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Abstract
Particulate matters with an aerodynamic diameter ≤1 μm (PM1) significantly increased mortality risk, and the effect of PM1 was
even greater than that of PM2.5 (aerodynamic diameter ≤2.5 μm). But the quantitative impact of PM1 on life expectancy was
unknown. We aim to examine the extent to which that people’s life expectancy was shortened by PM1 and PM2.5. We obtained
daily data on deaths, PM1 and PM2.5 records, and weather variables during 2016–2017 in Nanjing, China. Years of life lost
(YLLs) were calculated by matching each decedent’s age and sex to the Chinese life table. The fitted nonlinear dose-response
associations of YLLs with PM1 and PM2.5 were estimated by utilizing a generalized additive model with a Gaussian link that
controlled for confounding factors including meteorological variables, day of week, and long-term trend and seasonality. The
effect estimates were presented as the YLLs when PM1 and PM2.5 concentrations fell in different ranges. Life expectancy losses
attributable to PM1 and PM2.5 were calculated. Stratified analyses were also performed by age, sex, and death causes. Significant
PM-YLL associations were observed, with greater increases in YLLs associated with PM1 (68.9 thousand). PM1was estimated to
reduce life expectancy, which was greater than PM2.5 (PM1: 1.67 years; PM2.5: 1.55 years). For PM1, greater years of loss in PM-
related life expectancy were found in the female group, ≥65 years group, and cardiovascular disease group. Exposure to PM1 had
a greater impact on life expectancy loss than did PM2.5. Constant efforts are urgently needed to control PM1 air pollution to
improve people’s longevity.
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Introduction

Exposure to air pollution, especially particulate matter (PM),
can significantly increase mortality risk (Guo et al. 2013;
Hayes et al. 2020; Huang et al. 2017). In China, the
disability-adjusted life years (DALYs) from PM2.5 (aerody-
namic diameter ≤2.5 μm) pollution in 2017 ranked fourth
among risk factors (Zhou et al. 2019). Studies have shown
that PM2.5 exposure can increase the death risk even below
air quality standards concentrations (Cheng et al. 2021; Cohen
et al. 2017; Di et al. 2017). At present, PM2.5-related cause-
specific mortality and morbidity have been widely investigat-
ed, mainly including cardiovascular diseases and respiratory
diseases (Huang et al. 2019; Yin et al. 2020). Importantly,
increasing studies suggested that the smaller the size fractions
of PM such as PM1 (aerodynamic diameter ≤1 μm) may have
the greater impacts on human health (Hu et al. 2018; Kan
2017).

As a major component of PM2.5, PM1 has a greater surface
area allowing it to carry more toxins and making it more easily
to be absorbed into the blood through the alveoli (Kan 2017;
Tian et al. 2019; Yang et al. 2018). At present, studies on PM1

and population health are lacking due to the limited availabil-
ity of routine surveillance data (Chen et al. 2019; Hu et al.
2018; Wang et al. 2021a, b, c; Yang et al. 2018). Previous
studies have shown that PM1 is associated with increased
mortality and morbidity from multiple disease causes, as well
as increased emergency department visits (Hu et al. 2018; Liu
et al. 2021). However, taking morbidity and mortality as out-
come indicators only cannot take into account the age differ-
ence of subjects, which may not truly reflect the disease dam-
age. Year of life lost (YLL) is an important component of
DALYs, which is a measure of the burden of disease based
on life expectancy (Odhiambo Sewe et al. 2018). As a novel
and precise indicator to measure disease burden, YLL has also
been used as a supplement of morbidity and mortality in pre-
vious studies (Xu et al. 2014; Zhou et al. 2019). Compared
with the traditional mortality indicator, YLL puts more weight
onmortality among young people, which was commonly used
to describe and determine the loss of life due to premature
death. A recent study has indicated that PM2.5 significantly
shortened life expectancy and accounted for a great mortality
burden in Hong Kong (Cheng et al. 2021). However, relevant
analysis is urgent to be carried out in other cities due to re-
gional differences in PM concentration. Besides, it remains
unclear to what extent PM1 affects YLL and whether the harm
effect is greater than PM2.5.

