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Sand and dust storms (SDS) can cause adverse health effects, with the oxidative
potential (OP) and environmentally persistent free radicals (EPFRs) inducing
oxidative stress. We mapped the OP and EPFRs concentrations at 1735 sites in
China during SDS periods using experimental data for 2021-2023 and a random
forest model. We examined 855,869 hospitalizations during SDS events for
2015-2022 in Beijing, China. An integrated exposure-response model was used
to estimate the association between OP and EPFRs and hospitalization during
SDS. EPFRs were strongly associated with circulatory (3.05%; 95% confidence
interval [CI]: 1.01%, 4.08%) and respiratory (2.02%; 95% CI: 1.01%, 4.08%) diseases
with each increase of 10” spins/m?. The OP effects on circulatory (3.52%; 95% CI:
2.13%, 4.92%) and respiratory diseases (2.08%; 95% CI: 1.13%, 3.04%) with each
increase of 0.2 nmol/min/m? were also statistically significant. Additionally,
20.47% and 27.26% of all-cause hospitalizations were attributable to OP and
EPFRs exposure, respectively. This knowledge could be used to develop effec-
tive sand and dust risk prevention in dust-prone countries.

Dust storms are meteorological hazards that arise when large amounts
of sand and dust from the Earth’s surface are lifted into the tropo-
sphere by cyclones'”. These extreme weather events occur frequently
in Africa, Central Asia, North America, and Australia®. During dust
storms, cyclones produce turbulent mixing and convective updrafts
that lead to transmission of dust particles across vast geographical
ranges and international borders. Global dust emissions are estimated
at ~1200 Tg/yr**. Dust storms typically occur in arid and semi-arid
regions. The dust from these storms can have a significant impact on
the health and wellbeing of populations in urban areas or other regions
beyond the areas where dust storms are generated. In the spring of
2021-2023, Asia was struck by several enormous dust storm events>*®.
The observed peak concentrations of inhalable particulate matter
(PMyo) during the event occurred from March 14-15, 2021, and was

>9985 pg/m’ in Ulanqab, and >7400 pg/m? in Beijing?. In 2023, more
than 15 provinces in China were affected by severe sandstorms. These
intense sandstorms had profound implications and attracted sig-
nificant attention.

Dust storms are associated with a variety of adverse health out-
comes in humans’™". For example, epidemiological studies have
reported positive associations of dust events with human mortality
and hospital admissions for circulatory and respiratory diseases’'.
However, previous epidemiological studies have predominantly
assessed the adverse effects of particulate matter (PM) on human
health using the mass concentrations during the sand and dust storm
(SDS) events™"*. Recent studies have shown that low levels of atmo-
spheric PM can also have detrimental effects, but the PM concentra-
tions alone cannot fully explain the effect of PM on health™. The
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adverse effects of critical components in PM are currently unclear. This
knowledge could help with understanding the underlying mechanisms
of dust particles on human health.

Oxidative stress has emerged as a mechanism that underlies the
toxic effects of PM pollution'®”. Consequently, PM components and
metrics that induce oxidation stress in the human body are of concern’®.
Redox-active PM species that have oxidative potential (OP), which are
represented by metals and organic pollutants, can catalyze the gen-
eration of reactive oxygen species (ROS) in vivo and lead to oxidative
stress'®”, The OP is associated with adverse health effects during PM
pollution events™® 2, It has been suggested that the OP is one of many
possible drivers of the acute health effects of PM, but the link is
unclear'. Few studies have explored associations between OP and dis-
eases during SDS periods. Environmentally persistent free radicals
(EPFRs), which are emerging contaminants that are attached to and
stabilized on PM, can also induce oxidative stress in the human
body**?°. These organic free radicals are formed through electron
abstraction from organic pollutants on PM. The structure of PM causes
pronounced steric hindrance towards these organic radicals, which
ultimately leads to the formation of EPFRs”*. EPFRs have both radical
activity and organic pollutant stability. The EPFRs-containing PM redox
cycle can produce ROS?***, which contributes to the oxidative stress
and OP levels. Adverse human health effects caused by EPFRs bound to
PM have been increasingly recognized. It has been suggested that EPFRs
might explain why non-smokers suffer from similar lung diseases to
smokers®**, The associations of EPFRs on PM with health outcomes
during SDS periods need further exploration. Studies to assess the
associations of health outcomes with OP and EPFRs are urgently
needed.

There is a lack of data for OP and EPFRs concentrations during
practical SDS events. Obtaining such data requires in situ sampling of
atmospheric PM, sample transportation to the laboratory, and offline
detection'?. The complexity of sample collection in a moving SDS
makes the detection of OP and EPFRs time-consuming and labor-
intensive. To clarify the distribution and evolution of OP and EPFRs
throughout a storm’s progression, simultaneous sample collection is
required at multiple sites through which the storm may pass. All those
requirements make the analysis of the transportation and distribution
of OP and EPFRs in dust storms very challenging. Using available air
quality data and meteorological parameters to conduct gridded pre-
dictions of the OP and EPFR concentrations, which can be easily
achieved using established monitoring systems, may be a feasible
alternative for obtaining the OP and EPFR concentrations. Therefore, it
is essential to establish a model that can utilize available air quality data
and meteorological parameters to accurately quantify the OP and
EPFRs concentrations.

