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ABSTRACT: Key stages in people’s lives have particular relevance for their health; the life-course approach stresses the importance
of these stages. Here, we applied a life-course approach to analyze the health risks associated with PM2.5-bound elements, which were
measured at three sites with varying environmental conditions in eastern China. Road traffic was found to be the primary source of
PM2.5-bound elements at all three locations, but coal combustion was identified as the most important factor to induce both cancer
risk (CR) and noncancer risk (NCR) across all age groups due to the higher toxicity of elements such as As and Pb associated with
coal. Nearly half of NCR and over 90% of CR occurred in childhood (1−6 years) and adulthood (>18 years), respectively, and
females have slightly higher NCR and lower CR than males. Rural population is found to be subject to the highest health risks.
Synthesizing previous relevant studies and nationwide PM2.5 concentration measurements, we reveal ubiquitous and large urban−
rural environmental exposure disparities over China.
KEYWORDS: life-course approach, road traffic, coal combustion, cancer risk (CR), noncancer risk (NCR)

■ INTRODUCTION
Air pollution from PM2.5 (particulate matter with an
aerodynamic diameter less than 2.5 μm) is responsible for
millions of premature deaths every year.1,2 PM2.5 mass
concentration levels are currently used as environmental
standards and have been steadily decreasing in China,3,4 the
United States,5,6 and Europe7,8 over the past decade. However,
the global health burden of PM2.5 pollution is still increasing
annually.9 PM2.5 is a complex mixture of chemical constituents
from various sources, and gathered evidence suggests that
different chemical species associated with different emission
sources may have different toxicity profiles.10−15 This is
particularly relevant to particulate elements such as Ni, Zn, Cu,
Mn, Cd, Pb, Cr, and Fe.11,16 They are emitted from both
natural and anthropogenic sources (e.g., fugitive dust, coal
combustion) and typically account for a few percentage of
PM2.5 mass, but they disproportionately lead to short-term or
long-term adverse health effects, including pulmonary and
heart diseases, and potentially premature death.17,18

PM2.5-bound elements have long been considered trace
components (“trace elements”) and are mainly used to infer
particulate sources.19−23 Recently, in addition to toxicological
studies, there has been increasing interest in linking human
health risks with PM2.5-bound element measurements to
inform mitigation policies.24−26 This is particularly true in
China, where haze pollution featuring high PM2.5 loadings
continued to be a severe environmental and health concern in
North China Plain, the Yangtze River Delta region, and the
Pearl River Delta region.27 For example, Huang et al.25

characterized the concentration and fractionation of 14
elements in Beijing and concluded that traffic-related emission
dominated the carcinogenic risk (CR) and noncarcinogenic
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risk (NCR) by PM2.5-bound elements during low pollution
days, while coal combustion becomes equally or even more
important during moderate and severe pollution days. Another
long-term continuous observation in Shenzhen, a megacity in
Southern China, suggested the CR of five hazardous elements
(Cd, Cr, Ni, Co, and Pb) in PM2.5 showed a clear decreasing
trend.24,28

Both offline and online analytical methods for airborne
elements have their advantages and limitations. Offline
methods, such as previous filter-based measurements, possess
the potential to fractionate particulate elements into different
bioavailable forms25,26 and typically offer higher sensitivity,
allowing for the detection of a broader range of elements
compared to online techniques. However, it is important to
acknowledge that offline methods, like the collection and
analysis of 24-h integrated filters, come with labor-intensive
processes, limited sample sizes that may not capture rapid
pollution changes effectively,29,30 and potential issues related to
sampling artifacts and background residues.31 Additionally, a
crucial step in offline analysis involves acid digestion with a
microwave digestion device, which, while effective, is not a
nondestructive method and may yield variable element
recoveries ranging from 60% to 130%.24,25 Furthermore,
previous research has predominantly been conducted in
urban settings, potentially providing an incomplete picture of
PM2.5-bound elements in various environments. Importantly,
the cumulative nature of PM2.5-bound elements suggests that
exposures may result in differing responses based on factors
such as gender and age.32,5,33 Therefore, it is critical to provide
a full spectrum of the life-course health effects of PM2.5-bound
elements by gender and age.
In this study, we deployed three online analyzers for

measuring PM2.5-bound elements at three sites that are
representative of background, rural, and urban environments
in Eastern China (Figure S1). The sources of a full-year
measurement of 15 elements were quantified using a positive
matrix factorization (PMF) receptor model. The US Environ-
mental Protection Agency (US EPA) human health risk
assessment models were coupled with a life-course approach to
evaluate the carcinogenic and noncarcinogenic health risks of
these elements and their associated sources from multiple
perspectives of environment, pollution level, gender, and age.