To fill in the knowledge gap above, a generalized ad-
ditive model with a Gaussian link was used to investigate
the associations between PMs (PM1 and PM2.5) and YLL
in Nanjing, China. The attributable YLLs and related loss
of life expectancy were estimated by age, sex, and major
causes of death.

Materials and methods

Study setting

This study was conducted in Nanjing, the capital city of
Jiangsu Province of China (Figure S1). Nanjing is a rapidly
developing and highly dense city, with 8.3 million population
living in an area of 6587.02 square kilometers (km2) in 2017
(population density reached 1265 persons/km2 in 2017). In
Nanjing, PMs were reported to be the dominant major pollut-
ants to poor air quality in recent years, exceeding the Chinese
Ambient Air Quality Standard Grade I (Mao et al. 2020).

Data collection

Data on death and the calculation of YLL

Daily deaths in Nanjing from January 1, 2016, to December
31, 2017, were provided by Jiangsu Provincial Center for
Disease Control and Prevention. The calculation of YLL used
yearly life tables provided by World Health Organization.
Consistent with previous studies (Cheng et al. 2021; Qi et al.
2020), YLLs for each death were calculated by matching age
and sex to the life table. YLLs for all deaths within each day
were summed up to create the time-series of daily YLLs in
2016–2017 for total population and subgroups (sex, age, and
death causes). Deaths for two major diseases, including car-
diovascular disease (ICD-10: I00-I99) and respiratory disease
(ICD-10: J00-J99), were extracted for analysis.

Data on air pollution and meteorological variables

Regarding air pollution exposure data, we obtained daily sat-
ellite remote sensed PM1 data with a spatial resolution of 1 km
from previous studies (Wang et al. 2021a, b, c; Wei et al. 2019
2021). Briefly, the remote sensing technique was used to col-
lect daily information of PM1 from China Atmosphere Watch
Network (CAWNET) and interpolated the processed spatial
time-series data (resolution: 1 km) based on CAWNET
(dataset is available at https://weijing-rs.github.io/product.
html). To derive the daily estimation of PM1 data, an
ensemble learning model was established based on air
quality information from 153 stations of CAWNET,
topographic characteristics, Multi-Angle Implementation of
Atmospheric Correction (MAIAC) aerosol optical depth
(AOD) product, land use information, road network, MEIC
emission data, and nighttime light (Wei et al. 2019, 2021).
During the study period, PM1 prediction data had a high con-
sistency with observed data. Other air pollution data including
PM2.5 and NO2 were obtained from ground monitoring sta-
tions, which was provided by the National Urban Air Quality
Real-time Publishing Platform (http://106.37.208.233:
20035/). Besides, we collected daily meteorological
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variables including maximum, mean, and minimum
temperatures and relative humidity during 2016–2017 from
the China Meteorological Data Sharing System (http://data.
cma.cn).

Statistical analysis

A two-stage approach was conducted to investigate the rela-
tionship between PM1 and PM2.5 and YLL in this study. In the
first stage, we found that YLL follows a normal distribution
(Figure S2); a generalized additive model with a Gaussian link
was used to fit the dose-response associations of PM1-YLL
and PM2.5-YLL, respectively (Huang et al. 2012; Wei et al.
2021; Zhu et al. 2017). The effects of PM1 and PM2.5 in
different subgroups (sex, age) were further investigated to
identify vulnerable subpopulations. Then, we estimated total
YLLs and reduced life expectancy attributable to PM1 and
PM2.5 under different percentile range based on fitted nonlin-
ear associations.

Firstly, to capture the nonlinear dose-response associations
of PM1-YLL and PM2.5-YLL, a natural cubic spline with three
degrees of freedom (dfs) was used for the 0–2-day moving
average of PM variables based on the generalized cross-
validation (GCV) score. Consistent with previous studies
(Cheng et al. 2021; Guo et al. 2013), the potential confounders
controlled in the model mainly included meteorological vari-
ables, day of week (DOW, controlled for as a categorical
variable), and long-term trend and seasonality. The mean tem-
perature, diurnal temperature range, and relative humidity (0–
21-day moving average) with a natural cubic spline with three
dfs were adjusted for their nonlinear and lagged effects. We
controlled for the long-term trend and seasonality of YLL by
using a natural cubic spline with seven dfs per year for calen-
dar time.

