Cardiac risk factors and prevention

» Additional supplemental
material is published online
only. To view, please visit the
journal online (http://dx.doi.
org/10.1136/heartjnl-2023-
322682).

"Department of Epidemiology,
School of Public Health, Sun
Yat-Sen University, Guangzhou,
Guangdong, China
“Department of Epidemiology
and Biostatistics, Saint Louis
University College for Public
Health and Social Justice, Saint
Louis, Missouri, USA
*Department of Epidemiology
and Biostatistics, College of
Public Health, Zhengzhou
University, Zhengzhou, Henan,
China

*School of Social Work, College
for Public Health and Social
Justice, Saint Louis University,
Saint Louis, Missouri, USA
>Department of Social
Medicine and Health Service
Management, Health Science
Center, Shenzhen University,
Shenzhen, Guangdong, China

Correspondence to
Hualiang Lin, Department of
Epidemiology, School of Public
Health, Sun Yat-Sen University,

Guangzhou, Guangdong, China;

linhualiang@mail.sysu.edu.cn

Received 29 March 2023
Accepted 19 August 2023
Published Online First

6 September 2023

| '.) Check for updates

© Author(s) (or their
employer(s)) 2024. No
commercial re-use. See rights
and permissions. Published
by BMU.

To cite: Zhang S, Chen L,
Qian ZM, et al. Heart
2024;110:337-345.

Original research

Associations between air pollution and the risk of
first admission and multiple readmissions for

cardiovascular diseases

Shiyu Zhang," Lan Chen," Zhengmin (Min) Qian,? Dan Li,' Miao Cai,'
Chongjian Wang,? Zilong Zhang," Michael G. Vaughn,* Amy E. Keith,? Haitao Li,’

Hualiang Lin

ABSTRACT

Objectives We aimed to investigate the associations
between air pollutants and the risk of admission and
multiple readmission events for cardiovascular disease
(CVD).

Methods A total of 285009 participants free of

CVD at baseline from the UK Biobank were included

in this analysis. Four major cardiovascular admission
events were identified during the follow-up: chronic
ischaemic heart disease (CIHD), cerebrovascular disease,
atrial fibrillation and heart failure. We used Prentice,
Williams and Peterson-Total Time model to examine

the association between ambient air pollution and first
admission, as well as multiple readmissions for these
CVDs.

Results During a median follow-up of 12 years,
17176 (6.03%) participants were hospitalised with
CVDs, and 6203 (36.11%) patients with CVD had
subsequent readmission events for CVDs. We observed
significant associations between air pollution and

both first admission and readmission for CVDs, with
generally stronger associations on readmission for
cardiovascular events. For example, the adjusted HRs
for the first admission and subsequent readmission for
cerebrovascular disease were 1.130 (95% ClI 1.070 to
1.194) and 1.270 (95% CI 1.137 to 1.418) for each IQR
increase of particulate matter with a diameter <2.5pm.
The corresponding HRs for CIHD were 1.060 (95% Cl
1.008 to 1.114) and 1.120 (95% CI 1.070 to 1.171).
Sex stratified analyses showed that the associations were
generally more pronounced among females than males.
Conclusion This study provides evidence that ambient
air pollutants might play an important role in both first
admission and readmission for cardiovascular events.

In addition, patients with pre-existing CVDs may be
more vulnerable to air pollution compared with healthy
population.

INTRODUCTION

Cardiovascular disease (CVD) is a leading cause
of disability and mortality globally, accounting for
40% of all deaths among the elderly population,’
and its prevalence is expected to rise in the future.
With the progress made in the diagnosis and treat-
ment of CVDs, the survival rate has improved,
but individuals who have been affected by CVDs
are at an increased risk of experiencing recurrent

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Ambient air pollution has been regarded
as an important preventable risk factor of
cardiovascular diseases (CVDs).