In this study, we conducted synchronous PM sample collection
over a 3 year period in nine cities during the SDS events that occurred
in China between 2021 and 2023. In total, 190 dust particle samples
were collected and tested for the OP and EPFRs bound to the dust
storm particles. Using a database of measured OP and EPFRs con-
centrations, and available air quality data and meteorological para-
meters, machine learning models for predicting the OP and EPFRs
concentrations were established to map the OP and EPFR distributions
across China during the SDS. We selected Beijing as a representative
dust-prone megacity, and used comprehensive data on human dis-
eases during dust storm events. By linking these diseases to the OP and
EPFRs in dust storm particles, we aimed to gain insight into the con-
tributions of the OP and EPFRs to the observed health effects.

Results

Random Forest modeling

Figure 1 shows the random forest (RF) modeling workflow used in this
study. This encompassed three primary stages: experimental and data
preparation, RF model establishment and model validation, and model

prediction. We initially investigated the OP and EPFRs concentrations
in nine typical cities suffering from severe SDS in China. We previously
found that the meteorological parameters and PM concentrations
were factors determining the occurrence of EPFRs***. Therefore,
before model development, the Boruta algorithm was used to pre-
screen model parameters, including meteorological factors, air pollu-
tion indicators, and characteristics of the PM samples, such as the
particle type (TYPE). Irrelevant variables were eliminated. This algo-
rithm reduces the misleading effects of random fluctuations and cor-
relations by introducing randomness to the system and deriving
results from an ensemble of randomized samples. The selected vari-
ables, including meteorological factors [surface pressure (Py), tem-
perature, relative humidity (RH), visibility (VV), precipitation (RRR),
wind speed, and maximum wind speed (ff3)]; and air quality data [fine
particulate matter (PM,s), air quality index (AQI), inhalable particulate
matter (PM;g), SO,, 03, CO and NO,], had significantly affected the
occurrence of EPFRs during SDS periods (Supplementary Fig. 1).
Within the developed model (Supplementary Fig. 1), air quality data,
specifically PM, s and AQI were the most significant variables for EPFRs
occurrences during SDS periods. Meteorological factors, such as Pg,
temperature, and RH, also exhibited high importance. Furthermore,
we filtered and validated the model’s accuracy (R* = 0.95) using 10-fold
cross validation and ultimately arrived at the optimum model (Sup-
plementary Fig. 2). We then conducted a sensitivity analysis to further
explore the model’s performance (Supplementary Fig. 3), which varied
with the number of variables tried at each split (mtry) and the number
of trees (ntree). The RF model exhibited excellent predictive cap-
abilities when the optimum values for ntree and mtry were set to 1100
and 15, respectively. Details for the RF modeling and 10-fold cross
validation are provided in the Supplementary Results. We predicted
the EPFRs concentrations at 1735 sites in China (Supplementary Fig. 4)
during the SDS periods using the experimentally measured data and
the established RF model. The linear regression results (R*resting = 0.88,
RPraining/validation = 0.96) of the measured and predicted EPFRs con-
centrations indicated the model had excellent predictive performance
(Fig. 2A, B). We also used a similar RF model to select significant vari-
ables for the OP and to precisely predict the OP concentrations
(Fig. 2C, D) at 1735 sites in China (Supplementary Fig. 4) during the SDS
periods. Details for use of the RF model for the OP are given in the
Supplementary Results.

Levels and geospatial distribution of EPFRs and the OP during
SDS periods

The concentrations and spatial distributions of EPFRs in total sus-
pended PM (TSP) and PM, s during the SDS periods in mainland China
are shown in Fig. 3A, B, respectively. During the SDS periods, Inner
Mongolia and Shanxi Province in North China and Yunnan and Guiyang
provinces in South China had highest EPFRs concentrations for TSP
and PM, 5. The anthropogenic activity, natural activity, and migration
process of dust PM from areas with high levels of air pollution may
contribute to the high concentrations of EPFRs***°, Additionally, the
EPFRs on atmospheric PM from the northern region exhibited a dif-
fusion pattern radiating from the northern boundary inland, while
EPFRs from the southwestern region displayed a diffusion pattern
radiating from the southwest boundary inland. Similar distribution
characteristics were also observed for the OP of atmospheric PM
(Fig. 3C). There were also high OP concentrations in areas such as the
Yangtze River Delta, which is an area with extensive anthropogenic
activity (e.g., residential biomass burning and vehicular emissions)".
These OP concentrations were comparable to or even higher than
those in the dust-prone areas. Therefore, EPFRs were predominantly
influenced by the dust distributions, while the OP was affected by both
the dust distribution and anthropogenic activity during the SDS per-
iod. There were strong positive correlations between the atmospheric
EPFRs, PM,s, AQI, and PMy, (Supplementary Fig. 5). EPFRs were
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Fig. 1| Modeling framework and overall strategy. A Flowchart of random forest
(RF) modeling for the oxidative potential (OP) and environmentally persistent free
radicals (EPFRs) concentrations predictions. B Flowchart of health risk assessment.
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drawn by the authors themselves. The maps were drawn based on the vector data
from the National Platform for Common GeoSpatial Information Services (https://
www.tianditu.gov.cn/) and Resource and Environmental Science Data Platform
(https://www.resdc.cn/).

attached to and stabilized on fine particles?>**?**, Therefore, the
EPFRs and fine particles will share the same transport trails. We used
Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT)
back trajectory to analyze the transport trail of dust particles (Sup-
plementary Fig. 6). This analysis showed that the sources of sand and
dust particles in the northern and southern regions were different. In
northern regions, sand and dust particles originated from Mongolia. In
southern regions, sand and dust particles were from the Indochina
Peninsula and the Indian Peninsula. The concentrations of EPFRs on
PM during the SDS periods were ~10 times those on PM during the non-
SDS periods (Supplementary Fig. 7). An obvious increase in the OP of
the PM was also observed during the SDS periods, with the SDS value
approximately three times that during the non-SDS periods (Supple-
mentary Fig. 8). Additionally, when a SDS passed through a city, it
carried PM generated by urban activities, including aerosols such as
automobile exhaust and industrial stack gas with high EPFRs
concentrations****” and OP"?%, The spatial distribution of PM;o and
PM, s (Supplementary Fig. 9 and Supplementary Fig. 10) also sup-
ported the geospatial distributions of EPFRs and the OP found in this

study. Therefore, the transport trails of sand and dust particles could
explain the distribution characteristics of EPFRs and the OP in China
(Supplementary Fig. 6).