The effect estimates were presented as the YLLswhen PM1

and PM2.5 concentrations fell in different ranges (≥25th per-
centile, ≥50th percentile, and ≥75th percentile, full range) in
this study. Stratified analysis was further carried out based on
demographic characteristics (sex and age). Sex was divided
into male and female, and age was divided into 0–64 years old
and ≥65 years old. Stratified analyses for respiratory and car-
diovascular diseases were also performed.

Secondly, based on fitted nonlinear dose-response associ-
ations both in total population and subgroups, the YLLs at-
tributable to PM1 and PM2.5 during the study period were the
sum of the daily YLLs associated with PMs in different ranges
(≥25th percentile, ≥50th percentile, and ≥75th percentile, full
range). As described in previous studies (Qi et al. 2020; Xu
et al. 2014), the average loss of life expectancy was calculated
by dividing the attributable YLLs by the total number of
deaths during the study period.

To test for the robustness of the model, sensitivity analysis
was conducted by changing dfs (2 to 6) of mean temperature,

diurnal temperature range, and relative humidity. All statisti-
cal analyses were conducted in R software (version 3.4.0).

Results

Descriptive statistics

Table 1 and Figure S3 present the descriptive statistics of
death counts, YLLs, air pollution, and meteorological vari-
ables in Nanjing during 2016–2017. Overall, the average daily
deaths and YLLs were 113 and 1406, respectively. The death
counts and YLLs in males and deaths aged ≥65 years were
greater than those in females and those aged 0–64 years. The
average concentration of PM1 was 32.0μg/m

3, and PM2.5 was
45.9 μg/m3.

Dose-response associations of PM1-YLL and PM2.5-YLL

In Fig. 1, we observed significant nonlinear dose-response
relationships between PM1-YLL and PM2.5-YLL in the total
population, respectively. YLL changes were steeper for both
PM1 and PM2.5 at low concentration level (<25th percentile)
and remained steady with increasing concentrations. Besides,
the estimated changes in years of life lost associated with PM1

and PM2.5 at different concentration cut-offs were compared,
indicating that the effect of PM1 on YLL has no significant
difference from that of PM2.5 (P = 0.136) (Table S1).

Figure 2 presents a nonlinear dose-response relationship
for subgroups by sex, age, and death causes. In general, the
dose-response curves of PM1-YLL and PM2.5-YLL in sub-
groups were similar to those in the total population except
for the respiratory disease group. No significant dose-
response relationship was found between PM1 and YLL in
the male group.

Attributable YLLs associated with PM1 and PM2.5

As presented in Fig. 3a, a total of 68.9 thousand and 63.6
thousand YLLs per year were attributed to PM1 and PM2.5,
accounting for 13.40% and 12.37% of all YLLs, respectively.
Both in total population and in each subgroup, the YLLs at-
tributable to PM1 per year were higher than those attributable
to PM2.5 in different percentile ranges (≥25th, ≥50th, ≥75th,
full range) (Figs. 3a and 4). A total of 38.3 thousand YLLs per
year were attributed to PM1 in females, while no YLLs were
attributed to PM1 in males (Fig. 4a, b). The YLLs attributable
to PM1 and PM2.5 in the ≥65 years group were greater than
those in the 0–64 years group in different percentile ranges
(Fig. 4c, d). The YLLs associated with PM1 and PM2.5 in the
respiratory disease group were much lower than those in the
cardiovascular disease group (Fig. 4e, f).
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Loss of life expectancy

The losses of life expectancy caused by PM1 and PM2.5

were 1.67 and 1.55 years, respectively (Fig. 3b). The life
expectancy losses associated with PM1 were similar to
those associated with PM2.5 in different percentile ranges
(≥25th, ≥50th, ≥75th, full range). For example, there
would be 1.35 and 1.05 years gains of life expectancy if
PM1 and PM2.5 concentrations were below the 50th per-
centile, respectively. In Fig. 5, the losses of life expectan-
cy associated with PM1 and PM2.5 in the female group,
the ≥65 years group, and the cardiovascular disease group
were greater than those in the male group, the 0–64 years
group, and the respiratory disease group, respectively.