= Although the majority of previous studies
have focused on the incidence risk of CVD,
there have been few investigations on the
association between air pollution and the risk
of readmission for CVD.

WHAT THIS STUDY ADDS

= During a median follow-up of 12 years, we
found ambient air pollutants might play an
important role in both first admission and
readmission for cardiovascular events.

= In addition, patients with pre-existing CVDs
may be more susceptible to air pollution as
compared with individuals who are healthy.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Considering the significant burden from CVD
globally, further compounded by decreased rate
of CVD due to advancements in medical care,
the findings of this study may have important
implications for implementing effective
prevention measures for CVD and for guiding
environmental regulatory decisions.

CVD events. Therefore, it is crucial to examine the
modifiable risk factors of the recurrent CVD events
among the patients with CVD.

Ambient air pollution has been regarded as an
important preventable risk factor of CVDs.> The
health effect of air pollution could be explained by
the inflammation and oxidative stress, which can
result in cardiac automatic dysfunction.’ Further-
more, studies have reported that air pollution is
relevant for incident CVD events and for CVD
events that occur in subsequent years.*

Although most previous studies have focused on
the association between air pollution and the inci-
dence risk of CVDs, there has been little research
into the association between air pollution and the
risk of recurrence for CVDs.> From both clinical
and preventive perspectives, individuals who have
suffered from a non-fatal CVD might be more likely
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Figure 1
chronic ischaemic heart disease; HF, heart failure; HTN, hypertension.

to experience the same events again, compared with individuals
who have not.® Thus, neglecting the subsequent recurrent events
may result in an incomplete understanding of the disease burden
experienced by an individual over time.”

To address this research gap, we conducted this study to
explore the potential relationship between air pollution and
both initial and subsequent readmission for cardiovascular
events. This study will contribute important evidence to guide
future research on the cardiovascular risk posed by air pollution,
and help to shed light on the long-term impact of exposure to air
pollution on cardiovascular health.

METHODS

Study population

The UK Biobank is a national prospective cohort study in the
UK. Between 2006 and 2010, over half a million participants
aged 40-70 years were recruited at 22 assessment centres. Partic-
ipants completed questionnaires on their lifestyle, environment
and medical history at the beginning of recruitment. Among the
502411 initially recruited participants, 215849 and 507 were
excluded due to a history of CVDs and blood pressure medica-
tion. A total of 286 055 participants were finally included in this
analysis (figure 1).

Follow-up and outcome ascertainment

Non-elective hospital admissions of the participants were
obtained from England’s Hospital Episode Statistics database,
the Scottish Morbidity Record and the Patient Episode Database
for Wales. Data on disease ascertainment during the follow-up
were available up to 14 years. Mortality data for England and
Wales were obtained from the National Health Service (NHS)
Digital, and for Scotland from the NHS Central Register. All
the participants were followed-up for the hospital admissions
started at the recruitment date and ended at the date of death,
loss to follow-up or the last date with available data, whichever
came first. Total admission events were defined as admission

Flow chart of the participant selection and the numbers of admission events for cardiovascular diseases (CVDs). AF, atrial fibrillation; CIHD,

events for CVDs during follow-up, including the first admission
event and subsequent readmission CVD events.

Diagnosis of CVDs was ascertained according to Tenth Revi-
sion of the International Classification of Diseases (ICD-10). We
focused on four major cardiovascular events: chronic ischaemic
heart disease (CIHD), cerebrovascular disease, heart failure (HF)
and atrial fibrillation (AF). CIHD was defined as ICD-10 codes
125; cerebrovascular disease was coded as ICD-10 codes 160-
169; HF was defined as ICD-10 codes 150 and AF was defined
as ICD-10 codes 148.

