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HIGHLIGHTS GRAPHICAL ABSTRACT

e A large-scale individual-level case-
crossover study to assess PAHs-
mortality associations in eastern China. Short-term exposure to total and 7 carcinogenic PAHs

o Excess mortality risks of 1.38-2.53%
were linked to each 16.9-ng/m? increase
in total PAH.

e Each 1.6-ng/m® rise in exposure to BaP
at lag-01 day was associated with 2.2%
and 2.53% increments in odds of circu-
latory and respiratory deaths.

e C-R analysis demonstrated a threshold-
free, monotonously raised risk of mor-
tality linked to PAHs exposure.

e Greater PAHs-associated risks of mor-
tality were observed in the oldest-old
and single dwellers.
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ARTICLE INFO ABSTRACT
Keywords: Background: The potential health effects of airborne polycyclic aromatic hydrocarbons (PAHs) among general
Polycyclic aromatic hydrocarbons population remained extensively unstudied. This study sought to investigate the association of short-term

Short-term airborne exposure
Mortality risk

Case-crossover study

China

exposure to low-level total and 7 carcinogenic PAHs with mortality risk.

Methods: We conducted an individual-level time-stratified case-crossover study in Jiangsu province of eastern
China, by investigating over 2 million death cases during 2016-2019. Daily concentrations of total PAH and its 7
carcinogenic species including benzo[a]anthracene (BaA), benzo[alpyrene (BaP), benzo[b]fluoranthene (BbF),
benzo[k]fluoranthene (BKF), chrysene (Chr), dibenz[a,h]anthracene (DahA), and indeno[1,2,3-cd]pyrene (IcdP),
predicted by well-validated spatiotemporal models, were assigned to death cases according to their residential
addresses. We estimated mortality risk associated with short-term exposure to increase of an interquartile range
(IQR) for aforementioned PAHs using conditional logistic regression.
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Results: An IQR increase (16.9 ng/m®) in 2-day (the current and prior day) moving average of total PAH con-
centration was associated with risk increases of 1.90% (95% confidence interval [CI]: 1.71-2.09) in all-cause
mortality, 1.90% (95% CI: 1.70-2.10) in nonaccidental mortality, 2.01% (95% CI: 1.72-2.29) in circulatory
mortality, and 2.53% (95% CI: 2.03-3.02) in respiratory mortality. Risk increases of cause-specific mortality
ranged between 1.42-1.90% for BaA (IQR: 1.6 ng/m3), 1.94-2.53% for BaP (IQR: 1.6 ng/m3), 2.45-3.16% for
BbF (IQR: 2.8 ng/m>), 2.80-3.65% for BKF (IQR: 1.0 ng/m®), 1.36-1.77% for Chr (IQR: 1.8 ng/m®), 0.77-1.24%
for DahA (IQR: 0.8 ng/mg), and 2.96-3.85% for IcdP (IQR: 1.7 ng/m3).

Conclusions: This study provided suggested evidence for heightened mortality risk in relation to short-term
exposure to airborne PAHs in general population. Our findings suggest that airborne PAHs may pose a poten-
tial threat to public health, emphasizing the need of more population-based evidence to enhance the under-
standing of health risk under the low-dose exposure scenario.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are widespread environ-
mental contaminants primarily formed during incomplete combustion
of fuels or pyrolysis of organic materials [1]. Given their cytotoxicity,
mutagenicity, and carcinogenicity [2,3], 16 PAHs were categorized as
priority contaminants by the United States Environmental Protection
Agency (USEPA) [4]. Accumulated evidence from occupational popu-
lation cohorts linked increased mortality risks of cancers with exposure
to high-level PAHs [5-7], and the most of these studies employed benzo
[a]lpyrene (BaP) as a proxy to assess the adverse health effects of PAHs
[2]. Yet, the most sensitive gene sets regulated by PAHs and BaP were
distinctly different in vitro transcriptional benchmark dose models,
suggesting that the carcinogenicity of BaP could not reflect that of
overall PAHs [8]. In view of the diversity and toxicity of PAHs, their
health risks should be separately quantified, so as to further determine
components requiring priority management.

