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H I G H L I G H T S  

• Short-term exposure to ambient NO2 was associated with an increased odds of angina admissions in older adults. 
• The association for NO2 was stronger in cool season. 
• Reducing traffic-related air pollution may be helpful in preventing angina admissions.  
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A B S T R A C T   

Ambient air pollution has been linked to an increased risk of various acute cardiovascular outcomes; however, its 
effects on hospital admissions for angina are yet to be evaluated. We conducted a time-stratified case-crossover 
study with conditional logistic regression models among 46,687 adults 60 years or older who were admitted to 
hospital for angina in Guangzhou, China during 2016–2019 to investigate the association of exposure to ambient 
particulate matter with an aerodynamic diameter ≤2.5 μm (PM2.5), particulate matter with an aerodynamic 
diameter ≤10 μm (PM10), sulfur dioxide (SO2), nitrogen dioxide (NO2), carbon monoxide (CO), and ozone (O3) 
with hospital admissions for angina. Daily residential air pollutant exposures were extracted from a grid dataset. 
Each 10 μg/m3 increase of lag 0-day exposure to PM10, SO2, NO2, CO, and O3 was significantly associated with a 
0.80% (95% confidential interval: 0.32%, 1.28%), 4.04% (0.34%, 7.89%), 2.47% (1.81%, 3.12%), 0.13% 
(0.07%, 0.19%), and − 0.38% (− 0.74%, − 0.01%) increase in odds of admission, respectively. The association for 
NO2 exposure remained stable, while the associations for PM10, SO2, CO, and O3 became insignificant with 
adjustment for other air pollutants. The association for NO2 exposure was stronger in cool season. We estimated 
that up to 9.12% of angina admissions were attributable to NO2 exposure. Our findings suggest that ambient NO2 
may trigger hospital admissions for angina in Chinese older adults, which highlights the importance to prevent 
angina by reducing individual NO2 exposures.   
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1. Introduction 

Ambient air pollution is still a major global public health issue. The 
Global Burden of Disease (GBD) Study 2019 reported that exposure to 
air pollution causes 6.7 million deaths and 213.3 million disability 
adjusted life-years (DALYs) globally (GBD 2019 Risk Factors Collabo-
rators., 2020); in China, ambient air pollution was the third risk factor 
affecting DALYs (Ma et al., 2022). Extensive epidemiological evidence 
has linked air pollution to an increased risk of various acute cardio-
vascular diseases, including angina (Abed Al Ahad et al., 2020; Biggeri 
et al., 2004; Lin et al., 2003). It has been demonstrated that patients with 
angina are more likely to suffer from certain comorbidities including 
hypertension, diabetes, peripheral vascular disease, and heart failure, 
which can cause more complex conditions and poor prognosis (Kloner 
and Chaitman, 2017). In the US, approximately 10 million people had 
angina and there were over 500,000 cases diagnosed annually (Gillen 
and Goyal, 2022), while the prevalence of chronic stable angina was 
9.6% (about 130 million people) in China, which had posed a consid-
erable burden on health care and medical expenses (Zhao et al., 2019). 
In angina cases, about half were older adults aged 65 and above, who 
often had poor basic physique and other diseases, which made the 
condition more complicated and the prognosis worse (GBD 2017 Disease 
and Injury Incidence and Prevalence Collaborators., 2018). With the 
increase of the elderly population, the form of social aging is becoming 
more and more serious, and the burden of older adults admission for 
angina cannot be ignored. Given considerable disease burden of air 
pollution and worse prognosis of angina, the potential effects of air 
pollution exposure on angina have attracted more and more attentions 
worldwide. 

To date, only a few studies have assessed the associations of short- 
term exposure to ambient particulate matter with an aerodynamic 
diameter ≤2.5 μm (PM2.5), particulate matter with an aerodynamic 
diameter ≤10 μm (PM10), sulfur dioxide (SO2), nitrogen dioxide (NO2), 
carbon monoxide (CO), and ozone (O3) with angina hospital admissions, 
and the results are mixed (Hosseinpoor et al., 2005; Kuźma et al., 2020a, 
2020b; Lu et al., 2019; Von Klot et al., 2005). While some of these 
studies found positive associations between PM2.5, PM10, SO2, NO2, CO, 
and/or O3 exposures and hospital admissions for angina, the other 
studies did not identify significant association. In addition, previous 
studies reported that people 65 years or older accounted for about half of 
all cases of angina, which were more likely to develop frailty (Kloner and 
Chaitman, 2017; Oliveros et al., 2020; Waheed et al., 2019); however, it 
remains less clear if and how air pollution exposure affects angina 
among older adults. 

As the disease burden of air pollution was large, the prognosis of 
angina was poor, and the number of older adults was relatively large, the 
impact of air pollution exposure on angina in older adults needs to be 
studied. A comprehensive and systematic assessment of the association 
between air pollutants and the risk of hospital admission for angina in 
older adults, as well as an assessment of the risk of air pollution health 
hazards, will provide scientific basis and clues for relevant departments 
to formulate air pollution control strategies and improve the manage-
ment of angina patients. In this population-based case-crossover study, 
our objective was to explore the association of short-term exposure to 
ambient air pollution with angina hospital admissions among Chinese 
older adults in Guangzhou during 2016–2019, and to estimate the cor-
responding excess hospital admissions. Our hypothesis is that certain air 
pollutants contribute to an increased risk of angina hospitalization in 
older adults. 