■ MATERIALS AND METHODS
The TOC art of this work illustrate the technical roadmap of
our study. In brief, we conducted concentration observations
of PM2.5-bound elements at rural, urban, and background sites
and identified their pollution sources. Based on this, we further
assessed the health risks of heavy metals from both
concentration-oriented and source-oriented perspectives. The
following is a detailed description.
Field Measurements. Three sampling sites in Eastern

China (Figures 1 and S1), namely, Dianshanhu (DH;
31.096°N, 120.988°E; 10 m a.g.l), Pudong (PD; 31.233°N,
121.545°E; 18 m a.g.l.), and Chongming (CM; 31.652°N,
121.426°E; 10 m a.g.l.), are included in this study. These sites
are far from point sources and well representative of the rural,
urban, and background environments. They are atmospheric
flagship supersites and are strategically designed to distribute
from SW to NE, perpendicular to the prevailing seasonal wind
directions (NW during winter and SE during summer). We
have conducted several field campaigns at these locations
previously,21,23,29 and the locations of these sites are shown in

Figure S1 in Supporting Information (SI). For each site, from 1
January to 31 December 2019, hourly ambient mass
concentrations of 15 elements (Si, K, Fe, Ca, Zn, Mn, Ba,
Pb, Cu, Ag, As, Cr, Ni, V, and Se) in PM2.5 were measured by a
Xact multimetals monitor (Model Xact 625, Cooper Environ-
mental Services LLT, OR, USA).30 The high performance of
the Xact metal analyzer in the determination of these elements
has been vigorously validated in our method and application
papers.21,23,29 In brief, the Xact metal analyzer samples ambient
air on the spooled Teflon filter tape at a flow rate of 16.7 L
min−1 through the PM2.5 cyclone inlet. The PM2.5 deposits
generated on the tape are automatically advanced to the
analysis zone for nondestructive energy-dispersive X-ray
fluorescence analysis to determine the concentrations of
selected elemental species as the next sampling is initiated at
a new tape spot. The 1 h time-resolution detection limits (in
ng m−3) are Si (17.80), K (1.17), Fe (0.17), Ca (0.30), Zn
(0.23), Mn (0.14), Ba (0.39), Pb (0.13), Cu (0.27), Ag (1.90),
As (0.11), Cr (0.12), Ni (0.10), V (0.12), and Se (0.14). The
hourly mass concentrations of PM2.5 were measured by a
particulate monitor (Thermo, FH62C-14).

Source Apportionment. The receptor model, PMF, was
used to identify and allocate the sources of measured PM2.5-
bound elements by employing a mass balance analysis while
assuming mass conservation. The goal of this receptor model is
to solve a specific equation and provide insights into the PM2.5-
bound elements:

x g f eij
k

p

ij ij ij
1

= × +
= (1)

Eq 1 involves measured concentrations xij of the jth species in
the ith sample, contribution gik of the kth source to the ith
sample, concentration f kj of the jth chemical species emitted by
the kth source, and residual element eij representing the PMF
model error for species j measured in sample i. To solve eq 1, a
Q function is defined and minimized. The Q function is
expressed as follows:
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The equation involves the uncertainty (UNC) σij associated
with the jth species in the ith sample. Various Q functions can

Figure 1. Locations of the sampling sites: Dianshanhu (DSH; rural),
Pudong (PD; urban), and Chongming (CMD; background).
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be defined to solve the equation, such as Qtrue, which includes
all data, and Qrobust, which excludes outliers with scaled
residuals (eij/σij) greater than 4. To conduct our research, we
utilized the US EPA PMF5.0, which can be downloaded at
http://www.epa.gov/heasd/products/pmf/pmf.html.
Since particulate elements are mainly from primary

emissions and the sample size of each element in our study
is large, the relative and absolute contributions of different
sources to their mass concentrations are particularly suitable to
be quantified by PMF. The concentrations of measured
elements and the measurement UNC of each element are the
key inputs to run PMF. In this study, the concentrations and
uncertainties of 15 PM2.5-bound elements were included in the
PMF5.0. If the concentration is less than or equal to the
method detection limit (MDL) provided, the UNC is
calculated by using the following equation:

UNC 5/6 MDL= × (3)

If the concentration is greater than the MDL, the UNC is
then calculated as the detection limits (MDL) and a relative
error (5%) summed in quadrature,

UNC (errorrate massconcentration) (MDL)2 2= × +
(4)

The model is a multivariate factor analysis and descriptive
model, providing a solution that minimizes an objective
function Q (Figure S2) based on UNC of each measurement.
In this study, the PMF solutions from 3 to 6 factors were
examined, and the five-factor solution is selected as it provides
the most interpretable profiles and minimal Q value. In Table
S1, we summarize the major marker species used to infer
sources or factors. In this study, DSH (rural), PD (urban), and
CMD (background) have similar origins, and we thus chose
the same number of factors based on the PMF results. More
details are described in Text S1 and Figures S2−S6.
Health Risk Assessment. The carcinogenic and NCRs

from exposures of elements in PM2.5 via various in vitro routes
were calculated using US Environmental Protection Agency
human health risk assessment model.34,35 Exposure assessment
and risk characterization are mainly involved in the model.
Briefly, the elements included in the CR assessment are As, Cr,
Ni, and Pb and those in the NCR assessment are As, Pb, Mn,
V, Zn, Cr(VI), Cu, Ni, and Ba. First, we assess the NCR of
elements by calculating the average daily dose (ADD) for three
main pathways: ingestion (ing), inhalation (inh), and dermal
absorption (derm)

C
ADD IngR EF ED

BW ATing =
× × ×

× (5)

C
ADD InhR EF ED

BW ATinh = × × ×
× (6)

C
C SA CF SL ED ED ABS

BW ATderm = × × × × × ×
× (7)

where C is the concentration of elements (mg m−3 for
inhalation or mg kg−1 for dermal absorption and ingestion).
The concentrations for dermal absorption and ingestion were
obtained by converting the atmospheric concentration (ng
m−3) and the mass concentration of PM2.5 (μg m−3). Cr(VI)
was 1/7× the total Cr since the ratio of Cr(VI) to Cr(III) was
reported to be approximately 1:6 (5). IngR is the ingestion rate
(mg/day); EF is the exposure frequency (days); ED is the

exposure duration (years); BW is the average body weight
(kg); average time (AT) = ED × 365 days; InhR is the
inhalation rate (m3/day); SA is the exposed skin surface area
(cm2); CF is the conversion factor (kg/mg); SL is the skin
adherence factor (mg/cm2 × day); ABS is the skin absorption
coefficient. Generic parameters (e.g., ED, CF, SL, and ABS)
used in this study adopted the default values outlined in the
EPA’s Risk Assessment Guidance for Superfund Part B manual
and fully integrated with the Chinese population exposure
parameters (e.g., LT, InhR, IngR, and BW), as shown in Table
S2. Since exposure parameters associated with ADD (e.g.,
InhR, BW, ED, IngR, etc.) vary with age, the NCR was
assessed at different ages by eqs 5−7, respectively.
Second, the lifetime ADD for the inhalation exposure route

is used to calculate element-specific CR. Finally, we analyzed
the effects of NCR and CR of different pollution sources on
human health by combining the results of PMF and health risk
assessment. Importantly, several key exposure factors used in
the model, such as inhalation rate, body weight, ingestion rate,
and life expectancy are optimized specifically for the Chinese
population (Table S2), which are adopted from the Exposure
Factors Handbook of Chinese population issued by China’s
Ministry of Environmental Protection.36 Details of the health
risk assessment of PM2.5-bound elements and emission sources
are described in Texts S2 and S3, respectively.