Despite the declining trend in atmospheric PAHs emission, China
released 106 thousand tons PAHs into the air in 2007, contributing to
more than one-fifth global emission of PAHs [9]. However, due to the
lack of fine-scale and full-coverage airborne PAHs data,
population-based evidence under low-level PAHs exposure remains
extensively scarce [10,11]. To our knowledge, only one recent
quasi-experiment study linked PAHs exposure to cancer mortality in
general public [12], but associations with a wider spectrum of death
causes (e.g., all-cause and cardiopulmonary diseases) have not been
investigated in both developed and developing countries. Given the
co-existence of extensive PAHs emission and high population density in
China, sustained low-dose exposure to atmospheric PAHs may pose an
innegligible public health threat. Nowadays, motivated by recent ad-
vances of satellite remote sensing, spatio-temporal assessments of PAHs
exposure should be feasible for a better understanding of the health
impacts in association with mortality, particularly in low-dose exposure
scenario.

Here, we conducted an individual-level case-crossover study, by
involving more than 2 million death cases in Jiangsu Province, China.
We primarily aimed to establish the concentration-response (C-R) as-
sociations of mortality risks with airborne total and 7 carcinogenic
PAHs. The secondary purpose was to identify susceptible population by
comparing the estimated health risk across subgroups.

2. Method
2.1. Health outcome data

Province-wide death records during 1 January 2016 to 31 December
2019 were obtained from the Death Surveillance System in Jiangsu
Provincial Center for Disease Control and Prevention. Individual infor-
mation including cause of death, age, sex, ethnicity, education level,
marital status, and residential addresses were extracted. Cause of death
was coded according to the 10th Revision of International Classification
of Disease (ICD-10), and we included all-cause, nonaccidental (A0O-

R99), circulatory (I00-199), and respiratory (JO0-J99) mortality for
analysis. The wide-distributed death casesata 1 x 1-km resolution were
geographically illustrated in Fig. 1a.

2.2. Environmental exposure assessment

Pollutants of interest in this study were total PAH and its 7 species, in
which total PAH is a large class of organic chemicals composed of two or
more condensed benzene rings arranged in different configurations, and
these components comprising of benz[a]anthracene (BaA), benzo[b]
fluoranthene (BbF), benzo[k]fluoranthene (BKF), BaP, chrysene (Chr),
dibenz[a,h]anthracene (DahA), indeno[1,2,3-cd]pyrene (IcdP) are
probable human carcinogens determined by USEPA [1,4]. We used a
previously developed four-dimensional spatiotemporal deep forest
(4D-STDF) model [13,14] to separate ambient PAHs from the total PMs 5
mass. The nonlinear relationship was established by considering their
photochemical reactions with the inclusion of major polluted gases
(sulphur dioxide, nitrogen dioxide, and carbon monoxide) [15], as well
as meteorological reanalysis (e.g., temperature and radiation), and other
surface- and population-related auxiliary factors. This dataset was
created at a spatial resolution of 10 km on a daily basis since 2013, and it
has been extensively validated at a total of 126 long-term operational
stations across China [13], using the widely used out-of-sample
approach (random division of data samples into ten folds, with 9 folds
used for model training and the remaining 1 fold for testing). The vali-
dation results demonstrated an average cross-validation coefficient
(CV-R?) of 0.65 and a root-mean-square error (RMSE) of 66.69 ng/m3
between the daily PAH retrievals and measurements. The average con-
centrations of total PAH and its 7 carcinogenic species for study areas
between 2016 and 2019 were shown in Fig. 1b.