2. Methods 

2.1. Study population 

From the Guangzhou Health Technology Identification and Human 
Resources Assessment Center, we identified 46,687 patients who were 

admitted for angina and were aged ≥60 years in Guangzhou, China from 
2016 to 2019. The hospital admission data covered individual clinical 
hospitalization information from all hospitals that equipped with inpa-
tient services in Guangzhou, China. As the capital city of Guangdong 
province, Guangzhou is located at South China and had a population of 
15.31 million in 2019. We collected individual data on race, sex, cause 
of hospitalization, residential address, date of birth, and date of 
admission. This study was approved by the Ethics Committee of School 
of Public Health, Sun Yat-sen University with a waiver of informed 
consent. 

2.2. Outcomes 

The angina hospital admissions was the study outcome. We used the 
International Statistical Classification of Disease and Related Health 
Problems, 10th Revision (ICD-10) code of I20 to identify hospital ad-
missions for angina. 

2.3. Study design 

As in extensive studies investigating transient effects of air pollution 
on a large number of health outcomes, we used a time-stratified case- 
crossover design to evaluate the association of short-term exposure to 
ambient air pollutants with hospital admissions for angina (Xu et al., 
2022c, 2023). This design is featured that each subject used himself or 
herself as a control, which compares exposures at different periods 
within the same time stratum (e.g., a month) and can therefore naturally 
control potential confounders including individual factors (age, gender, 
ethnicity), seasonality, day of the week, and long-term time trend effects 
(Bateson and Schwartz, 1999; Peng et al., 2005). For each admission, we 
defined the date of admission as the case day, while days with the same 
year, month, and day of week within the same stratum as the case day 
were chosen as the control days (Xu et al., 2022a). For example, if a 
subject was admitted to hospital for angina on September 9, 2019 
(Monday), we defined the case day as September 9, 2019 and defined 
the control days as all other Mondays in September 2019 (i.e., 
September 2, 16, 23 and 30). According to this method, a case day was 
matched for 3 or 4 control days. 

2.4. Exposure assessment 

A grid data on 24-h average PM2.5, PM10, SO2, NO2, CO, and daily 
maximum 8-h average O3 concentrations with a spatial resolution of 10 
km × 10 km in Guangzhou during 2016–2019 were obtained from the 
ChinaHighAirPollutants (CHAP) dataset (https://weijing-rs.github.io 
/product.html) (Wei et al., 2020, 2021a,b, 2022a,b, 2023), which has 
been validated in previous studies. The coefficient of determination (R2) 
of PM2.5, PM10, SO2, NO2, CO, and O3 was 0.91, 0.86, 0.84, 0.84, 0.80, 
and 0.87, respectively; the root mean square error was 12.67 μg/m3, 
24.34 μg/m3, 10.07 μg/m3, 7.99 μg/m3, 0.29 mg/m3, and 17.1 μg/m3, 
respectively. We assessed daily exposures during 0–6 days before 
admission by extracting pollutant concentrations from each subject’s 
residential address. To determine the time of lag effect, multiple 
single-day lag (lag 0–6 day) and moving average lag (lag 01–06 day) 
exposures were considered in the preliminary analysis. 

2.5. Covariates 

We used data from the China Meteorological Administration Land 
Data Assimilation System (CLDAS version 2.0) to obtain daily meteo-
rological grid data in Guangzhou, China during 2016–2019, including 
24-h average temperature (◦C) and relative humidity (%) (Han et al., 
2020; J. Liu et al., 2019; Tie et al., 2022). For each admission, daily 
exposure to temperature and relative humidity was assessed by patient’s 
geocoded residential address on case and control days. In this study, we 
selected the cases themselves as the control and limited the time within 
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one month, without considering the personal-level covariates (e.g., race, 
age, sex, genetic, and lifestyle), since these factors would hardly change 
in the short term and would not lead to bias (Carracedo-Martínez et al., 
2010). 

2.6. Statistical analysis 

Spearman’s correlation coefficient was used to determine whether 
and how the six ambient air pollutants and the two meteorologic factors 
were correlated. We used conditional logistic regression models to 
quantitatively assess the association of short-term exposure to ambient 
air pollution with angina admissions. In the main model, air pollutants 
were included as a continuous variable, temperature was included as a 
cubic spline function with 6 degrees of freedom (df), and relative hu-
midity was included into the model as a cubic spline function with 3 df. 
We quantified the associations by percent change ([odds ratio− 1] ×100)
in odds and its 95% confidence interval (CI) per 10 μg/m3 increase of 
pollutant exposure. We further calculated Akaike information criterion 
(AIC) values to evaluate the goodness-of-model fits for different lag day. 
The model with the minimum AIC value represented the best fit, and the 
corresponding lag day was considered as optimum. In addition, air 
pollution was incorporated into the model as a natural cubic spine 
function of 3 df and an exposure-response curve was plotted. In order to 
confirm whether the association was nonlinear, the likelihood ratio test 
was performed. As proposed in previous studies, analysis on O3 was 
restricted in warm season (Di et al., 2017; Y. Liu et al., 2019). 