Air pollution exposure assessment

The annual mean concentrations of air pollutants were obtained
from the UK’s Department for Environment, Food & Rural
Affairs, which provides high-resolution (1 kmx1 km grid cells)
near-surface air pollution data. The air pollutants included partic-
ulate matter with a diameter <2.5um (PM, ), PM,, nitrogen
oxides (NO,) and nitrogen dioxide (NO,). Exposure assessments
were based on geocoded residential address history of the partic-
ipants. We then matched the annual air pollution concentrations
to each participant’s residential locations using bilinear interpo-
lation. The average estimate of air pollutant exposure in the first
3years of recruitment was calculated by weighting the time spent
at each location.

Covariates

A directed acyclic graph (online supplemental figure 1) was
developed to identify potential covariates.® We selected the
following covariates in the multivariate models: age, sex, rela-
tive humidity, ambient temperature, ethnicity, physical activity,
income, and education. Individual exposure of relative humidity
and ambient temperature was assessed based on the Met Offices’
HadUK-Grid dataset using a bilinear interpolation method.
Multiple imputation with the method of chained equations was
performed to impute missing covariate values to make full use
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Table 1  The general characteristic of the study population in the UK Biobank (original data)

No CVDs admission event

Single admission for CVDs

Readmissions for CVDs

(n=267833) (n=10973) (n=6203) P value
Age of recruit (years, mean+SD) 54.26+8.07 59.21+7.28 60.19+7.13 <0.001
Male (n, %) 110768 (41.36) 6266 (57.10) 3800 (61.26) <0.001
Ethnicity (n, %) <0.001
White 252001 (94.09) 10491 (95.61) 5924 (95.50)
Missing 1491 (0.56) 68 (0.62) 58 (0.94)
Air pollution (ug/m3, mean+SD)
PM, 10.48+2.13 10.37+2.04 10.47+2.07 <0.001
PM,, 16.63+2.89 16.48+2.75 16.61+2.80 <0.001
NO, 20.74+6.93 20.49+6.54 20.91+6.76 <0.001
NO, 31.53+13.42 31.06+12.67 31.84+13.20 <0.001
Meteorological factors (mean+SD)
Relative humidity (%) 80.65+2.34 80.70+2.57 80.68+2.13 0.124
Ambient temperature (°C) 10.56+0.74 10.52+0.73 10.54+0.71 <0.001
Educational attainment (n, %) <0.001
High 97800 (36.52) 3221 (29.35) 1558 (25.12)
Intermediate 15485 (5.78) 826 (7.53) 475 (7.66)
Low 104706 (39.09) 3832 (34.92) 2097 (33.81)
Other 44842 (16.74) 2819 (25.69) 1883 (30.36)
Missing 5000 (1.87) 275 (2.51) 190 (3.06)
Income (£) (n, %) <0.001
>100 000 15382 (5.74) 400 (3.65) 162 (2.61)
52000-100000 55580 (20.75) 1573 (14.34) 724 (11.67)
31000-51 999 64849 (24.21) 2222 (20.25) 1185 (19.10)
18000-30 999 54512 (20.35) 2524 (23.00) 1413 (22.78)
<18 000 40285 (15.04) 2449 (22.32) 1566 (25.25)
Missing 37225 (13.90) 1805 (16.45) 1153 (18.59)
Physical activity (n, %) <0.001
Low 38526 (14.38) 1564 (14.25) 950 (15.32)
Moderate 89049 (33.25) 3381 (30.81) 1888 (30.44)
High 90747 (33.88) 3773 (34.38) 2030 (32.73)
Missing 49511 (18.49) 2255 (20.55) 1335 (21.52)
BMI (n, %) <0.001
Normal 106520 (39.77) 3512 (32.01) 1835 (29.58)
Obese 46419 (17.33) 2452 (22.35) 1465 (23.62)
Overweight 111731 (41.72) 4864 (44.33) 2787 (44.93)
Underweight 1790 (0.67) 64 (0.58) 42 (0.68)
Missing 1373 (0.51) 81 (0.74) 74(1.19)
Drinking frequency (n, %) <0.001
Never 18641 (6.96) 910 (8.29) 579 (9.33)
Occasional 58894 (21.99) 2403 (21.90) 1329 (21.43)
Moderate 136583 (51.00) 5184 (47.24) 2841 (45.80)
Heavy 52912 (19.76) 2434 (22.18) 1419 (22.88)
Missing 803 (0.30) 42 (0.38) 35 (0.56)
Smoking status (n, %) <0.001
Never 155778 (58.16) 5356 (48.81) 2789 (44.96)
Previous 82723 (30.89) 3904 (35.58) 2229 (35.93)
Current 27911 (10.42) 1647 (15.01) 1116 (17.99)
Missing 1421 (0.53) 66 (0.60) 69 (1.11)