Link between the OP/EPFRs and hospitalizations

Between 2015 and 2022, more than 20 SDS events occurred in Beijing,
China*>*’. The average PM,o concentration in North China in 2021
showed a 39% increase compared with that in 2015-2020% The fine
particles and their EPFRs and OP might jointly induce adverse human
health effects. During 2015-2022, a total of 855,869 hospitalizations
occurred during the SDS periods, including 120,297 hospitalizations
on identified SDS event days in Beijing (Table 1). There were 23,287
cases of influenza and pneumonia, which accounted for most
respiratory diseases (29.85%), and 58,931 cases of cerebrovascular
disease, which accounted for most circulatory diseases (36.82%).

To assess the impact of SDS events on a range of diseases at lag
day 0, we analyzed the linear relationship of hospitalizations with the
OP and EPFRs and PM, s concentrations of dust particles (Fig. 4). There
were significant correlations between the OP and EPFRs
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Fig. 2 | Comparison between modeled and measured concentrations. A, B Comparison between the modeled and measured environmentally persistent free radicals
(EPFRs) concentrations. C, D Comparison between the modeled and measured oxidative potential (OP) concentrations. Source data are provided as a Source Data file.

concentrations and multiple diseases. The RR differed significantly
from one (P<0.05, blue points in Fig. 4) for 88% of the investigated
diseases under EPFRs exposure, 84% of the investigated diseases under
OP exposure, and 64% of the investigated diseases under PM, s expo-
sure (Fig. 4, Supplementary Table 1and Supplementary Table 2). These
results show that the OP and EPFRs concentrations of PM, 5 are more
sensitive than the PM, s itself for health risk assessment of SDS.

Figure 4A shows that a 0.2 nmol/min/m? increase in the OP was
associated with a 2.08% (95% Cl: 1.13%, 3.04%) elevated relative risk
(RR) of respiratory disease during the SDS periods. Similarly, each 0.2
nmol/min/m? increase in the OP was associated with a 3.52% (95% CI:
2.13%, 4.92%) increase in the RR of circulatory disease. Furthermore,
short-term OP exposure during the SDS periods was significantly
associated with heightened hospitalization risks for various diseases,
including hypertensive disease, ischemic heart disease, acute ischemic
heart disease, diseases of the arteries, arterioles, and capillaries, other
forms of heart disease, diseases of the veins, lymphatic vessels, and
lymph nodes (not otherwise specified), cerebrovascular diseases,
influenza and pneumonia, pneumonia, ischemic stroke, other diseases
of the upper respiratory tract, myocardial infarction, acute myocardial
infarction, chronic lower respiratory disease, other chronic obstructive
pulmonary diseases, and chronic obstructive pulmonary disease
(Fig. 4A). Among all the sub-causes of circulatory and respiratory dis-
eases, hypertensive diseases, influenza, and pneumonia exhibited the
highest increased risks. Specifically, a 0.2 nmol/min/m? increase in the
OP concentration was associated with an increased risk of 4.32% (95%
Cl: 2.10%, 6.59%) for hypertensive diseases and of 2.78% (95% ClI: 1.43%,
4.15%) for influenza and pneumonia.

There were also significant associations between the EPFRs con-
centrations and various diseases (Fig. 4B, C). Each 10" spins/m?
increase in EPFRs on TSP was associated with 2.02% (95% Cl: 1.01%,
4.08%) and 3.05% (95% CI: 1.01%, 4.08%) increases in respiratory dis-
ease and circulatory disease, respectively. By comparison, each 10
spins/m® increase in EPFRs on PM,; resulted in an increase in the
adverse effects on respiratory (3.05%; 95% Cl: 1.01%, 5.13%) and circu-
latory (4.08%; 95% Cl: 2.12%, 6.18%) diseases. These results suggest
there are more pronounced health risks caused by EPFRs on fine

particles than EPFRs on TSP. Additionally, short-term exposure to
EPFRs was significantly associated with increased hospitalization risks
for various diseases, including ischemic heart disease, diseases of the
veins, lymphatic vessels, and lymph nodes (not otherwise specified),
other forms of heart disease, hypertensive disease, chronic obstructive
pulmonary disease, chronic lower respiratory disease, other diseases
of the upper respiratory tract, other chronic obstructive pulmonary
diseases, cerebrovascular diseases, ischemic stroke, myocardial
infarction, influenza, and pneumonia. Among all the sub-causes of
circulatory and respiratory diseases, acute ischemic heart disease and
chronic obstructive pulmonary disease exhibited the largest increased
risks. Specifically, every 10* spins/m? increase in EPFRs was associated
with 4.08% (95% CI: 2.02%, 5.13%) and 3.05% (95% CI: 1.01%, 5.12%)
increases in acute ischemic heart disease and chronic obstructive
pulmonary disease, respectively (Fig. 4A, B, and Supplementary
Table 1).