To estimate the burden of angina admissions attributable to exposure 
to ambient air pollution, we assessed the excess hospital admissions 
(EHA) for each air pollutant, as shown in Equation (1): 

EHA=

∑N

i=1
1 − 1

eβ×(Ci − C0)

N
×100% (1) 

In this equation, β is the air pollutant’s point estimate of the condi-
tional logistic regression model; Ci is air pollutant exposure on the case 
day for each subject; C0 is the referent air pollutant concentrations, 
including the minimum air pollutant exposure level and the air pollutant 
concentrations of the World Health Organization (WHO) and China’s air 
quality guidelines (Xu et al., 2022b); N is the total number of angina 
admissions. The number of excess admissions for angina attributable to 
exposure to air pollution was estimated with EHA× N. 

Stratified analyses by sex, age, and season were performed to explore 
potential vulnerable populations. Warm season was from May to 
October, while cool season was from November to April. A 2-sample z 
test was used to examine the differences of associations across stratifi-
cation variables, as shown in Equation (2) (Altman and Bland, 2003): 

z =
β1 − β2̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

SE2
1 + SE2

2

√ (2) 

In this equation, β1 and β2 are stratification-specific regression co-
efficients of the conditional logistic regression models; SE1 and SE2 are 
the standard errors of β1 and β2, respectively. 

To assess the robustness of our results, we used several sensitivity 
analyses, including: 1) incorporating each of the other pollutants into 
the single-pollutant model to build the 2-pollutant models (Liu et al., 
2021; Zhou et al., 2022); 2) adjusting for temperature using a df of 3; 3) 
taking holidays as covariates. We performed all statistical analyses in R 
version 4.1.2 (R Foundation for Statistical Computing, Vienna, Austria), 
and considered bilateral p value less than 0.05 to be statistically 
significant. 

3. Results 

During 2016–2019, a total of 46,687 angina subjects with 62,562 
case days and 212,530 control days were identified. Among these 

admissions, the mean age was 73.5 years, 53.5% were male, 99.3% were 
Han race, 55.9% were admitted before 75 years old, and 50.5% were 
admitted in warm season (Table 1). Mean values of ambient PM2.5, 
PM10, SO2, NO2, CO, and O3 exposures were 33.6 μg/m3, 55.6 μg/m3, 
10.6 μg/m3, 45.1 μg/m3, 0.88 mg/m3, and 108.9 μg/m3, respectively 
(Table 2). Exposure to air pollutants on the date of admission was 
positively correlated, while the correlation between O3 exposure and CO 
exposure was negative (all p < 0.01, Table 3). 

We observed that short-term exposure to ambient PM10 (lag 0 and 01 
day), SO2 (lag 0, 02, 03, and 04 day), NO2 (lag 0, 1, 2, 3, 01, 02, 03, and 
04 day), and CO (lag 0, 1, 01, 02, and 03 day) was significantly asso-
ciated with an increased odds of angina admissions, while exposure to 
O3 (lag 0, 1, 2, 01, 02, and 03 day) was significantly associated with a 
decreased odds of angina admissions (Fig. S1). Each 10 μg/m3 increase 
of exposure to PM10, SO2, NO2, CO, and O3 at lag 0 day was associated 
with a 0.80% (95% CI: 0.32%, 1.28%), 4.04% (0.34%, 7.89%), 2.47% 
(1.81%, 3.12%), 0.13% (0.07%, 0.19%), and − 0.38% (− 0.74%, 
− 0.01%) increase in odds of angina admissions, respectively (Fig. S1; 
Table 4). According to the exposure-response curves, the associations for 
SO2, NO2, and O3 exposures were linear (all p > 0.05; Fig. 1), while the 
associations for PM2.5, PM10, and CO exposures were nonlinear (all p <
0.001; Fig. 1). The association between NO2 exposure and angina ad-
missions was stable. The associations for PM10, SO2, CO, and O3 expo-
sures decreased or became significantly negative when adjusted for 
other certain air pollutants in 2-pollutant models (Table 4). No signifi-
cant association was observed between PM2.5 exposure and angina ad-
missions (p > 0.05). Whether temperature and relative humidity were 
included in the single-pollutant model as cubic spline functions with 3 
df, or holidays were included as covariates in the single-pollutant model, 
the association between NO2 exposure and angina admissions remained 
robust. Each 10 μg/m3 increase of exposure to NO2 at lag 0 day was 
associated with a 2.28% (1.64%, 2.93%) and 1.02% (0.37%, 1.68%) 
increase in odds of angina admissions, respectively. 

The stratified analyses showed that the positive associations of 
exposure to SO2, NO2, and CO with angina admissions were stronger in 
people admitted during cool season than in those admitted during warm 
season, while the negative association between exposure to O3 and 
angina admissions was found in men but not in women (all p for dif-
ference <0.05; Table 5). 