To control potential confounding effects caused by other air pollut-
ants, we derived daily estimates of fine particulate matter (PMy5) and
maximum 8-h average ozone (O3) data from the CHAP dataset [13,16].
The daily PMy 5 (1 km x 1 km) and O3 (10 km x 10 km) datasets were
generated utilizing satellite-derived spatiotemporal machine-learning
models, combined with ground-based observations. Estimates of PMy 5
dataset had a good consistency with ground-based PM; 5 measurements,
with the average CV-R? of 0.92 and RMSE of 6.32 pg/m® in different
years [13]. Validation results of O3 estimates showed a high CV-R? of
0.87 and a low RMSE of 17.10 pg/m® during 2013-2020 [16]. The
detailed information in relation to PM, 5 and O3 datasets was described
in our prior publications [13,16,17]. Daily temperature and dew point
temperature data (0.1° x 0.1°) were derived from European Centre for
Medium-Range Weather Forecasts (ECMWF) datasets to account for
potential confounding effects caused by meteorological factors. Relative
humidity was calculated using the method recommended by the Na-
tional Weather Service [18].

Daily estimates of PAHs and air pollutants, as well as meteorological
factors, were assigned to the deceased according to their dates of death
and residential addresses. Specifically, we firstly geocoded residential
latitude and longitude of each death case, and linked the death location
with the closest spatial grid cell of the aforementioned environmental
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variables, and then extracted the time-dependent estimates on the cur-
rent (lag-0) and prior (lag-1) days of death. Environmental exposures of
2-day moving mean (lag-01) were calculated by averaging the estimates
of lag-0 and lag-1 day.

2.3. Statistical analysis

Basic characteristics of study population were summarized as counts
and percentages, and environmental exposures of air pollutants and
meteorological factors were presented as mean, standard deviation (SD),
and percentiles. We calculated Pearson’s correlation coefficients (p) to
measure the correlation between air pollutants and meteorological
factors estimated at lag-0 day. Individual-level, time-stratified case-
crossover (TSCC) design was utilized to assess the associations of
short-term exposure to total and 7 carcinogenic PAHs with mortality
risk. All analyses were performed using R version 4.0.3 (R Foundation
for Statistical Computing, Vienna, Austria), and two-sided tests with P-
value <0.05 were considered to be statistically significant.

2.3.1. Main analysis

In TSCC design, each case serves as its own control, and the matched
case-control pair is viewed as a stratum. Briefly, the death date of each
individual was defined as case day, and the same days in other weeks
within the same calendar month and year were chosen as control days.
Such a self-matching design allows for the control of individual-level
confounding variables (e.g., demographic characteristics and gene sus-
ceptibility) without significant changes within a month, effectively
mitigating potential bias caused by long-term time trends of environ-
mental exposures [19]. This well-established approach has been widely
used to evaluate the associations between short-term exposure to air
pollution and health outcomes (e.g., mortality and morbidity) [19-22].

For each cause of death, we created a case-crossover dataset, and ran
conditional logistic regression model to investigate its association with
PAHs. Considering the potential collinearity between total PAH and its 7
carcinogenic species, we included each PAH composition separately in
the model. Several predefined variables, including daily mean temper-
ature, relative humidity, and national public holiday, were incorporated
as adjusted covariates. Temperature and relative humidity were
included in the model as the natural cubic spline (NCS) terms with 6 and
3 degrees of freedom (df) [22-24] respectively to capture their

(a) Sample distribution
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nonlinear associations with risk of death; public holiday was included as
a binary indicator to account for vocation effects. We estimated
PAHs-related mortality risk at multiple exposure windows (lag-0, lag-1,
and lag-01 day), and reported corresponding excess mortality risk (%)
and 95% confidence interval (CI) associated with an interquartile range
(IQR) rise of each PAH composition. In line with prior studies [19,23],
the lag-01 day was selected as main exposure metric in subsequent an-
alyses to capture the delayed and accumulated effects. We investigated
the C-R relationships via fitting PAHs as a NCS term with 3 df [22,25],
and examined the nonlinearity using likelihood ratio tests [21]. Given
the limited constraint of extreme values, the C-R associations were
plotted for the concentration ranges between 1st and 99th percentiles of
PAHs [26].