Non-linear exposure-response relationships

Figure 5 shows the overall cumulative EPFRs or OP exposure-response
curves for 16 districts in Beijing from 2015 to 2022. The thresholds for
EPFRs and OP exposure levels for the minimum effects of all-cause
hospitalization were obtained from the exposure-response curves
(Fig. 5A, B), and were 10" spins/m? and 0.3 nmol/min/m’, respectively.
These lowest adverse effect levels of EPFRs and the OP were compar-
able to those observed on clean days (Supplementary Fig. 11), which
was evidence of the model accuracy. The exposure-response non-
linear curves showed that the all-cause hospitalization risks increased
with the OP or EPFRs concentration in a supralinear trend (Fig. 5).
These results agreed with the results of the linear models showing
positive correlations of EPFRs or OP with hospitalization (Fig. 5A, B).

Attributable health burdens

According to the EPFRs or OP exposure-response curves (Fig. 5A, B),
we estimated the fraction of all-cause hospitalizations in dust-prone
cities in China during the SDS periods in 2021 that could be attributed
to OP and EPFRs exposure. The average attributable fractions for the
OP and EPFRs were 20.47% (95% Cl:15.75%, 28.28%) and 27.26% (95% Cl:
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Fig. 3 | Spatial distribution of environmentally persistent free radicals (EPFRs)  to 24:00 on March 30, 2021). PM, s: fine particulate matter of diameter lower than
and oxidative potential (OP). A, B Spatial distribution of EPFRs in atmospheric 2.5 um; TSP: total suspended particulate matter. The maps were drawn based on the
particulate matter (PM) of different sizes during a dust storm in China (from 22:00  vector data from the National Platform for Common GeoSpatial Information Ser-
on March 27,2021, to 24:00 on March 30, 2021). C Spatial distribution and levels of  vices (https://www.tianditu.gov.cn/) and Resource and Environmental Science Data
OP of atmospheric PM during a dust storm in China (from 22:00 on March 27,2021,  Platform (https://www.resdc.cn/). Source data are provided as a Source Data file.
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Table 1| Summary of statistics for daily hospitalizations in Beijing during SDS periods from 2015 to 2022

ICD-10 Cause of hospitalization Total hospitalizations during Mean daily hospitalizations dur-  Total hospitalizations on the
the SDS periods ing the SDS periods SDS event days
A00-Z99 All-cause 855869 5468 120297
AOO-R99 Non-accidental 696093 4445 97784
JO0-J99  Diseases of the respiratory system 78024 482 10601
J09-)18  Influenza and Pneumonia 23287 136 2996
J12-118 Pneumonia 22958 135 2967
J20-J22  Other acute lower respiratory infections 5461 33 n7
J20 Acute bronchitis 5239 31 692
J30-J39  Other diseases of upper respiratory tract 7494 48 1061
JA0-J47  Chronic lower respiratory disease 18124 122 2689
JM-J44 Chronic obstructive pulmonary disease 13246 91 2007
Ja4 Other chronic obstructive pulmonary 11665 81 1785
disease
Jjo8 Other respiratory distress syndromes 12560 75 1660
100-199 Diseases of the circulatory system 160058 1030 22649
110-15 Hypertensive diseases 10032 66 1454
120-25 Ischemic heart diseases 52147 346 7617
121-122 Acute myocardial infarction 10086 66 1447
121-123 Myocardial infarction 10094 66 1448
120- Acute ischemic heart disease 43933 292 6413
122, 124
125 Chronic ischemic heart disease 8206 55 1203
130-152 Other forms of heart disease 20024 135 2974
160-161 Hemorrhagic stroke 4631 30 665
160-163 Ischemic stroke 36499 229 5031
160-169 Cerebrovascular diseases 58931 376 8262
170-179 Diseases of arteries, arterioles, and 3662 23 498
capillaries
180-189 Diseases of veins, lymphatic vessels, and 12568 78 1718

lymph nodes, not elsewhere classified

20.12%, 33.77%), respectively. The spatial distribution of the OP and
EPFRs attributable health burdens during the SDS periods throughout
dust-prone areas of China were plotted (Fig. 5C, Fig. 5D, and Supple-
mentary Fig. 12). The fractions of hospitalizations attributable to EPFRs
were highest in regions with mass loads of sand and dust, including
Inner Mongolia, Shaanxi, Shanxi, Gansu, and Hebei in North China
(35.75%, 95% Cl: 27.47%, 43.13%) and Yunnan provinces in South China
(34.27%, 95% Cl: 26.43%, 41.27%). Interior regions of China had a lower
fraction of hospitalizations attributable to EPFRs at 24.81% (95% CI:
17.50%, 31.57%). As a result of differed exposure-response curves of OP
and EPFRs, the spatial distribution of the OP attributable health burden
was different with that of EPFRs. The fractions of all-cause hospitali-
zation attributed to OP exposure were highest (22.34%; 95% CI: 15.82%,
28.37%) in regions with less sand and dust in East China, followed by
regions with mass loads of sand and dust in Northeast China.