A total of 9.12% (95% CI: 6.83%, 11.33%) of hospital admissions for 
angina, corresponding to 5,694 (4,268, 7,076) admissions, was attrib-
utable to exposure to NO2. In addition, we estimated that 4.84% (95% 
CI: 3.62%, 6.03%) and 0.31% (0.23%, 0.38%) of angina admissions can 
be reduced if the NO2 exposure level was lowed to the WHO (25 μg/m3) 
and China’s (80 μg/m3) air quality guideline values, respectively. 

Table 1 
Characteristics of the study population in Guangzhou, China during 
2016–2019.  

Characteristic Value 

No. of angina patients 46,687 
No. of case days 62,562 
No. of control days 212,530 
Sex 

Male 33,470 (53.5%) 
Female 29,092 (46.5%) 

Age, years, mean (SD) 73.5 (8.7) 
<75 34,974 (55.9%) 
≥75 27,588 (44.1%) 

Race 
Han 62,119 (99.3%) 
Other 203 (0.3%) 
Unknown 240 (0.4%) 

Season at hospital admissions 
Cool (November to April) 30,976 (49.5%) 
Warm (May to October) 31,586 (50.5%) 

Abbreviations: SD, standard deviation. 
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4. Discussion 

In this population-based case-crossover study, we found that short- 
term exposure to NO2 was consistently associated with angina admis-
sions among older adults in Guangzhou, China from 2016 to 2019. Per 
10 μg/m3 increase of exposure to NO2 (lag 0 day) was significantly 
associated with a 2.47% increase in odds of angina admissions, which 
was more pronounced during cool season. Exposure to NO2 was 
responsible for up to 9.12% of the angina admissions, while 4.84% and 
0.31% of the admissions can be avoided by reducing NO2 levels to the 
WHO and China’s air quality guideline values, respectively. 

So far, four studies have evaluated the association of short-term 
exposure to NO2 with angina admissions, and the results were incon-
sistent (Hosseinpoor et al., 2005; Kuźma et al., 2020a, 2020b; Von Klot 
et al., 2005). The European multicenter cohort study of 3,541 angina 
patients who were survivors of a first myocardial infarction from 1992 to 
2000 reported that per 8 μg/m3 increase of exposure to NO2 at lag 0 day 
was significantly associated with a 3.2% increase in risk of angina ad-
missions (Von Klot et al., 2005); likewise, a significant association was 
also identified in the case-crossover study in Poland (percent change in 
odds: 14.0% per 10 μg/m3) (Kuźma et al., 2020a). These effect estimates 
were much higher than our estimates (percent change in odds: 2.47% 
per 10 μg/m3). In contrast, the other two time-series studies in Iran 
(Hosseinpoor et al., 2005) and Poland (Kuźma et al., 2020b) reported 
null association between NO2 and angina admissions. Overall, the 

heterogeneity of study design, exposure assessment, characteristic of 
study population may be possible reasons for the differences in effect 
estimates. 

Over the past few decades, the global environmental NO2 level has 
remained stable or even increased slightly because of the continuous 
motor vehicle increments (Chen et al., 2018). Traffic vehicles were one 
of the main ways to produce NO2, which has caused serious environ-
mental air pollution especially in developed cities. Guangzhou, a core 
city of Pearl River Delta (PRD, one of the major economic centers in 
China) in South China, is now suffering from similar air pollution 
problems as other fast-growing cities in the country (Gu et al., 2017). 
Guangzhou had a high level of NO2, with about 60% of people experi-
enced NO2 concentration above the China air quality standard (Wei 
et al., 2022b; Huang et al., 2022; He et al., 2019). In the present study, 
we observed a consistent association of short-term exposure to NO2 with 
an increased odds of angina admissions, which posed up to 9.12% of the 
angina admissions. Given that hospitalization of angina in older adults 
imposes a significant disease burden, it is of important public health 
significance to reduce NO2 emissions and exposures. In addition, our 
study estimated that up to 4.84% of the angina admissions would be 
reduced when the NO2 level is lowed to the WHO air quality guidelines, 
which suggests that the current air quality standards (especially NO2) 
may still contribute to an increased risk of hospital admissions for 
angina. 

In our study, we found that O3 exposure was associated with a 
slightly decreased odds of angina admissions although this association 
was unstable with further adjustment for other air pollutants. While the 
European study reported significant associations between lag 0 day 
exposure to O3 and an increased risk of angina admissions (Von Klot 
et al., 2005), the Iran study failed to observe any significant association 
(Hosseinpoor et al., 2005), which was inconsistent with neither of our 
results. It should be noted that the population of the European study was 
people survived from acute myocardial infarction, which may be more 
susceptible when exposed to air pollution. In addition, our findings were 
partly supported by evidence from the UK and Korea observed that 
exposure to O3 was negatively associated with cardiovascular disease 
morbidity and mortality (Carey et al., 2013; Son et al., 2013). None-
theless, more literatures are still warranted to confirm our results and 
illustrate the underlying mechanisms. 

