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=17366813&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=17366813&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=21463978&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=21463978&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=21193387&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=21193387&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=19496481&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=19496481&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=22440884&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=22440884&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=24718091&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=22389181&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=1985444&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=1985444&dopt=Abstract


23. Janes H, Sheppard L, Lumley T. Case-crossover analyses of air
pollution exposure data: referent selection strategies and their
implications for bias. Epidemiology. 2005;16:717–26.

24. Peng RD, Dominici F, Pastor-Barriuso R, Zeger SL, Samet JM.
Seasonal analyses of air pollution and mortality in 100 US cities.
Am J Epidemiol. 2005;161:585–94.

25. Watson JG, Chow JC, Houck JE. PM2.5 chemical source
profiles for vehicle exhaust, vegetative burning, geological
material, and coal burning in Northwestern Colorado during
1995. Chemosphere. 2001;43:1141–51.

26. Reiss R, Anderson EL, Cross CE, Hidy G, Hoel D, McClellan R,
et al. Evidence of health impacts of sulfate- and nitrate-
containing particles in ambient air. Inhal Toxicol. 2007;19:
419–49.

27. Aikawa M, Ohara T, Hiraki T, Oishi O, Tsuji A, Yamagami M,
et al. Significant geographic gradients in particulate sulfate
over Japan determined from multiple-site measurements and a
chemical transport model: Impacts of transboundary pollution

from the Asian continent. Atmos Environ. 2010;44:381–91.
28. Dreher KL. Particulate matter physicochemistry and toxicology:

In search of causality—A critical perspective. Inhal Toxicol.
2000;12:45–57.

29. Ghio AJ, Stoneheurner J, McGee JK, Kinsey JS. Sulfate content
correlates with iron concentrations in ambient air pollution
particles. Inhal Toxicol. 1999;11:293–307.

30. Schwartz J, Dockery DW, Neas LM. Is daily mortality
associated specifically with fine particles? J Air Waste Manag
Assoc. 1996;46:927–39.

31. Fairley D. Daily mortality and air pollution in Santa Clara
County, California: 1989–1996. Environ Health Perspect.
1999;107:637–41.

32. Hara K, Homma J, Tamura K, Inoue M, Karita K, Kondo Y,
et al. Difference in concentration trends of airborne particulate
matter during rush hour on weekdays and Sundays in Tokyo,
Japan. J Air Waste Manag Assoc. 2014;64:1045–53.

Ueda K, et al. 257

J Epidemiol 2016;26(5):249-257

http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=16222160&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=15746475&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=11368231&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=17365047&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=17365047&dopt=Abstract
http://dx.doi.org/10.1016/j.atmosenv.2009.10.025
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=26368600&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=26368600&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=10380171&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=8875828&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=8875828&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=10417361&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=10417361&dopt=Abstract
http://www.ncbi.nlm.nih.gov/sites/entrez?cmd=Retrieve&db=PubMed&list_uids=25283002&dopt=Abstract