Discussion

In this study, we mapped the spatial distributions and trajectories of
atmospheric OP and EPFRs at 1735 sites on a national scale during SDS
periods in 2021 using machine learning algorithms. These two PM
metrics can both contribute to oxidative stress'®'*"#%*_ However, their
health risks are largely unknown. Previous studies on sand- and dust-
induced health risks have mainly focused on PM fractions. The health
burden of critical PM metrics, such as emerging EPFRs and the OP, has
not been clarified. Here, by integrating epidemiological data encom-
passing 855,869 hospitalizations during SDS periods from 2015 to 2022
in Beijing, China, we investigated the cause-specific hospitalization risks
associated with short-term exposure to the PM OP or EPFRs. From the

perspective of the disease spectrum and all-cause burden analysis, we
clarified the exposure-response relationship between the OP, EPFRs,
PM, and multiple diseases during the SDS periods and their corre-
sponding attributable health burdens. Therefore, this study quantita-
tively evaluated the health burden of PM metrics during SDS periods.
Even though sand and dust had considerable concentrations of
EPFRs, fine particles, and OP (Fig. 3 and Supplementary Fig. 9) and they
shared the same transport trails throughout China (Supplementary
Fig. 6), their correlation with and sensitivity to assess health risks were
different (Fig. 4). Both the OP and EPFRs were sensitive for risk
assessment of the total 855,869 hospitalizations during the dust storm
period, and their sensitivities were even higher than that of PM,
concentrations. These results imply that the OP and EPFRs on PM
should be the focus when evaluating the health risks of SDS.
Short-term OP exposure was linked with both respiratory and cir-
culatory diseases. The effects of the OP on circulatory (3.52%; 95% CI:
2.13%, 4.92%) and respiratory diseases (2.08%; 95% Cl: 1.13%, 3.04%) with
each 0.2 nmol/min/m?® increase were statistically significant (P < 0.05),
especially for the risks on circulatory diseases. For cause-specific circu-
latory hospitalizations, we observed high risks for hypertensive diseases
(4.32%; 95% CI: 2.10%, 6.59%) with each 0.2 nmol/min/m? increase in OP
exposure. Previous studies have reported that oxidative stress can
damage the vascular endothelium, increase platelet activity, and pro-
mote thrombus formation by enhancing coagulation”**, which may
explain the association of the OP with circulatory disease found in this
study. For cause-specific respiratory hospitalizations, pneumonia hos-
pitalization associated with the OP increased largely during the SDS
periods. This result is in accordance with previous studies®® and
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Diseases of veins, lymphatic vessels, and lymph nodes — <0.001 Chronic obstructive pulmonary disease ———— 0.0124
not elsewhere classified Non-accidental —_— <0.001 Chronic lower respiratory disease —_— 0.0059
Cerebrovascular diseases — <0.001 Other diseases of upper respiratory tract ————  <0.001
Influenza and pneumonia e <0.001 Other chronic obstructive pulmonary disease{ | ————  0.0056
Pneumonia e S <0.001 Cerebrovascular diseases [ 0.017
All-cause Lo <0.001 Ischemic stroke — 0.0198
Ischemic stroke 3 —— <0.001 Myocardial infarction i —— 0.0023
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Other diseases of upper respiratory tract f — 0.007 Influenza and pneumonia E —— 0.0039
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Other chronic obstructive pulmonary disease —— 0.0276 All-cause — 0.0151
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Chronic obstructive pulmonary disease r—-— 0.0472 Other acute lower respiratory infections —.—< 0.241
Other acute lower respiratory infections 'ﬁ 0.2412 Other respiratory distress syndromes %' 0.2024
Acute bronchitis »3—' 0.2774 Acute bronchitis i—' 0.231
Hemorrhagic stroke —r— 0.5208 Hemorrhagic stroke _— 0.9179
0.95 1.00 1.05 1.10 0.95 1.00 1.05 1.10
C Acute ischemic heart disease ———  <0.001 D Chronic ischemic heart disease P 0.0018
Diseases of veins, lymphatic vessels, and lymph nodes f ——— 0.0025 Other diseases of upper respiratory tract E —_—— 0.0016
not elsewhere classified Hypertensive diseases 0.0119 D of veins, lymphatic vessels, and lymph nodes —— 0.022
Ischemic heart diseases i ———  <0.001 not elsewhere classified oer forms of heart disease P <0.001
Other diseases of upper respiratory tract i ————  <0.001 Acute ischemic heart disease §—— <0.001
Other forms of heart disease P 0.0014 Ischemic heart diseases P <0.001
Chronic ischemic heart disease i ———— 0.0061 Hypertensive diseases | — 0.0568
Diseases of the circulatory system P 0.001 Myocardial infarction P —— 0.0045
Other acute lower respiratory infections }—-—< 0.0369 Other chronic obstructive pulmonary disease —_— 0.0173
Other chronic obstructive pulmonary disease P 0.0256 Acute myocardial infarction P —— 0.0054
Acute bronchitis — 0.0308 Diseases of the circulatory system [— 0.0025
Diseases of arteries, Arterioles and Capillaries % 0.2847 Chronic obstructive pulmonary disease i —— 0.027
Cerebrovascular diseases :>—-—' 0.0195 Chronic lower respiratory disease E—— 0.0261
Myocardial infarction — 0.0028 Cerebrovascular diseases »—.— 0.0369
Acute myocardial infarction D 0.0027 Influenza and pneumonia — 0.0651
Chronic obstructive pulmonary disease —_— 0.046 Other acute lower respiratory infections I 0.3091
Chronic lower respiratory disease —_— 0.0336 Pneumonia —_— 0.0606
Influenza and pneumonia L 0.0041 Other respiratory distress syndromes _— 0.1229
Pneumonia —_— 0.005 Acute bronchitis —_— 0.3268
Diseases of the respiratory system P <0.001 Diseases of the respiratory system P—— 0.0127
Non-accidental L 0.0106 Non-accidental — 0.0295
All-cause P 0.0167 All-cause —— 0.0444
Ischemic stroke = 0.0176 Ischemic stroke _— 0.1179
Other respiratory distress syndromes '—' 0.4802 Diseases of arteries, Arterioles and Capillaries — 0.8336
Hemorrhagic stroke T 0.8981 Hemorrhagic stroke ¢ 0.7653
0.95 1.00 1.05 1.10 1.15 0.99 1.00 1.01 1.02
RR (95% Cl) RR (95% Cl)
Significance ns « p<0.05 Significance ns + p<0.05

Fig. 4 | Pooled relative risks (RR) of all-cause, cardiovascular, and respiratory
hospitalizations associated with sandstorm event-related environmentally
persistent free radicals (EPFRs), oxidative potential (OP), and fine particulate
matter (PM,s). A RR for a 0.2 nmol min/m?® increase in OP of particulate matter
(PM). B RR for a 10 spins/m? increase in EPFRs on total suspended PM (TSP). (C) RR
for a 10" spins/m® increase in EPFRs on PM, 5. D RR for a 10 pg/m? increase in PM, 5.