2.3.2. Subgroup and sensitive analyses

We performed subgroup analyses stratified by age, sex, residence,
education level, and marital status, to identify potential susceptible
population. To ensure statistical power, widowed, unmarried, and
divorced individuals were unified as the single, while those with un-
known marital status were excluded from stratified analyses. In age-
specific analysis, we divided the full dataset into four groups of <65,
65-74, 75-84, and >85 years old, and testified the linear trend of PAHs-
associated risks based on the median age in each group [27]. We
examined the potential effect modifications in other subgroups through
two-sample z-test [25,28].

Several sensitive analyses were conducted to check the robustness of
the estimated PAHs-mortality associations. First, bi- and tri-pollutant
models were fitted by additionally adjusting for ambient PM; 5 and/or
O3. Second, we changed df of NCS function for temperature (5—7) and
relative humidity (2—4) to check the impacts of different modelling
specifications. Third, alternative lag windows of meteorological factors
were applied to capture their potential lagged confounding effects.

3. Results

We identified over 2 million deaths between 2016 and 2019, with
92.0% from nonaccidental cause, 37.9% from circulatory cause, and
11.9% from respiratory cause (Table 1). Of the 2070101 all-cause death
cases, nearly one-fifth occurred before the age of 65, and more than half
were men. During the study periods, the average concentration of total

(b) PAHs concentration, ng/m?3

Fig. 1. The spatial distribution of study population and average PAHs concentration during 2016-2019 in Jiangsu province, China. Note: The grids with different
colors in Fig. 1a indicated the number of death cases ata 1 x 1-km resolution. Abbreviations: PAH, polycyclic aromatic hydrocarbon; BaA, benzo[a]anthracene; BaP,
benzo[a]pyrene; BbF, benzo[b]fluoranthene; BKF, benzo[k]fluoranthene; Chr, chrysene; DahA, dibenz[a,h]anthracene; IcdP, indeno[1,2,3-cd]pyrene.
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Table 1

Descriptive characteristics of study population during 2016-2019.

Characteristics

Case number (%)

All-cause death

Nonaccidental (ICD code: AO0-R99)

Circulatory (ICD code: 100-199)
Respiratory (ICD code: J00-J99)

Age at death, yrs

2070101 (100.0)
1905209 (92.0)
785567 (37.9)
247336 (11.9)
75.5 +14.9

<65 409558 (19.8)

[65, 75) 407995 (19.7)

[75, 85) 670463 (32.4)

>85 582085 (28.1)
Sex

Men 1139734 (55.1)

Women 930367 (44.9)
Ethnicity

Han 2065700 (99.8)

Others 4401 (0.2)

Education level (yrs)

Middle school and below (<9)

Above middle school (>9)

Marital status

1927709 (93.1)
142392 (6.9)

Married 1316863 (63.6)
Widowed 653678 (31.6)
Unmarried 73167 (3.5)
Divorced 19833 (1.0)
Unknown 6560 (0.3)
Residence
Urban 921284 (44.5)
Rural 1148817 (55.5)
Table 2

Summary statistics of air pollutants and meteorological conditions on case days

and control days from all-cause death during 2016-2019.