BMI, body mass index; CVD, cardiovascular disease; NO,, nitrogen dioxide; NO,, nitrogen oxides; PM, particulate matter.

of the data. Five datasets including imputed data were generated
and combined using Rubin’s rules.’

Statistical analysis
Continuous variables were presented as mean=SD. Frequencies
of categorical variables were computed. Comparisons among

groups were conducted using t-test, Pearson’s ” test or Fisher’s
exact test, as appropriate. The time intervals between sequential
readmission events for CVDs after first admission were graphi-
cally displayed using Kaplan-Meier survival curves.

We used the Prentice, Williams and Peterson total time (PWP-
TT) model to estimate the associations between air pollution
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Figure 2 Kaplan-Meier survival curve for the time to each admission for four major cardiovascular diseases during follow-up.

and cardiovascular readmission events. The PWP-TT model is an
extension of Cox proportional hazard model that allows investi-
gating the first, and the subsequent multiple recurrent events. It
is based on the assumption that recurrent events within the indi-
vidual are related and an individual is at risk for the successive
event only if he/she experienced a previous event.'® Since the
small number of events in a stratum might cause unreliable esti-
mate, the readmission analysis was restricted to the stratum with
the number of patients >1% of all the patients.'! We conducted
an additional analysis stratified by each time of readmission to
explore the association between air pollution and cardiovascular
events in different sequential risk sets. We modelled the asso-
ciations between air pollutants and the risk of cardiovascular
admission events in two steps with increasing adjustment for
confounders: model 1 adjusting for age and sex, and model 2

additionally adjusting for relative humidity, ambient tempera-
ture, ethnicity, physical activity, income and education.

We used natural cubic spline function with df of 3 to graph-
ically analyse the dose-response relationship between air pollu-
tion and the risk admission events for CVDs. We conducted
stratified analyses by sex, ethnicity, education level, income,
physical activity, body mass index (BMI), smoking status and
drinking frequency to estimate the effect modification, and
further examined the difference across each stratification by the
two-sample z-test.'

Sensitivity analyses

To account for potential exposure misclassification resulting
from residential mobility, we further conducted the analyses
among participants who maintained a consistent residential
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Figure 3 Dose-response curve of the association between air pollutants and the total admission events for cardiovascular diseases during follow-
up. AF, atrial fibrillation; CIHD, chronic ischaemic heart disease; HF, heart failure; NO , nitrogen oxides; NO,, nitrogen dioxide; PM, particulate matter.

address during the follow-up. The overlapped participants of
four CVDs might lead to statistical selection bias," we thus
performed a sensitivity analysis for participants with only one
of the four CVDs.

The results were presented as hazard ratios (HRs) per
interquartile range (IQR) increase of air pollution with 95%
Confidence interval Cls. Data management and analyses were
performed using R V.4.0.1.

RESULTS

Among the 285009 participants, 6397 (2.24%) developed
CIHD, 6930 (2.43%) developed AF, 5403 (1.90%) developed
cerebrovascular disease and 2773 (0.97%) developed HF during
a median follow-up time of 12 years (figure 1). In summary,
39.22% of the patients with CIHD, 41.02% of the patients with
AF, 21.58% of the patients with cerebrovascular disease and
30.87% of the patients with HF had subsequent recurrent events
after the first admission.