■ RESULTS AND DISCUSSION
Concentrations and Sources. The 15 PM2.5-bound

elements (i.e., Si, K, Fe, Ca, Zn, Mn, Ba, Pb, Cu, Ag, As, Cr,
Ni, V, and Se) included in our study have previously been
frequently used to quantify source contributions and to assess
health risks.24,25 The daily data availabilities for all measured
elements are satisfactory (>74%), and the average concen-
trations of these elements are shown in Tables S4−S6. We
categorized the full-year measurement hours into low,
moderate, and high pollution levels according to the Chinese
national ambient air quality standard of 35 and 75 μg m−3, that
is, low pollution levels (PM2.5 ≤ 35 μg m−3), moderate
pollution levels (35 ≤ PM2.5 ≤ 75 μg m−3), and high pollution
levels (PM2.5 ≥ 75 μg m−3). The daily mean concentrations of
PM2.5 (in μg m−3) at rural, urban, and background sites were
42.6, 35.1, and 30.7, respectively, much higher than the WHO
new air quality guidelines for daily mean PM2.5 concentration
(15 μg m−3).
In Figure 2, we first compare and discuss the results on the

concentrations and sources of elements by (rural, urban, or
background) location and (low, moderate, or high PM2.5)
pollution level. Consistent with previous studies,24,25 the total
concentrations of all measured elements constituted 4.2% (2.0
μg m−3), 3.7% (1.3 μg m−3), and 3.4% (1.0 μg m−3) of PM2.5
mass at rural, urban, and background sites, respectively (see
Table S9 for details). The concentrations of each measured
element increase, while their overall contributions to PM2.5
(percentage) decrease as pollution levels rise. Surprisingly, the
rural elements were the highest in terms of both concentration
and percentage, regardless of the pollution level. This can be
partly explained by residential solid fuel combustion (RSFC)
in rural China. Despite the promotion of clean energy
(liquefied petroleum gas and electricity), biomass and coal
are still widely used by farmers for cooking and heating.37 The
unreported residential coal consumption is 62% higher than
that in official statistics.38 RSFC emits large amounts of
gaseous and particulate pollutants (including particulate
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elements) in residential stoves due to low combustion
efficiencies, which have been identified as the main source of
haze pollution and health risks in China.12,39,40

For all sites, the top five most abundant elements are Si, K,
Fe, Ca, and Zn, accounting for at least 90% of all measured
elements (indicative of column stacked charts in Figure 2).
However, their relative abundance varied considerably by
pollution level; this is particularly true for Si and K. In
particular, Si has the highest share at levels of low (33−38%)
and moderate (28−36%) pollution. As the pollution level
evolves from low to high, its share is gradually shrunk and
crowded by K. Eventually, under the high pollution level, K
jumps dramatically to take the largest share (30−41%), while
Si recedes to the third place (16−20%) even after Fe (19−
26%). As the most abundant element in the Earth’s crust,
ambient Si in Eastern China mostly comes from fugitive dust
of road surfaces or construction fields,29 thus its emissions
should be seasonally consistent. Both element K and nonsea
salt K ion (nss-K+) are chemical tracers of biomass
burning.41,42 Therefore, the explosive increase in K during
heavy pollution periods reflects more intensive biomass
burning for winter heating, echoing the above discussion on
the importance of RSFC to China’s winter haze pollution.
At each site, the total measured elements can be apportioned

by the PMF receptor model to five emission sources (Text S1
and Figure S5). As shown in the pie charts in Figure 2,
irrespective of location or pollution level, traffic-related

emissions are the dominant contributor, especially in urban
areas (53−69%). However, their shares continue to shrink as
pollution worsens, in line with trends of shipping and
nonferrous metal smelting. In most cases, shipping is a
minor source of elements, decreasing in proportion as
pollution increases, accounting on average for 5, 7, and 2%
of the total elements at rural, urban, and background sites.
Ferrous metal smelting is generally the second largest source at
nonurban sites and its share increases dramatically from low to
high pollution levels at sites of rural (from 19 to 28%), urban
(from 7 to 17%), and background (from 7 to 24%). The mean
contribution of coal combustion is 18, 12, and 23% at rural,
urban, and background sites, and its share at all sites increases
as pollution level rise. Most typically, at background site, its
share (34%) is comparable to that of vehicle-related emissions
(39%) at high pollution level. Overall, nonferrous metal
smelting is a small source at all sites (<10%) but can reach up
to 12% at background site during low pollution period.