Variables Mean SD Percentiles
Py Pos Pso P75 Pgg

On case days (n = 2070101)

Total PAH, ng/m°> 24.6 29.6 47 9.2 146  26.3 159.3
BaA 2.2 3.3 0.2 0.6 1.0 2.2 17.1
BaP 2.3 2.9 0.3 0.8 1.3 2.4 14.9
BbF 3.8 4.4 0.4 1.3 2.2 4.2 22.7
BKkF 1.7 1.4 0.4 1.0 1.3 2.0 7.2
Chr 2.6 4.2 0.3 0.6 1.1 2.5 21.6
DahA 1.0 1.1 0.1 0.4 0.6 1.1 5.2
IedP 2.2 2.4 0.3 0.9 1.4 2.5 12.1

PM, s, p.g/m3 50.0 30.5 12.1 28.3 42.0 63.0 154.5

03, pg/m> 103.8 442 285 699 951 1324 2237

Meteorological conditions
Temperature, °C 15.0 9.6 -2.6 6.4 152 233 32.1
Relative humidity, 65.3 142 329 554 657 75.6 92.8
%

On control days (n = 7028213)

Total PAH, ng/m> 24.4 29.4 46 9.1 145 26.0 158.6
BaA 2.2 3.3 0.2 0.6 0.9 2.2 17.0
BaP 2.2 2.8 0.3 0.8 1.3 2.4 14.8
BbF 3.7 4.4 0.4 1.3 2.1 4.1 22.7
BkF 1.7 1.4 0.4 1.0 1.3 2.0 7.2
Chr 2.5 4.1 0.3 0.6 1.1 2.4 21.4
DahA 1.0 1.1 0.1 0.4 0.6 1.1 5.2
IcdP 2.2 2.3 0.3 0.8 1.4 2.5 12.0

PM, 5, pg/m°® 49.5 306 121 279 413 624 155.1

03, pg/m* 103.3 439 285 69.6 947 131.4 2224

Meteorological conditions
Temperature, °C 15.0 9.5 -2.6 6.5 15.3 23.3 31.7
Relative humidity, 65.3 142 328 554 65.8 75.8 92.7

%

Abbreviations: SD, standard deviation; PAH, polycyclic aromatic hydrocarbon;
BaA, benzo[alanthracene; BaP, benzo[a]lpyrene; BbF, benzo[blfluoranthene;
BKF, benzo[k]fluoranthene; Chr, chrysene; DahA, dibenz[a,h]anthracene; IcdP,
indeno[1,2,3-cd]pyrene; PM, s, particulate matter in aerodynamic diameter
<2.5 um; O3, ozone.
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PAH was 24.6 (SD: 29.6) ng/m3 on case days and 24.4 (29.4) ng/m3 on
control days (Table 2). The mean concentration on case days of 7
carcinogenic species together accounted for 64.2% of total PAH, ranging
from 1.0 (1.1) ng/m3 for DahA to 3.8 (4.4) ng/m3 for BbF. Total PAH
was highly correlated with 6 carcinogenic PAHs (p >0.9) with exception
for DahA, and moderately or weakly (—0.6< p <0.6) correlated with
ambient PM; 5, O3, and meteorological conditions (Fig. S1).

We estimated associations of mortality with short-term exposure to
total and 7 carcinogenic PAHs, and observed consistent risk growths
under multiple death causes and lag windows (Fig. 2). For instances, an
IQR rise (16.9 ng/m°) in 2-day moving average of total PAH concen-
tration was associated with risk increases of 1.90% (95% CI: 1.71-2.09)
in all-cause mortality, 1.90% (95% CI: 1.70-2.10) in nonaccidental
mortality, 2.01% (95% CI: 1.72-2.29) in circulatory mortality, and
2.53% (95% CI: 2.03-3.02) in respiratory mortality. Varying magni-
tudes of risk increases in 7 carcinogenic PAHs were consistently seen,
with excess risks of 1.42-1.90% for BaA (IQR: 1.6 ng/m3), 1.94-2.53%
for BaP (IQR: 1.6 ng/m®), 2.45-3.16% for BbF (IQR: 2.8 ng/m>),
2.80-3.65% for BKF (IQR: 1.0 ng/mg), 1.36-1.77% for Chr (IQR: 1.8 ng/
m?), 0.77-1.24% for DahA (IQR: 0.8 ng/m>), and 2.96-3.85% for IcdP
(IQR: 1.7 ng/ms). Sensitive analyses showed that these estimated asso-
ciations changed slightly after adjusting for O3 and changing df of
temperature and relative humidity (Table S1). Despite a weakening in
the effect size, the positive associations also largely remained via
adjusting for PMy 5 and extending the lag windows of meteorological
factors.