Sensitivity analysis

By adjusting for the dfs of mean temperature, diurnal temper-
ature range, and relative humidity, we found that the fluctua-
tion of the models and dose-response curves was slight, indi-
cating that the models were robust enough (Table S2).
Besides, a double-pollutant model was established by control-
ling NO2, generating a similar dose-response curve with the
single-pollutant model (Figure S4).

Discussion

To our knowledge, this study is the first time-series study to
investigate the association between PM1 and YLL. It is found
that the losses of life expectancy associated with PM1 and
PM2.5 were 1.67 years and 1.55 years, respectively, indicating
that PM1 has a greater impact on YLL than PM2.5. Further
studies of vulnerable populations showed that losses of life
expectancy related to PMs in the female group, the ≥65 years
group, and the cardiovascular disease group were higher than
those in the male group, the 0–64 years group, and the respi-
ratory disease group, respectively. This finding provides a
reference for the formulation and evaluation of PM1 and
PM2.5 air quality standards in the future.

The average concentration of PM2.5 in this study was 45.9
μg/m3, lower than the Chinese Ambient Air Quality Standard
Grade II (PM2.5 <75 μg/m3). There have been many studies
over the past few years indicating a significant association
between PM2.5 and life expectancy (Cheng et al. 2021; Jia
et al. 2021; Moradi et al. 2021; Qi et al. 2021; Zallaghi et al.
2021; Zhu et al. 2017). Some of these studies have found
nonlinear dose-response curves similar to this study (namely
steep at low concentration and stable at high concentration).
With the development of the air pollution warning system (Li
and Zhu 2018; Mo et al. 2019), people’s protection

Table 1 Summary statistics of
daily deaths, years of life lost, air
pollutants, and weather
conditions in Nanjing, China,
2016–2017

Minimum 25th
percentile

Mean 50th
percentile

75th
percentile

Maximum

Death counts

Total 69 101 113 111 124 180

Male 35 56 63 63 70 103

Female 27 43 49 48 55 91

0–64 years 8 19 22 22 26 40

≥65 years 49 79 90 88 100 147

Years of life lost (years)

Total 795 1252 1406 1384 1547 2374

Male 394 719 823 812 917 1407

Female 258 493 583 574 658 1166

0–64 years 192 542 650 633 750 1210

≥65 years 395 672 757 745 839 1210

Air pollutants

PM1 (μg/m
3) 11.9 23.0 32.0 28.4 38.8 84.3

PM2.5 (μg/m
3) 6.7 24.5 45.9 39.0 58.2 219.9

NO2 (μg/m
3) 16.0 33.0 45.7 42.0 56.0 126.0

Weather variables

Mean temperature (°C) −6.7 9.1 16.9 17.1 24.2 34.7

Diurnal temperature
range (°C)

0.7 5.2 7.8 7.9 10.0 19.2

Relative humidity (%) 32.0 62.5 72.4 73.0 84.0 100.0

PM1, particulate matter with aerodynamic diameter ≤1 μm; PM2.5, particulate matter with aerodynamic diameter
≤2.5 μm; NO2, nitrogen dioxide
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Fig. 1 Dose-response relationships between daily PM1 and PM2.5

concentrations and YLLs for the total population. (a) Relationship of
PM1-YLL; (b) relationship of PM2.5-YLL. PM1, particulate matter with

aerodynamic diameter ≤1 μm; PM2.5, particulate matter with
aerodynamic diameter ≤2.5 μm; YLLs, years of life lost
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Fig. 2 Dose-response relationships between daily PM1 and PM2.5

concentrations and YLLs for the population by sex, age, and causes of
death. (a–f) Relationship of PM1-YLL; (g–l), relationship of PM2.5-YLL.