Element-Induced Health Risks. In this section, we
discuss element-specific NCR and CR over the life course by
age, gender, and pollution level. Despite higher NCR and CR
at rural site due to much higher elemental loadings, the sites of
rural, urban, and background have basically the same pattern of
element-specific NCRs (Figure S7) and CRs (Figure S8).
More specifically, the relative proportions of NCR (or CR)
caused by various elements do not differ significantly across
sites. Therefore, here we focus on the results of rural site as an
example. In our study, the entire life span is divided into 17 age
groups, and their health risks are calculated separately. To
facilitate discussion, we reclassify the life course into four key
stages, namely infancy (0−12 months), childhood (1−6 years),
adolescence (7−18 years), and adulthood (>18 years). In
Figure 3, females have slightly higher NCR and lower CR,
which can be explained by the lower body weight and the
smaller inhalation rate used to calculate the NCR and CR in
females (Text S2), respectively. Given that the gender
differences in health risks are not significant, all genders are
included when referring to NCR or CR thereafter.
In Figure 3, the top-four (As, Mn, Pb, and V) and top-two

(As and Cr(VI)) elements jointly contribute to at least 91 and
96% of NCR and CR at different pollution levels. As and Mn,
which are often associated with coal combustion, were also
been identified as the elements with the highest NCR in
Beijing (Northern China)25 and Shenzhen (Southern
China),24 respectively. In our study, except in adulthood, the
NCR of As alone can exceed the safety limit (i.e., hazard
quotient or HQ = 1).24,25 The NCR of Mn and Pb is also
generally above 1 in childhood and adolescence. Regardless of
age, gender, or pollution level, all of the NCR induced by total
measured elements are all over 1. Moreover, on average, the
total (accumulative) NCR at low, moderate, and high pollution
levels are 3.5, 3.7, and 4.4, respectively, indicating a
ubiquitously high occurrence probability of adverse non-
carcinogenic effects in the rural population. For CR, the
minimum risk value or an acceptable level is 1.0 × 10−6, which
means that one excess cancer case in a population of one
million people could potentially occur. High CR (>1.0 × 10−5)
can only be observed during adulthood, accounting for most of
the carcinogenic effects (89% on average). This suggests the
accumulative nature of elements to induce cancer effects.
From low to high pollution levels, among the major

elements, only the relative contributions of Mn-induced
NCRs (from 16 to 39%) and As-induced CRs (from 69 to

Figure 2. Variations in concentrations and sources of PM2.5-bound
elements at different PM2.5 pollution levels in rural (a), urban (b), and
background (a) locations. The bar chart indicates the proportion of
various elements, while the pie chart illustrates the source
contribution of the total PM2.5-bound elements.
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74%) increase. As to the total measured elements, unlike the
rapid increase in absolute concentrations (Figure 1) and life-
course CRs (right panel of Figure 3), the increase in life-course
NCRs is not significant (left panel of Figure 3). There are three
(ingestion, inhalation, and dermal absorption) and one
(inhalation) exposure pathways for NCR and CR, respectively
(Text S2). The ADD from the routes of ingestion and dermal
absorption are 3 and 1 order of magnitude higher than
inhalation (Table S2). Different from inhalation, the former
two are determined by the ratio of element versus PM2.5
concentration. The general lower [element/PM2.5] under
higher pollution periods could therefore offset the influence
of increased concentration to NCR.
From young to old age, the relative contributions of major

elements to both NCR and CR remain stable (Figure 3).
However, the absolute values of NCR and CR fluctuate with
age group. The most obvious example is the sudden increase in
NCR and CR when age reaches 1 and 18 years, respectively,
both of which can be largely attributed to changes in the
assignment of exposure duration (ED). ED is a key exposure
parameter in the US EPA health risk model. Since the

subgroup gap for the pre- and post-1 year age groups is 0.25
and 1 year, respectively, the ED used to calculate NCR and CR
for population over 1 year is four times greater than that for
population under 1 year. Moreover, for CR, according to the
US EPA, the ED before the age of 18 is the corresponding age
group, which is relatively small. While after adulthood, 49 years
is uniformly designated as the ED in the model to calculate
CR.