C-R analysis illustrated relationships between cause-specific mor-
tality and short-term exposure to total PAH and its 7 carcinogenic spe-
cies. Overall, we revealed a significantly nonlinear (P <0.001),
monotonically increasing risk associated with acute exposure to PAHs,
and found similar risk patterns in mortality of multiple causes linked to
separate exposure to total PAH or its species (Fig. 3 & Fig. S2). For
instance, in associations of total PAH exposure with death risk of
different causes, C-R curves exhibited a steep incline below approxi-
mately 15 ng/m®, while the slope gradually became less pronounced
under higher PAH ranges. Notably, no distinct thresholds were detected
within a wide concentration range of 4.7-159.3 ng/m°.

The alike between-subgroup effect modification across total PAH and
its 7 carcinogenic species was identified in analyses, stratified by sex,
age, residence, and education level (Fig. 4 & Fig. S3). For instance,
despite a higher risk of respiratory mortality in men (2.95%, 95% CIL:
2.27-3.63) compared to women (2.06%, 95% CI: 1.33-2.78), we did not
identify evident between-sex differences for 4 main causes of death
related to total PAH exposure. We found linearly raised risks (P for trend
<0.005) related to total exposure of all-cause, nonaccidental and cir-
culatory mortality in older groups, with the greatest effects of
2.59-2.66% in the oldest-old population (age >85) compared to those
aged younger than 65 years (1.23-1.37%), but did not detect significant
linear trend of respiratory mortality (P for trend = 0.219), despite an
increased risk in older stratum. Parallelly heightened risk associated
with exposure to PAHs was found in urban-rural residents and cases with
different education level. In analyses stratified by marital status, find-
ings indicated greater risk increases for specific causes (excluding res-
piratory deaths) in single cases, when exposed to total PAH and its 6
carcinogenic species apart from DahA.

4. Discussion

To the best of our knowledge, this study represented the first attempt
to assess the association between mortality risk and low-level airborne
PAHs in the non-occupational population using a large-scale epidemi-
ological survey. By analyzing data from over 2 million deaths, we pro-
vided novel evidence that even at extremely low levels, short-term
exposure to airborne total and 7 carcinogenic PAHs was associated with
an increased risk of death. Furthermore, our findings shed light on the
impacts of this exposure on vulnerable population, specifically the
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2
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Fig. 2. Estimates of excess mortality risk (%) and 95% confidence interval for all-cause, nonaccidental, circulatory, and respiratory mortality associated with an
interquartile range increase of exposure to total PAH (16.9 ng/m3), BaA (1.6 ng/m3), BaP (1.6 ng/ms), BbF (2.8 ng/ms), BKF (1.0 ng/m3), Chr (1.8 ng/ms), DahA
(0.8 ng/mg) and IcdP (1.7 ng/ms). Abbreviations: PAH, polycyclic aromatic hydrocarbon; BaA, benzo[a]anthracene; BaP, benzo[a]pyrene; BbF, benzo[b]fluo-
ranthene; BKF, benzo[k]fluoranthene; Chr, chrysene; DahA, dibenz[a,h]anthracene; IcdP, indeno[1,2,3-cd]pyrene.

oldest-old adults, which may thereby provide valuable insights for the
development of effective risk prevention strategies.