PM1, particulate matter with aerodynamic diameter ≤1 μm; PM2.5,
particulate matter with aerodynamic diameter ≤2.5 μm; YLLs, years of
life lost
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consciousness is improving gradually in recent years (Qian
et al. 2016). People would take effective measures (e.g.,
staying indoors, using air purifiers, and wearing anti-smog
masks) during days with high air pollution levels, which
may reduce PM-related YLLs. This may partly explain the

nonlinear dose-response curves between PMs and YLL. In a
word, previous studies, together with the present study, found
that PM2.5 at both high and low concentrations (even below air
quality standards) can significantly increase YLLs, suggesting
the need to re-evaluate the air quality standards for PM2.5.
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Besides, PM1 has a smaller particle size and can carry more
toxic substances. And assessing the association between PM1

and YLL may emphasize its potential as an indicator of air
quality monitoring. In recent years, with the progress of mon-
itoring technology and the improvement of sampling equip-
ment, the research focus has gradually changed from large
particle size (PM10 and PM2.5) to small particle size (PM1).
However, the association between PM1 and YLL remains
largely unknown in China, partly due to the lack of availability
of PM1 monitoring data. A previous study in Zhejiang
Province, China, found that PM1 significantly increased the
relative risk of all-cause death (Hu et al. 2018; Wang et al.
2021a, b, c). Besides, PM1 has also been shown to be associ-
ated with emergency room visits and the risk of death from
certain diseases such as cardiovascular disease (Chen et al.
2019; Liu et al. 2021; Yang et al. 2019a; Zhu et al. 2021).
These results may support our finding, namely short-term ex-
posure to PM1 may increase the burden of death.

In this study, there were greater PM1-related YLLs than
PM2.5, which is consistent with the previous hypothesis of
the smaller particle size and the greater health effect.
Compared with PM2.5, PM1 had a smaller particle size and
larger surface area and carries more toxic substances (Chen
et al. 2017; Wang et al. 2021a, b, c; Wu et al. 2020), which
may result in a stronger permeability and a larger deposition
area of PM1 in the lung. The sources of PMs are complex, and

the size of health impact varies according to the toxic charac-
teristics of the components they carry (Buczyńska et al. 2014;
Filep et al. 2016; Martins et al. 2020; Samek et al. 2017). A
study has indicated that the concentrations of mineral and
marine elements increased with increasing PM size, while
anthropogenic elements were the opposite (Martins et al.
2020). This suggests that the benefits would be greater if an-
thropogenic sources of PM1 are controlled. The components
of PMs include heavy metals, polycyclic aromatic hydrocar-
bons, nitrates, and bacteria, which will be absorbed directly or
indirectly through the alveoli into the blood circulation and
can further cause inflammation and activation of oxidative
stress (Hassanvand et al. 2015; Lin et al. 2016; Samek et al.
2018; Wang et al. 2015). For instance, animal studies have
shown that the level of serum malondialdehyde (MDA), nitric
oxide (NO), and nitric oxide synthase (NOS) increased in lung
lavage fluid, and the activity of superoxide dismutase (SOD)
decreased, which indicated that both PM2.5 and PM1 can cause
oxidative damage in the body (Wang et al. 2021a, b, c). In
conclusion, a better understanding of the exact mechanism by
which PMs harm human health does not only help to identify
the sources of air pollution (coal-burning, vehicle exhaust,
power generation emissions, etc.) for intervention (Gao et al.
2018; Huang et al. 2020) but also of great significance for the
personal protection and early warning for the whole popula-
tion, especially the susceptible population.
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Fig. 5 Loss of life expectancy attributed to PM1 and PM2.5 in different
percentile ranges for the population by sex, age, and causes of death. (a,
b) Loss of life expectancy by sex; (c, d) loss of life expectancy by age; (e,