The underlying biological mechanism of the effects of ambient air 
pollution on angina has not been fully elucidated and may include 
oxidative stress and systemic inflammatory response. Some researchers 
have proposed that inhaled air pollutants can seriously cause local and 
systemic inflammation (Van Eeden and Hogg, 2002) and damage 
vascular endothelial cells (Münzel et al., 2018) which may further lead 

Table 2 
Distributions of exposure to ambient air pollutants and meteorological condi-
tions on the date of angina admissions in Guangzhou, China during 2016–2019.  

Parameter Mean (SD) Min P25 Median P75 Max 

Air pollutant 
PM2.5, μg/m3 33.6 (18.6) 4.3 20.7 29.5 41.9 226.1 
PM10, μg/m3 55.6 (27.4) 6.4 36.6 48.9 68.1 295.4 
SO2, μg/m3 10.6 (3.9) 2.4 7.8 9.9 12.5 47.3 
NO2, μg/m3 45.1 (21.8) 5.3 30.1 41.3 54.6 247.2 
CO, mg/m3 0.88 (0.21) 0.26 0.74 0.84 0.97 2.89 
O3

a, μg/m3 108.9 
(49.5) 

3.3 72.9 101.4 139.3 309.3 

Meteorological condition 
Temperature, ◦C 23.5 (5.8) 2.2 19.5 24.5 28.3 34.4 
Relative humidity, 
% 

76.6 (13.6) 21.0 69.3 79.8 87.0 98.5 

Abbreviations: SD, standard deviation; PM2.5, particulate matter with an aero-
dynamic diameter ≤2.5 μm; PM10, particulate matter with an aerodynamic 
diameter ≤10 μm; SO2, sulfur dioxide; NO2, nitrogen dioxide; CO, carbon 
monoxide; O3, ozone. 

a Restricted in warm season (May to October). 

Table 3 
Spearman’s correlation coefficients of exposure to ambient air pollutants and meteorological conditions on the case days and control days, 2016–2019.   

PM10 SO2 NO2 CO O3 Temperature Relative humidity 

On case days (n = 62,562) 
PM2.5 0.96 0.66 0.62 0.56 0.29 − 0.32 − 0.46 
PM10 – 0.68 0.65 0.50 0.36 − 0.25 − 0.50 
SO2 – – 0.37 0.27 0.32 − 0.08 − 0.50 
NO2 – – – 0.53 0.04 − 0.26 − 0.20 
CO – – – – − 0.15 − 0.46 − 0.06 
O3 – – – – – 0.43 − 0.47 
Temperature – – – – – – 0.22 
On control days (n = 212,530) 
PM2.5 0.95 0.65 0.61 0.56 0.60 − 0.31 − 0.47 
PM10 – 0.68 0.64 0.50 0.64 − 0.24 − 0.51 
SO2 – – 0.36 0.27 0.36 − 0.06 − 0.51 
NO2 – – – 0.53 0.20 − 0.25 − 0.21 
CO – – – – 0.17 − 0.46 − 0.07 
O3 – – – – – 0.38 0.59 
Temperature – – – – – – 0.22 

Abbreviations: PM2.5, particulate matter with an aerodynamic diameter ≤2.5 μm; PM10, particulate matter with an aerodynamic diameter ≤10 μm; SO2, sulfur dioxide; 
NO2, nitrogen dioxide; CO, carbon monoxide; O3, ozone. 
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to atherosclerosis and thrombosis (Robertson and Miller, 2018; Suwa 
et al., 2002). This series of reactions has been proposed to adversely 
impact the cardiac autonomic system regulation, coronary endothelial 
vasoconstriction, and blood viscosity, and finally result in plaque 
rupture, ischemia events, and arrhythmia especially in patients with 
coronary heart disease including angina. (Becker et al., 2002, 2005; 
Brook et al., 2010; Mustafic et al., 2012; Parnia et al., 2014). It was 
demonstrated that NO2 was biologically associated with angina admis-
sions in older adults. NO2 is considered a proxy for traffic-related pol-
lutants and often accompanied by traffic noise, leading to stress 
responses and sleep disturbances, which are also associated with poor 
cardiovascular health outcomes (Cai et al., 2018). Our findings of a 
significant association of exposure to NO2 with angina admissions in 
older adults provide epidemiological evidence on related research di-
rections and are conducive to promote relevant intervention measure-
ments, which is of great significance to public health. In addition, our 
study showed that ambient NO2, SO2, and CO exposures might pose 
more considerable adverse effects on angina admissions of older adults 
during cold season. Exposure to ambient cold temperatures increased 
vascular resistance and blood pressure, which led to an increase in ox-
ygen demand (Argilés et al., 1998; Hayward et al., 1976), raising the risk 
of angina attacks. Nonetheless, the stronger association between 
ambient air pollution and hospital admissions for angina of older adults 
during cold season needs to be further investigated. 

Our study has several strengths. First, our study population was from 

a base population of 15.31 million over a 4-year period, and the hospital 
admission data covered all individual clinical data from all hospitals in 
Guangzhou city during the study period. Our large sample size allowed 
us to provide more representative effect estimates. Second, owing to the 
time-stratified case-crossover design, we were able to control the effects 
of seasonality, day of the week, long-term time trends, and certain 
personal-level confounders (such as age, sex, and race) in all analyses, 
and achieved more accurate individual-level exposure assessments. 
Third, we investigated the associations for six criteria air pollutants to 
provide more comprehensive evidence of exposure-response associa-
tions and conducted sensitivity analysis to confirm that our results were 
robust. 