Source-Oriented Health Risks. In combination with the
source profiles resolved by PMF, the element-specific health
risk is then translated into the source-oriented health risk (Text
S3). To facilitate the translation of science into source-oriented
control actions effectively, in the main text, we focus on
source-oriented health risks from year-round averaged source
apportionment results. For results on source-oriented NCR
and CR at different pollution levels, one can refer to Figures S9
and S10, respectively.
In Figure 4, we report the full-year source-oriented NCR and

CR for each site over four different key life stages. Below, we
summarize the main findings in a nutshell.

Figure 3. Element-specific health risks by age, gender, and PM2.5 pollution level at rural site. (a−c) NCR at low, moderate, and high pollution
levels, respectively. (d−f) CR at low, moderate, and high pollution levels, respectively. For each subfigure with two pie charts, the top pie chart and
the bottom pie chart represent the proportion of each age group for female and male categories, respectively.
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(1) Coal combustion, not traffic-emitted emissions, should
be prioritized for control. Overall, traffic-emitted emissions
account for 50, 64, and 52% of the total mass concentrations of
elements at rural, urban, and background sties, respectively,
which is much higher than coal combustion (<20% on
average). However, vehicle-related emissions mainly produce
nonexhaust elements such as Ca, Fe, K and Si, which are
commonly found in the natural atmosphere and are less
hazardous to human health.25 In contrast, coal combustion
disproportionately contributes to 50−60 and 60−70% of NCR
and CR throughout the life span. This is mainly because nearly
half of NCR and over 70% of CR is contributed by As, and
most of As at rural (93%), urban (97%), and background
(65%) sites are derived from coal combustion.
(2) NCR and CR occur mainly in the stages of childhood

and adulthood, respectively. For NCR, except in adulthood at
the background site, all NCR are greater than 1, irrespective of
location and life stage. However, ranging from 4.7 to 7.2, NCR
in childhood is particularly high, taking up 44, 49, and 51% of
the accumulative NCR at rural, urban, and background sites.
Given that childhood (1−6 years) is a very early stage of life,
excessive NCR will have serious health implications through-
out the life course. Therefore, control measures should
specifically target the main sources driving NCR in childhood.
For CR, most CR occurs in adulthood, and the average CR at
the three sites is nearly 15 times higher than the safety limit.

(3) Region-specific and multisource control measures are
required at the current stage. As mentioned earlier, coal
combustion is the number one source of health risks. However,
currently, even with a total ban on coal combustion, the
locations and life stages of previously exceeded safety limits in
Figure 4 remain largely unchanged. In fact, China is ahead of
most countries in pollution control of coal-fired power plants
(CFPPs),43 thus the potential for emission reduction from
CFPPs has largely peaked.44 Other sources such as ferrous
metal smelting also need to be particularly controlled, as it
alone can cause NCR in childhood and CR in adulthood to
exceed the safety limits. In addition, effective reductions in
vehicle-related and shipping emissions have significant health
benefits in urban and background areas, respectively.
(4) From Figures S11 to S17, we have extensively

investigated the seasons during which individuals in rural,
urban, or background settings are most susceptible to
heightened concentrations from specific emission sources.
Our analysis reveals pronounced variations in PM2.5 elements
over different seasons, shedding light on the heightened
exposure of rural populations during the winter season. This
exposure has been attributed to escalated coal and biomass-
burning activities.

Evidence of Large Urban−Rural Health Inequity.
Irrespective of life stage, Figure 4 shows that both NCR and
CR are higher at the rural site than at urban and background
sites. In eastern China, with an average share of ∼18% in

Figure 4. Source-oriented health risks by life stage and location. Top: NCR; bottom: CR. The size of each section of the pie chart indicates the
level of risk, and the numbers below the chart indicate the absolute health risk values for NCR and CR.
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PM2.5-bound elements, coal combustion is responsible for
about 60% of health risks. Eastern China is not special, as
previous studies have shown a ubiquitous contribution of coal
combustion to particulate elements across China (21% on
average; Figure 5a). Consistent with the key regions of China’s
air pollution control, these studies have concentrated on urban
environments in Eastern China (Table S7), lacking a full
understanding of rural areas and the whole nation. Given the
unique presence of residential coal combustion in rural China
and its disproportionately large contribution to health
risks,12,37,39,40,43 this is likely to give rise to rural exposure
disparities.
China currently operates nearly 2000 air quality monitoring

stations throughout the nation and publicly releases hourly
concentrations of major pollutants like PM2.5.