The estimates are pooled for the study area (n=16), incorporating a total of
855,869 hospitalizations. The black error bar represents a 95% confidence interval
(CI), with the center of the error bar indicating the point estimate of the RR. P-
values are evaluated based on Wald tests. P<0.05 is considered statistically sig-
nificant, while NS indicates that the result is not significant. The corresponding P-
value is presented on the right. Source data are provided as a Source Data file.

indicates that pneumonia patients could be highly vulnerable to the
adverse effects of the OP during SDS periods.

EPFRs are emerging contaminants on atmospheric PM that can
enter the human body along with PM and induce formation of
ROS??*43 Some in vitro experiments have been conducted on the
adverse health effects of EPFRs*° and found some biological
mechanisms that seem to support our findings. In this study, we found
that each 10" spins/m® increase in EPFRs was significantly associated
with circulatory (3.05%; 95% Cl: 1.01%, 4.08%) and respiratory (2.02%;
95% CI: 1.01%, 4.08%) diseases during the SDS periods. For cause-
specific circulatory diseases, exposure to EPFRs was consistently
associated with hospitalizations from several heart diseases, with acute
ischemic heart disease having the highest risk (4.08% [95% CI: 2.02%,
5.12%] increase for each 10" spins/m® increase in EPFRs). Previous
in vitro cell experiments have found that EPFRs can cause apoptosis in
HL-1 cardiomyocytes*”*°, which could explain the association between

EPFRs exposure and heart disease observed in this study. PM is widely
recognized as an important pathogenic substance when evaluating air
pollution-related health risks'*'*"7*, In this study, each 10 pg/m?
increase in PM, s was associated with 3.01% (95% Cl: 1.01%, 6.02%) and
4.01% (95% CI: 2.00%, 7.02%) increases in respiratory and circulatory
diseases, respectively. Therefore, the OP, EPFRs and PM, especially the
OP and EPFRs, all had significant adverse effects on heart disease and
hypertension-related diseases (Fig. 4). Because both the OP and EPFRs
can result in oxidative stress'®*>**’ they can damage the cardiovas-
cular system and induce related disorders.

The overall cumulative EPFRs or OP exposure-response curves
for 16 districts in Beijing showed a supralinear trend. According to the
EPFRs and OP exposure-response curves, the fraction of all-cause
hospitalizations in dust-prone areas of China during the SDS periods in
2021 that could be attributed to OP and EPFRs exposure were esti-
mated (Fig. 5). We found that OP and EPFRs exposure was a
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Fig. 5 | Nonlinear associations and attributable fractions of hospitalization
linked to environmentally persistent free radicals (EPFRs) and oxidative
potential (OP). Estimated nonlinear association between all-cause hospitalization
and (A) EPFRs and (B) OP exposure, respectively. Attributable fractions associated
with short-term sand and dust storms (SDS)-related (C) EPFRs and (D) OP during SDS

—\\ind field

events in dust-prone areas of North China (from 22:00 on March 27, 2021, to 24:00
on March 30, 2021). RR: relative risks. The partial maps were drawn based on the
vector data from the National Platform for Common GeoSpatial Information Ser-
vices (https://www.tianditu.gov.cn/) and Resource and Environmental Science Data
Platform (https://www.resdc.cn/). Source data are provided as a Source Data file.

considerable risk factor and could pose health burdens to all-cause
hospitalization. During the SDS periods, both the OP and EPFRs con-
tributed to the health burdens in regions of mass loads of sand and
dust. By contrast, in regions with low sand and dust but high anthro-
pogenic activity, OP was the dominant contributor to the health bur-
den. The EPFRs were strongly positively correlated with the sand and
dust particles, and the OP was closely related to CO and NO, (Sup-
plementary Fig. 1 and Supplementary Fig. 5). These results are in
accordance with previous studies”. When the RR values were com-
bined with the exposure-response curves, the attributable health
burdens of EPFRs were highest in regions with mass loads of sand and

dust. The attributable health burdens of the OP were highest in densely
populated areas.

This study has several strengths. It is the first study to assess the
association between hospitalizations for multiple diseases and PM
metrics, including the OP and EPFRs, which are critical factors that
induce oxidative stress. When evaluating the sand and dust health
risks, we found that OP and EPFRs were even more sensitive than PM
for health risk assessments during SDS. Furthermore, this was a long-
term epidemiological study (2015-2022) on the basis of the valuable
OP and EPFRs concentrations on PM, s and TSP surfaces at 1735 sites in
China. The large number of sites of EPFRs and OP concentrations and

Nature Communications | (2024)15:10827


https://www.tianditu.gov.cn/
https://www.resdc.cn/
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-55151-8

the long period of epidemiology study provide accurate analysis of the
exposure-response associations. Finally, we found that the attribu-
table fraction of EPFRs and OP exposure to all-cause hospitalization
presented spatial variations in dust-prone areas of China during SDS
periods. These results are insightful for effective sand and dust risk
prevention in dust-prone countries.