Using an individual-level case-crossover design, we observed sig-
nificant increases in risk of mortality associated with short-term expo-
sure to airborne total and 7 carcinogenic PAHs among general
population. These findings extended prior European cohort evidence
from occupational population, including workers of asphalt [29], coke
oven [30], and other industries [7], which linked shortened long-term
survival to high-dose exposure to PAHs. It is worth noting that PAHs
exposure in these studies was estimated through questionnaire [29],
historical geographic models [30], or air sampling (BaP as the proxy)
[71, which may not accurately reflect the PAHs exposure of workers. In
the present study, we conducted individual-level exposure assessment
using gridded PAHs estimates at residential addresses, and could largely
reduce exposure bias and well quantify PAHs-associated health risks. In
general population, great interests were primarily focused on assessing
the health effects of PAHs through dietary intake and dermal contact
[31,32], while there is a significant scarcity of epidemiological evidence
concerning the underlying effects of airborne PAHs exposure [10].
Importantly, airborne exposure to PAHs may pose a greater risk to
human health compared to dietary intake and dermal contact, as it
directly affects target organs without undergoing liver detoxification
[33]. This study provided robust evidence for PAHs-related mortality
risks from general population perspective, and highlighted the urgent
need for preventive measures to reduce PAHs exposure in airborne
environments.

Greater PAHs-associated risks were estimated for cardiopulmonary
deaths in our analysis. Echoing our results, recent studies have reported
positive associations between exposure to PAHs and risks of circulatory
(e.g., coronary heart disease and stroke) [34,35] and respiratory (e.g.,
chronic obstructive pulmonary disease and lung cancer) [36,37] dis-
eases. These findings could be partially verified by prior toxicological
and molecular mechanism studies. First, inhalation of PAHs has been
shown to promote the expression of pro-inflammatory cytokines (e.g.,
CXCL8 and TNF-a) and trigger the invasion of macrophages and neu-
trophils into the lungs [38,39], thus leading to airway inflammation and
impaired lung function [40]. Second, PAHs entering the circulation

system through the alveolar capillary membrane may result in vascular
endothelial dysfunction and atherosclerosis [41,42], thereby increasing
the risk of coronary heart disease. Third, PAHs can cause damage to
cardiac cells by disrupting the balance between the generation and
elimination of free radicals [43], ultimately contributing to the devel-
opment of cardiovascular diseases [44]. These possible mechanisms
suggest that the cardiopulmonary systems may be particularly suscep-
tible to the harmful effects of airborne PAHs. Additionally, alterations
induced by PAHs in epigenetic mechanisms (e.g., DNA methylation,
histone modification, and miRNA regulation) can accelerate the onset
and progression of diverse diseases [45,46]. Also, exposure to PAHs,
even in the low-dose scenario, may instigate oxidative stress, a pivotal
initiator in the genesis of numerous acute and chronic ailments [47].

C-R analysis in our study demonstrated a threshold-free, monoto-
nously raised risk of mortality associated with short-term exposure to
airborne PAHs. Instead of observing a linear association, the slopes of C-
R curves were consistently steeper at low doses for all-cause, non-acci-
dental, and cardiopulmonary deaths. In eastern China, a similar C-R
pattern was exhibited in a recent quasi-experiment study evaluating
long-term associations between PAHs and cancer mortality [12]. Prior
toxicological evidence also suggested that low-dose genotoxic com-
pounds like PAHs may elicit a sharp increase in mortality risk, without a
discernible no-effect threshold dose [2]. Currently, ambient air quality
standard in China [48] only released a limit value for BaP, with a daily
average concentration of 2.5 ng/m>. However, based on the C-R curve of
BaP stemmed from our rigorous epidemiology design and province-wide
surveillance data, the existing standard may be inadequate and insuffi-
cient in protecting public health. In addition, there are no mandatory
standards for airborne total and other specific PAHs exposure due to the
wide lack of aggregated evidence from diverse populations and regions
[10]. More population-based studies should be warranted in the coming
decade, so as to comprehensively investigate the health effect of
airborne PAHs and provide scientific support for the formulation of
appropriate environment emission regulation.