Some limitations should be discussed. First, due to absence of data 
for the individual activity pattern of the older adults and indoor air 
pollution, exposure misclassification can be introduced. However, it has 
been proposed that the misclassification was nondifferential and may 
bias our results to be insignificant (Whitcomb and Naimi, 2020). Second, 
because there were mixed correlations among exposure to air pollutants, 
it was difficult to fully distinguish the independent effect on angina 
admissions for each air pollutant. Finally, this study is based on the 
admissions of angia among older adults from a single capital city in 
Guangdong province, China. Cautions are needed when extrapolating 
our findings to other populations or regions. 

5. Conclusions 

In conclusion, short-term exposure to ambient NO2 was significantly 
associated with an increased odds of angina admissions, which posed 
considerable excess hospital admissions among older adults. Our study 
highlights that reducing traffic-related air pollution exposure may be an 
efficient measurement in preventing angina admissions. Future re-
searches are needed to confirm our results in other regions or pop-
ulations, and to explore the underlying biological mechanisms. 
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Table 4 
Percent change in odds of angina admissions associated with each 10 μg/m3 

increase of lag 0 day exposure to ambient air pollution in single- and 2-pollutant 
models.  

Model Percent change in odds (95% CI) p for differencea 

PM2.5 0.47 (− 0.22, 1.15)  
+ SO2 − 0.01 (− 0.91, 0.90) 0.32 
+ NO2 − 2.87 (− 3.82, − 1.91) <0.001 
+ CO − 0.80 (− 1.67, 0.07) <0.001 
+ O3 1.15 (0.41, 1.90) <0.001 

PM10 0.80 (0.32, 1.28)  
+ SO2 0.87 (0.21, 1.54) 0.75 
+ NO2 − 1.61 (− 2.36, − 0.85) <0.001 
+ CO 0.18 (− 0.43, 0.80) <0.001 
+ O3 1.34 (0.82, 1.86) <0.001 

SO2 4.04 (0.34, 7.89)  
+ PM2.5 5.25 (0.32, 10.42) <0.001 
+ PM10 0.01 (− 4.85, 5.12) <0.001 
+ NO2 − 6.82 (− 11.06, − 2.37) <0.001 
+ CO 1.20 (− 2.86, 5.43) <0.001 
+ O3 6.19 (2.27, 10.27) <0.001 

NO2 2.47 (1.81, 3.12)  
+ PM2.5 4.37 (3.42, 5.34) <0.001 
+ PM10 3.80 (2.71, 4.89) <0.001 
+ SO2 3.31 (2.47, 4.15) 0.01 
+ CO 2.48 (1.67, 3.30) <0.001 
+ O3 3.05 (2.37, 3.74) <0.001 

CO 0.13 (0.07, 0.19)  
+ PM2.5 0.18 (0.10, 0.25) <0.001 
+ PM10 0.10 (0.02, 0.18) <0.001 
+ SO2 0.13 (0.07, 0.20) 0.68 
+ NO2 − 0.01 (− 0.09, 0.06) <0.001 
+ O3 0.16 (0.10, 0.22) <0.001 

O3
b − 0.38 (-0.74, − 0.01)  
+ PM2.5 − 0.57 (− 1.02, − 0.12) <0.001 
+ PM10 − 0.66 (− 1.10, − 0.21) <0.001 
+ SO2 − 0.16 (− 0.55, 0.24) 0.054 
+ NO2 − 0.51 (− 0.91, − 0.11) 0.08 
+ CO − 0.31 (− 0.70, 0.09) 0.29 

Abbreviations: CI, confidence interval; PM2.5, particulate matter with an aero-
dynamic diameter ≤2.5 μm; PM10, particulate matter with an aerodynamic 
diameter ≤10 μm; SO2, sulfur dioxide; NO2, nitrogen dioxide; CO, carbon 
monoxide; O3, ozone. 

a p value was estimated by the likelihood ratio test. 
b Restricted in warm season (May to October). 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.atmosenv.2023.120198. 
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Höwel, H., Pekkanen, J., Picciotto, S., Sunyer, J., Forastiere, F., 2005. Ambient air 
pollution is associated with increased risk of hospital cardiac readmissions of 
myocardial infarction survivors in five European cities. Circulation 112 (20), 
3073–3079. https://doi.org/10.1161/circulationaha.105.548743. 

Waheed, N., Mahmoud, A., Rambarat, C.A., Pepine, C.J., 2019. Advances in small- 
molecule therapy for managing angina pectoris in the elderly. Expet Opin. 
Pharmacother. 20 (12), 1471–1481. https://doi.org/10.1080/ 
14656566.2019.1615881. 

Wei, J., Li, Z., Lyapustin, A., Sun, L., Peng, Y., Xue, W., Su, T., Cribb, M., 2021a. 
Reconstructing 1-km-resolution high-quality PM2.5 data records from 2000 to 2018 
in China: spatiotemporal variations and policy implications. Remote Sens. Environ. 
252 https://doi.org/10.1016/j.rse.2020.112136. 