A limitation of this study is that we mainly focused on the OP and
EPFRs exposure-response associations during severe SDS events,
which had maximum PM;, concentrations reaching up to 1000 pg/m?.
The health risks of backflow SDS with PM;o concentrations <1000 pg/
m?® were not evaluated. The potential health risks of backflowing sand
and dust may be even higher than those of the initial sand and dust*.
Because sandstorms pass through multiple regions, the sand and dust
PM will mix with anthropogenic PM, which makes the composition of
backflowing PM more complex than the original SDS PM. The health
risks of backflowing sand and dust should be investigated in future
studies. Another limitation of this study was that the specific diseases
focused on were respiratory and circulatory disease that are correlated
with PM pollution*"*", Further research should be conducted to
explore disease subclasses that were found to be sensitive to EPFRs
and OP exposure from SDS in this study.

SDS are severe and common air pollution events worldwide and
have become a priority for research within the global community. The
World Health Organization (https://iris.who.int/handle/10665/345329)
has suggested global air quality guidelines to address the health risks
of SDS*, but there is insufficient knowledge for quantitative and
qualitative health risk assessments of SDS. Exploring the health effects
of SDS-related pollutants can provide evidence to formulate uniform
air quality guidelines and facilitate the achievement of sustainable
development goals (https://www.who.int/europe/about-us/our-work/
sustainable-development-goals).

In this study, we explored the association between hospitaliza-
tions for multiple diseases and the OP and emerging EPFRs content of
PM during SDS periods in China. The OP and EPFRs are critical factors
that induce oxidative stress. During SDS periods, the OP and EPFRs
were more sensitive than PM for disease risk assessments. Short-term
exposure to OP and EPFRs had significant adverse effects, especially on
heart disease and hypertension-related disease. The OP and EPFRs can
create an all-cause hospitalization health burden during SDS periods.
We found that the effects of the OP and EPFRs differed with the region.
The attributable health burdens of the OP were highest in densely
populated areas, while EPFRs mainly affected regions with mass loads
of sand and dust. Our results show that these two factors are crucial for
evaluating SDS health risks and the spatial characteristics of health
burdens, which could be used to develop effective sand and dust risk
prevention measures in dust-prone countries.

Methods

This study complies with all relevant ethical regulations and was
approved by the Research Center for Eco-Environmental Sciences,
Chinese Academy of Sciences.

Atmospheric PM sampling and trajectory simulation

The sampled cities were sources, transit locations, and sinks for sand
and dust during the storms (Supplementary Fig. 13). The wind direction
was considered for the distribution of sampling points. The number of
sampling points upwind and downwind were set according to the city
size, topography, and the severity of the dust storm. Variations in pol-
lution levels before, during, and after the dust storms were evaluated.
PM of various sizes (TSP, PM;o, PM,5, and submicronic particulate
matter [PM;o]) were simultaneously collected. The details for the
sample collection methods are given in the Supplementary Methods. In
total, 190 atmospheric PM samples were collected from nine cities
(Beijing, Hohhot, Shijiazhuang, Qingdao, Wuhan, Yancheng, Hangzhou,
Guiyang, and Chengdu) during the SDS period of 2021-2023.

The HYSPLIT model, which was established by the Air Resources
Laboratory of the National Oceanic and Atmospheric Administration
and the Australian meteorological service, was used in this study to
simulate the trajectories and spatial distributions of individual types of
PM in the air.

Quantification of the OP and EPFRs on PM during SDS periods
EPFRs on the surfaces of atmospheric PM of various sizes were ana-
lyzed by electron paramagnetic resonance spectroscopy (Bruker EMX
Plus X-band, Billerica, MA, USA). The sample pretreatment methods
and detection parameters (detailed in the Supplementary Methods)
were developed with reference to previous studies*****, Three repli-
cates were measured for each sample (Supplementary Fig. 14).

The OP of PM of various sizes during the SDS periods were
assessed using the dithiothreitol (DTT) assay, which is the most fre-
quently used non-cellular approach to measure the OP'>*>*°, In the DTT
assay, redox-active species in PM can transfer electrons from DTT to
oxygen, which generates superoxide radicals®’. The OP of these species
is quantitatively evaluated using the consumption rate of DTT. The
DTT activity measurements in this study were conducted using
established methods®**>*%, Details for the OP analysis are provided in
the Supplementary Methods. The decay rate of DTT was calculated
from the slope of the linear regression curve between the residual DTT
and time. The calibration curve for DTT is shown in Supplementary
Fig. 15. The absorbance intensity of DTT at 412 nm was directly pro-
portional to its concentration. The blank-corrected OP of the dust PM
was subtracted from the procedural blank filter (3.7 nM/min) to esti-
mate the OP [nmol/min/m?] of the atmospheric PM.

Air pollution and meteorological data collection

Hourly air quality data, including the AQI and the concentrations of
conventional air pollutants (PM;o, PM;5, SO, NO,, CO, and O3), were
obtained from China National Environmental Monitoring Centre and
National Urban Air Quality Real-Time Distribution Platform. Meteor-
ological data, including Py, temperature, RH, visibility, precipitation,
average wind speed, and maximum wind speed, were obtained from
the National Climatic Data Center of the United States. We extracted
meteorological data and the corresponding air quality data from each
station according to their geographical coordinates. Air quality data
and meteorological data were obtained for 1735 sites in China (Sup-
plementary Fig. 4).