Considering the decline in multi-organ function and metabolic ca-
pacity [49,50], older adults may be more susceptible to ambient air
pollution. For instance, higher risk of death associated with ambient
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Fig. 3. Concentration-response associations between exposure to total PAH at lag-01 day and mortality risk. Notes: Linear P indicates the statistical significance of
the exposure-risk association estimated in conditional logistic models fitting PAHs as a linear term, while nonlinear P represents degree of violation from a linear
relationship; the odds ratio was estimated based on the minimum exposure level; the solid lines and shaded bands indicate the changes in mortality risk and cor-
responding 95% confidence intervals, respectively. Abbreviations: PAH, polycyclic aromatic hydrocarbon; CI, confidence interval.
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Fig. 4. Subgroup-specific estimates of excess mortality risk (%) and 95% confidence interval for all-cause, nonaccidental, circulatory, and respiratory mortality
associated with an interquartile range increase of exposure to total PAH at lag-01 day. Note: * P-value <0.05 indicates statistically significant effect heterogeneity
between strata. Abbreviation: PAH, polycyclic aromatic hydrocarbon.
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PM, 5 in the elderly was identified from two national case-crossover
analyses based on millions of American [20] and Brazilian [28]. In
line with these findings, we also found dramatically greater
PAHs-related risks of death in Chinese older populations. Ambient
formaldehyde, another persistent organic pollutant, has more adverse
health effects on very old population [24]. Synthetic evidence suggested
that senior dwellers, particularly the oldest-old, may be more vulnerable
to airborne toxic substances, thereby sufferring from greater health risk
in exposure to airborne PAHs. The systemic review revealed higher
PAHs concentration in the indoor compared with outdoor environments
[51], and traffic emission and biomass combustion may be the major
contributors of indoor PAHs [52]. Considering that the oldest-old stays
indoors more, improving indoor air quality (e.g., using clean energy)
may be of great importance to mitigate PAHs-related health hazards and
drive healthy longevity and well-being over life course.

In our stratified analysis, single individuals were at higher risks of
mortality when being exposed to PHAs. This solitary status may lead to
social isolation and loneliness [53], which can exacerbate the psychical
frailty [54] and physical vulnerability [55]. Such sub-health condition
may render single persons more susceptible to environmental hazardous
substances including PAHs, thereby heightening their exposure-related
risk of mortality. Given variability in exposure, contamination sources,
and individual susceptibility, accurately assessing exposure levels of
PAHs and their adverse effects on various demographic groups remains a
key challenge. Future large-scale and precision-designed pop-
ulation-based investigations are still needed to fully understand health
impacts of short- and long-term exposure to ambient PAHs, for the sake
of developing appropriate government regulatory policies and individ-
ual preventive measures.

Some limitations should be noted in this study. First, though the risk
effects of PAHs exposure were largely robust in bi- and tri-pollutant
analyses considering the potential bias confounded by PM; 5 and Os, it
is still challenging in epidemiologic studies to completely separate the
health effects of PAHs from PM,s and Os, due to the nature of co-
exposure and shared sources of multiple air pollutants. Second,
although time-invariant confounding factors were well controlled in the
case-crossover design and we further adjusted for daily temperature and
relative humidity, the estimated associations may be partially affected
by some residual or unmeasured time-varying confounding (e.g., indoor
air quality and time activity pattern). Third, the study was conducted in
a single province of China, even though it encompasses a considerably
large population (~ 85 million in 2020). The generalization of our re-
sults may be limited, and the findings should be cautiously interpreted to
other regions or countries.

5. Conclusions

This study provided novel evidence that short-term exposure
airborne total and 7 carcinogenic PAHs is associated with an increased
risk of all-cause, nonaccidental, circulatory and respiratory mortality. C-
R associations suggested a significantly increased mortality risk in
exposure to PAHSs, even at extremely low doses. Additionally, growing
vulnerability to PAHs-related risk was seen in older population. These
findings may substantially expand current knowledge on the acute
health effects of PAHs in general population, and highlight the crucial
needs for the development of appropriate public health regulation with
regard to airborne PAHs.
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