Wei, J., Li, Z., Wang, J., Li, C., Gupta, P., Cribb, M., 2023. Ground-level gaseous 
pollutants (NO2, SO2, and CO) in China: daily seamless mapping and spatiotemporal 
variations. Atmos. Chem. Phys. 23, 1511–1532. https://doi.org/10.5194/acp-23- 
1511-2023. 

Wei, J., Li, Z., Xue, W., Sun, L., Fan, T., Liu, L., Su, T., Cribb, M., 2021b. The 
ChinaHighPM10 dataset: generation, validation, and spatiotemporal variations from 
2015 to 2019 across China. Environ. Int. 146, 106290 https://doi.org/10.1016/j. 
envint.2020.106290. 

Wei, J., Li, Z., Cribb, M., Huang, W., Xue, W., Sun, L., Guo, J., Peng, Y., Li, J., 
Lyapustin, A., Liu, L., Wu, H., Song, Y., 2020. Improved 1 km resolution PM2.5 
estimates across China using enhanced space-time extremely randomized trees. 
Atmos. Chem. Phys. 20, 3273–3289. https://doi.org/10.5194/acp-20-3273-2020. 

Wei, J., Li, Z., Li, K., Dickerson, R., Pinker, R., Wang, J., Liu, X., Sun, L., Xue, W., 
Cribb, M., 2022a. Full- coverage mapping and spatiotemporal variations of ground- 
level ozone (O3) pollution from 2013 to 2020 across China. Remote Sens. Environ. 
270, 112775 https://doi.org/10.1016/j.rse.2021.112775. 

Wei, J., Liu, S., Li, Z., Liu, C., Qin, K., Liu, X., Pinker, R.T., Dickerson, R.R., Lin, J., 
Boersma, K.F., Sun, L., Li, R., Xue, W., Cui, Y., Zhang, C., Wang, J., 2022b. Ground- 
level NO2 surveillance from space across China for high resolution using 
interpretable spatiotemporally weighted artificial intelligence. Environ. Sci. 
Technol. 56 (14), 9988–9998. https://doi.org/10.1021/acs.est.2c03834. 

Whitcomb, B.W., Naimi, A.I., 2020. Things don’t always go as expected: the example of 
nondifferential misclassification of exposure-bias and error. Am. J. Epidemiol. 189 
(5), 365–368. https://doi.org/10.1093/aje/kwaa020. 

Xu, R., Huang, S., Shi, C., Wang, R., Liu, T., Li, Y., Zheng, Y., Lv, Z., Wei, J., Sun, H., 
Liu, Y., 2023. Extreme temperature events, fine particulate matter, and myocardial 
infarction mortality. Circulation 148 (4), 312–323. https://doi.org/10.1161/ 
CIRCULATIONAHA.122.063504. 

Xu, R., Shi, C., Wei, J., Lu, W., Li, Y., Liu, T., Wang, Y., Zhou, Y., Chen, G., Sun, H., 
Liu, Y., 2022a. Cause-specific cardiovascular disease mortality attributable to 
ambient temperature: a time-stratified case-crossover study in Jiangsu province, 
China. Ecotoxicol. Environ. Saf. 236, 113498 https://doi.org/10.1016/j. 
ecoenv.2022.113498. 

Xu, R., Wang, Q., Wei, J., Lu, W., Wang, R., Liu, T., Wang, Y., Fan, Z., Li, Y., Xu, L., 
Shi, C., Li, G., Chen, G., Zhang, L., Zhou, Y., Liu, Y., Sun, H., 2022b. Association of 
short-term exposure to ambient air pollution with mortality from ischemic and 
hemorrhagic stroke. Eur. J. Neurol. 29, 1994–2005. https://doi.org/10.1111/ 
ene.15343. 

Xu, R., Wei, J., Liu, T., Li, Y., Yang, C., Shi, C., Chen, G., Zhou, Y., Sun, H., Liu, Y., 2022c. 
Association of short-term exposure to ambient PM1 with total and cause-specific 