Hospital admission data collection

Beijing has frequent SDS. In this study, we collected daily hospital
admission data from 2015-2022 for all districts in Beijing from the
Beijing Municipal Health Big Data and Policy Research Center. We
analyzed the link between hospitalizations and EPFRs****74%50 and the
OP'*'®2! This study treated the hospitalization cases for specific dis-
eases as a whole across all sexes and ages. The primary diagnosis was
coded according to the International Classification of Diseases, Tenth
revision (ICD-10). We analyzed 27 hospitalization outcomes, including
hospitalizations from four broad category causes (all-cause, non-
accidental, diseases of the respiratory system, and diseases of the
circulatory system) and 23 specific causes (Table 1).

Modeling of relationship between EPFRs/the OP and
hospitalizations

We applied a two-stage strategy to analyze the associations between
short-term EPFRs or OP exposure and hospitalizations during SDS
periods®**%°, In the first stage, we conducted region-specific time-
series analyses using a quasi-Poisson generalized linear model with
distributed lag terms®°.

logE(Y,) = BZ, + ns(Time,, df) + ns(Temp,, df) @
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The model incorporated an indicator for the day of the week to
account for within-week variations, and a natural spline function with
three degrees of freedom per year to control for long-term trends and
seasonal variations. The air temperature was modeled using a dis-
tributed lag nonlinear model, which consisted of a quadratic B-spline
with three knots placed at the Oth, 50th, and 100th percentiles for the
exposure-response relationship and a step function with a strata lag of
Odays for the lag-response relationship. In the main model, the
exposure-response relationship was assumed to be linear with a lag of
0 days™. We also modeled the non-linear exposure-response curves
and more complex associations with EPFRs/the OP using a distributed
lag non-linear model. Non-linear exposure-response association and
the additional lag response association were combined in this model.
Specifically, we modeled the exposure-response curve with a quadratic
B-spline with three knots placed at the Oth, 50th, and 100th percentiles
of location-specific EPFRs/the OP distributions.

In the second stage, we combined the specific estimates using a
mvmeta-analysis fitted with restricted maximum likelihood. The sec-
ond stage estimate represents the pooled effect for the study area,
while district- and study area-specific estimates were derived as best
linear unbiased predictions at the corresponding aggregation level.
The best linear unbiased predictions used information from pooled
associations to make more accurate location-specific estimates by
borrowing information from the entire sample. All estimates are
reported as the RR for a 10* spins/m?® increase in EPFRs and a 0.2 nmol/
min/m?® increase in the OP, with corresponding 95% confidence inter-
vals (CIs). CIs were calculated using the standard error of the quasi-
Poisson regression under the 95% confidence level>*¢!,

Attributable health burdens

We initially explored potential nonlinear exposure-response shapes
and more complex lag structures using a quintic polynomial model,
and then using a distributed lag model with a natural spline. Poly-
nomial parameterization was used to mitigate the sensitivity of the
estimates to varying concentration ranges. The polynomial terms were
not limited to a specific region but extended across the entire variable
range. In both extensions, specific estimates of the multiparameter
associations were pooled using a mvmeta-analysis®®®",

To assess potential changes in risk over time, we subset the spe-
cific data and performed the first-stage model in multiple subperiods
by splitting the time series into intervals. Specific estimates were
pooled in a longitudinal multilevel meta-regression using time
(defined as the midyear of each subperiod) as a continuous fixed-effect
term®’. Using the model, we computed additional hospitalizations
associated with short-term exposure to OP and EPFRs using a pre-
viously described method**°. The RR within lag O was used to com-
pute the excess daily hospitalizations, adopting a forward perspective
and using the standard formula S for continuous exposure. The fol-
lowing equation was used to calculate the RR for hospitalizations
associated with exposure to OP and EPFRs:

RR =[exp(C, x B)] 2)

where g is the coefficient of the estimated effect; and C, are the unit
increases in concentration for the OP and EPFRs, which were assigned
as 0.2 nmol/min/m? and 10" spins/m?, respectively.

To quantify the hospitalization burden attributable to the OP and
EPFRs, we used the following equation for a standard risk assessment:

1

AF, ,=1———— 3
st f(CSV[) ( )
where s is space, t is time; C;, is the OP or EPFRs concentration that
exceeds the OP and EPFRs concentration on a clean day, which was
taken as the minimum risk exposure level; and f is the non-linear

association between the OP or EPFRs, with hospitalizations estimated
from the regression analyses.

Furthermore, we conducted a sensitivity analysis by modifying
the modeling choices and replacing all-cause hospitalization with non-
accident hospitalization. We varied the lag day from O to 1 or 2 days for
the OP and EPFRs. Additionally, we adjusted the degrees of freedom
for meteorological variables (from 2 to 3, 4, or 5). Supplementary
Table 1 and Supplementary Table 2 provide detailed results from the
sensitivity analysis. All analyses were conducted using R programming
language (version 4.2.2, R Core Team) using the dlnm and mvmeta
packages.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Researchers interested in using the data in this study should contact
Prof. Guorui Liu (grliu@rcees.ac.cn) with their study protocol and
statistical analysis plan. The data can be utilized for collaborative
research with the authors and will be answered within 3 weeks. The
air quality data was available from China National Environmental
Monitoring Centre and National Urban Air Quality Real-Time Dis-
tribution Platform (https://www.cnemc.cn/) upon request. The
exposure data for meteorological data in this study were down-
loaded from National Climatic Data Center of the United States
(https://www.ncei.noaa.gov/). For health outcome data from the
cause-specific hospitalization, researchers who are interested should
contact the data provider via http://www.phic.org.cn/. Source data
are provided with this paper.

Code availability
Code used in this study is available online at (https://github.com/
PrettyQjj/EPFRs-and-OP-in-SDS_Hospitalization).
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