f) loss of life expectancy by causes of death. PM1, particulate matter with
aerodynamic diameter ≤1 μm; PM2.5, particulate matter with
aerodynamic diameter ≤2.5 μm
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Subgroup analysis by sex and age indicated that greater
losses of life expectancy were found in the female group and
the ≥65 years group. Current findings on the association be-
tween PM2.5 and YLL by sex were mixed, which may be
caused by differences in PM2.5 exposure periods and charac-
teristics of the study regions (Bennett et al. 2019; Cheng et al.
2021; Moradi et al. 2021; Zhu et al. 2017). However, studies
from Hong Kong and Wuxi, China, also indicated that the
YLLs associated with short-term PM2.5 exposure were higher
in females, which is consistent with our finding (Cheng et al.
2021; Zhu et al. 2017). As for age, the losses of life expectan-
cy associated with PM2.5 were greater in people aged 0–64
years in this study possibly because the elderly themselves
have much less life expectancy than the younger people.
This may result in lower losses of life expectancy in the elder-
ly than that in the younger group, though the elderly were
more sensitive to PM (Zhu et al. 2017). Considering that the
death counts of the elderly in this study were much higher than
those of the younger group, it is also necessary to invest
enough health resources into the personal protection of the
elderly population in the future.

A study based on 48 major cities in China and a study in
Iran both indicated that PM2.5 could significantly increase the
YLL of cardiovascular disease (Chen et al. 2020; Li et al.
2020), the same with our findings. Evidence for the associa-
tion between PM1 and YLLs of cardiovascular disease is lack-
ing, though the study has indicated that long-term PM1 expo-
sure was positively related to cardiovascular disease preva-
lence (Yang et al. 2019b). In this study, the deaths of YLLs
caused by cardiovascular diseases accounted for about one-
third of the total YLLs. Meanwhile, we found that YLLs at-
tributable to PM1 and PM2.5 for respiratory diseases were
significantly lower than those for cardiovascular diseases pos-
sibly because cardiovascular diseases such as acute myocar-
dial infarction have higher short-term mortality than the respi-
ratory disease. Future researches should include other disease-
burden indicators such as DALYs, which might capture some
of the life lost from the nonfatal disease.

Some limitations must be acknowledged in this study.
First, the sources of data on PMs were heterogeneous.
Exposure data for PM1 and PM2.5 were obtained through geo-
graphic interpolation technology and fixed monitoring sta-
tions on the ground, respectively, which limited the compari-
sons of results. Future studies should collect exposure mea-
surements from the same air quality monitoring platform to
compare the impacts of different particle sizes. Besides, sim-
ilar to many other time-series studies, the exposure measure-
ments of the two kinds of PMs may not accurately reflect
individual exposure. So, exposure misclassification cannot
be excluded. Second, this study only used the single-city data
from Nanjing, and our findings should be tested in other re-
gions because the PM exposure characteristics of each city
such as particle composition and population characteristics

are different. Therefore, it should be cautious in extrapolating
our findings to other regions. Third, we only measured the
concentrations of PM1 and PM2.5, and there was no further
detection of the components of particles or the toxic sub-
stances they carried.

This study has the following strengths. First, we innova-
tively linked PM1 with YLL, highlighting the harmfulness of
PM1 by comparing it with the PM2.5-YLL association. Since
PM1 is not a conventional monitoring indicator in China at
present, the quantitative assessment of PM1-YLL association
in this study is helpful for policymakers to include PM with
smaller particle sizes in the air quality monitoring system.
Second, most of the previous studies on PM1 and population
health were based only on daily satellite remote sensed expo-
sure data. And in this study, we weighted the spatial interpo-
lation data with population density, which is more accurate
than previous PM1 data. Third, subgroup analysis was con-
ducted by gender, age, and major death causes, which identi-
fied that females, the elderly (≥65 years), and those with car-
diovascular disease suffered greater YLLs associated with
PM1 and PM2.5, which can help to allocate public health re-
sources more rationally and targeted in the future. In summa-
ry, our finding reinforces the severity of PMs (PM1 in partic-
ular) for the burden of mortality in the population and suggests
that future environmental and health policy adjustments
should focus on the prevention and control of PM with the
smaller size and reassess the potential expectancy benefits.

Conclusion

This study demonstrated a significant association between
PM1 and YLL, and the effect is greater than PM2.5. PM1

seemed to reduce more years in life expectancy in females,
people ≥65 years, and those with cardiovascular disease.
Substantial health benefits could be obtained by constantly
monitoring and controlling PM1 air pollution, and it should
be considered to further evaluate the need to adjust China’s
current PM2.5 air quality standards in Nanjing City.
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