4,45 Although
they exclude particulate elements, very few of these sites are set
in rural environments (Figures 4b and 5a5), which provides an
opportunity to examine exposure disparity caused by urban−
rural differences in particulate pollution on a national scale.
Here, annual PM2.5 concentrations in 2014 and 2019 are
extracted from 57 paired rural and urban stations (Table S8).
We are fully aware that high PM2.5 does not imply high and
toxic elemental content, and in fact varies considerably from
region to region (Figure 5a). Nevertheless, their [rural PM2.5]/
[urban PM2.5] ratio can be tentatively used as an indicator of
testing rural exposure disparity from particulate pollution. If
the ratio for a given city is greater than 1, then there is rural
environmental inequity, and the larger the ratio, the more
severe the inequity.

Taking the 57 cities as a whole, the annual average
concentration of PM2.5 in 2014 (49.6 μg m−3; Figure 5b) is
much higher than that in 2019 (38.0 μg m−3; Figure 5c). This
confirms that PM2.5 pollution in China has been improved
substantially, while the improvement is unbalanced between
urban (from 54.5 to 44.6 μg m−3) and rural (from 40 to 36 μg
m−3). The reduction in rural PM2.5 (10.0%) is much smaller
than that in urban PM2.5 (18.2%), suggesting that rural
disparities of environmental health are widening in China.
Indeed, of the 57 cities, 11 had a [rural PM2.5]/[urban PM2.5]
ratio greater than 1 in 2014 (Figure 5b), which increased to 18
in 2019 (Figure 5c). Although PM2.5 remains higher in most
urban areas than in rural areas, the continued expansion of
rural PM2.5 inequity may lead to greater rural health inequity,
given the large contribution of residential coal combustion to
rural PM2.5.

39

In summary, we provide a full spectrum of concentration-
and source-associated health risks from multiroute exposures
of PM2.5-bound elements over the life course in Eastern China.
What makes our research stand out including field measure-
ments and health risk analysis. Experimentally, a full-year time-
revolved measurements of 15 elements in rural, urban, and
background locations are used to yield robust source
apportionment results in various environments. Meanwhile,
many key factors used in health assessment are obtained from
localized studies to be optimized for the Chinese population.
These multifaceted results provide valuable information for the
development of source-oriented control strategies to effectively
reduce the health risks of particulate elements to susceptible

Figure 5. (a) Compilation of previous studies (see Table S7) on the source apportionment of particulate elements in China. Ratios of rural annual
PM2.5 concentration versus urban annual PM2.5 concentration (i.e., [rural PM2.5]/[urban PM2.5]) for 57 cities in China in 2014 (b) and 2019 (c)
(see Table S8).
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populations. Importantly, we provide evidence of large urban−
rural disparity from particulate pollution in China. We argue
that the continuous ignorance of air quality control in rural
China could further enhance rural environmental health
inequities in the future. Notwithstanding, there are two
major limitations in our study. First, many other important
toxic constituents in PM2.5, such as polycyclic aromatic
hydrocarbons and elemental carbon,10−12,15 are not consid-
ered. Second, our health assessments were based on external
exposure concentrations but ignored bioaccessibility and
bioaccumulation; they therefore cannot quantify actual
amounts of chemicals absorbed into the human body and
may overestimate or underestimate the risk.26 Third, although
our study primarily focused on assessing the health risks
associated with exposure to trace elements, we recognize the
importance of secondary aerosols in air quality research. The
potential health implications of secondary aerosol formation
represent an essential area for further investigation. The last
but not least, our use of 1 year measurements to estimate long-
term health risks is a practical approach given the available
data, but it does introduce uncertainties. We understand that
causally linking short-term exposures to long-term health
outcomes, particularly in the context of childhood exposure, is
a complex endeavor. Therefore, we emphasize that our risk
assessment framework provides valuable insights into the
potential hazards associated with current pollution levels and
offers guidance for targeted interventions. While we cannot
definitively establish direct causal links, our study serves as a
starting point for further research and discussions on the
complex relationships between air pollution and public health.
As more comprehensive and long-term data become available,
we encourage future investigations to refine these risk
estimates and strengthen the evidence base for informed
decision-making.
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