L. Xu et al.                                                                                                                                                                                                                                       

https://doi.org/10.1016/j.envint.2018.02.048
https://doi.org/10.1016/j.envint.2018.02.048
https://doi.org/10.1164/rccm.201210-1758OC
https://doi.org/10.1164/rccm.201210-1758OC
https://doi.org/10.1289/ehp.0901485
https://doi.org/10.1289/ehp.0901485
https://doi.org/10.1097/ede.0000000000000829
https://doi.org/10.1001/jama.2017.17923
https://doi.org/10.1016/S0140-6736(18)32279-7
https://doi.org/10.1016/s0140-6736(20)30752-2
https://doi.org/10.1016/s0140-6736(20)30752-2
http://refhub.elsevier.com/S1352-2310(23)00624-6/sref16
http://refhub.elsevier.com/S1352-2310(23)00624-6/sref16
https://doi.org/10.3390/ijerph14111381
https://doi.org/10.3390/su12104311
https://doi.org/10.1093/cvr/10.6.691
https://doi.org/10.1093/cvr/10.6.691
https://iopscience.iop.org/article/10.1088/1748-9326/ab4f96
https://doi.org/10.3390/su12104311
https://doi.org/10.3390/su12104311
https://link.springer.com/article/10.1007/s11356-022-21420-6
https://doi.org/10.1177/1074248416679733
https://doi.org/10.1016/j.ijheh.2020.113578
https://doi.org/10.20452/pamw.15064
https://doi.org/10.1007/s13351-019-9067-0
https://doi.org/10.1016/j.jacc.2020.11.033
https://doi.org/10.1164/rccm.201810-1823OC
https://doi.org/10.1016/s0013-9351(02)00054-3
https://doi.org/10.3784/j.issn.1003-9961.2019.10.018
https://doi.org/10.3969/j.issn.1004-8812.2022.07.001
https://doi.org/10.3969/j.issn.1004-8812.2022.07.001
https://doi.org/10.1093/eurheartj/ehy481
https://doi.org/10.1093/eurheartj/ehy481
https://doi.org/10.1001/jama.2012.126
https://doi.org/10.1002/clc.23303
https://doi.org/10.1186/1465-9921-15-22&nbsp;&tnqh_x200B; &nbsp;&tnqh_x200B; &nbsp;&tnqh_x200B; &nbsp;&tnqh_x200B; &nbsp;&tnqh_x200B; &nbsp;&tnqh_x200B; &nbsp;&tnqh_x200B; &nbsp;&tnqh_x200B; IF: 5.8 Q1 B2
https://doi.org/10.1186/1465-9921-15-22&nbsp;&tnqh_x200B; &nbsp;&tnqh_x200B; &nbsp;&tnqh_x200B; &nbsp;&tnqh_x200B; &nbsp;&tnqh_x200B; &nbsp;&tnqh_x200B; &nbsp;&tnqh_x200B; &nbsp;&tnqh_x200B; IF: 5.8 Q1 B2
https://doi.org/10.1093/aje/kwi075
https://particleandfibretoxicology.biomedcentral.com/articles/10.1186/s12989-017-0237-x
https://doi.org/10.1097/EDE.0b013e3182953244
https://doi.org/10.1097/EDE.0b013e3182953244
https://doi.org/10.1016/S0735-1097(02)01715-1
https://doi.org/10.1007/s00376-021-0438-y
https://doi.org/10.1080/00984100290071685
https://doi.org/10.1080/00984100290071685
https://doi.org/10.1161/circulationaha.105.548743
https://doi.org/10.1080/14656566.2019.1615881
https://doi.org/10.1080/14656566.2019.1615881
https://doi.org/10.1016/j.rse.2020.112136
https://doi.org/10.5194/acp-23-1511-2023
https://doi.org/10.5194/acp-23-1511-2023
https://doi.org/10.1016/j.envint.2020.106290
https://doi.org/10.1016/j.envint.2020.106290
https://doi.org/10.5194/acp-20-3273-2020
https://doi.org/10.1016/j.rse.2021.112775
https://doi.org/10.1021/acs.est.2c03834
https://doi.org/10.1093/aje/kwaa020
https://doi.org/10.1161/CIRCULATIONAHA.122.063504
https://doi.org/10.1161/CIRCULATIONAHA.122.063504
https://doi.org/10.1016/j.ecoenv.2022.113498
https://doi.org/10.1016/j.ecoenv.2022.113498
https://doi.org/10.1111/ene.15343
https://doi.org/10.1111/ene.15343


Atmospheric Environment 318 (2024) 120198

8

cardiovascular disease mortality. Environ Int 169, 107519. https://doi.org/ 
10.1016/j.envint.2022.107519. 

Zhao, L., Li, D., Zheng, H., Chang, X., Cui, J., Wang, R., Shi, J., Fan, H., Li, Y., Sun, X., 
Zhang, F., Wu, X., Liang, F., 2019. Acupuncture as adjunctive therapy for chronic 
stable angina: a randomized clinical trial. JAMA Intern. Med. 179 (10), 1388–1397. 
https://doi.org/10.1001/jamainternmed.2019.2407. 

Zhou, Y., Pan, J., Xu, R., Lu, W., Wang, Y., Liu, T., Fan, Z., Li, Y., Shi, C., Zhang, L., 
Liu, Y., Sun, H., 2022. Asthma mortality attributable to ambient temperatures: a 
case-crossover study in China. Environ. Res. 214 (Pt 4), 114116 https://doi.org/ 
10.1016/j.envres.2022.114116. 

L. Xu et al.                                                                                                                                                                                                                                       

https://doi.org/10.1016/j.envint.2022.107519
https://doi.org/10.1016/j.envint.2022.107519
https://doi.org/10.1001/jamainternmed.2019.2407
https://doi.org/10.1016/j.envres.2022.114116
https://doi.org/10.1016/j.envres.2022.114116

	Short-term exposure to ambient air pollution and hospital admissions for angina among older adults in South China
	1 Introduction
	2 Methods
	2.1 Study population
	2.2 Outcomes
	2.3 Study design
	2.4 Exposure assessment
	2.5 Covariates
	2.6 Statistical analysis

	3 Results
	4 Discussion
	5 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Appendix A Supplementary data
	References