Mean age of the participants without CVDs admission, with
single CVDs admission and CVDs readmissions was 54.26 years,
59.21 years and 60.19 years, respectively. For participants with
single CVDs admission, the mean concentrations of PM, ,, PM,,
NO, and NO_were 10.37 (SD 2.04) p.g/m3, 16.48 (SD 2.75) pg/
m?, 20.49 (SD 6.54) pg/m’ and 31.06 (SD 12.67) pg/m’, respec-
tively. For participants with CVDs readmissions, corresponding
concentrations were 10.47 (SD 2.07) pg/m’, 16.61 (SD 2.80) g/
m’, 20.91 (SD 6.76) pg/m® and 31.84 (SD 13.20) pg/m>, respec-
tively. In summary, compared with those without CVDs admis-
sion events during follow-up, patients with CVD were relatively
older, more likely to be men and tended to have higher exposure
levels of air pollution (table 1).

Kaplan-Meier survival curves displayed that patients who were
readmitted more frequently had a significantly higher proba-
bility of subsequent readmissions compared with those who had
fewer admissions (figure 2). A log-rank test showed statistically
significant differences among the times of readmission for the
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Cerebrovascular
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Figure 4 The associations of each IQR increase in air pollution with first admission, readmissions and total admissions for CVDs (HR and 95%
8.15 pg/m’ for NO, and 15.92 pg/m’ for NO . AF, atrial fibrillation; CIHD, chronic
ischaemic heart disease; HF, heart failure; NO,, nitrogen oxides; NO,, nitrogen dioxide; PM, particulate matter.
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Table 2 HR with 95% Cl for each IQR increase of air pollution on the total cardiovascular admissions during follow-up by using PWP-TT model

HF

AF

Cerebrovascular disease

CIHD

Model 2

Model 1

Model 2

Model 1

Model 2

Model 1

Model 2

Model 1

1.121 (1.044 to 1.203)
1.113 (1.033 to 1.200)
1.136 (1.074 to 1.202)
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1.090 (1.043 to 1.140)
1.088 (1.040 to 1.138)
1.109 (1.067 to 1.153)
1.107 (1.065 to 1.150)

1.057 (1.023 to 1.091)
on. IQR increments are 2.79 pg/m* for PM, ., 3.81 pg/m’ for PM, ;, 8.15 pg/m?® for NO, and
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1.046 (1.017 to 1.077)
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Model 1 adjusted for age and sex; model 2 further adjusted for relative humidity, ambient temperature, ethnic
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15.92 ug/m? for NO .
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AF, atrial fibrillation; CIHD, chronic ischaemic heart disease; HF, heart failure; NO,, nitrogen dioxide; NO, nitrogen oxides; PM, particulate matter; PWP-TT, Prentice, Williams and Peterson-Total Time.

%!

CVDs (p<0.0001). Compared with cerebrovascular disease and
CIHD, HF and AF had higher likelihood of readmission (online
supplemental table 1). For example, the cumulative probability
without readmission after the first readmission at 3 years was
77.23%, 64.40%, 63.68% and 59.74% for cerebrovascular
disease, CIHD, HF and AF, respectively.

The dose-response curves between air pollutants and first
admission events (online supplemental figure 2), readmission
events (online supplemental figure 3) and total cardiovascular
events (figure 3) during follow-up were found to be monotonic
and approximately linear. Exposure to air pollutants was posi-
tively associated with the increase of risk of total admission
events for CVDs during follow-up. Consistently positive associa-
tions were observed on the first admission, readmission and total
admission events for four major CVDs (figure 4, table 2, online
supplemental tables 2,3 for specific HRs). The associations on
the first admission for CVDs were generally smaller than the
associations on multiple readmissions events and total admission
events during follow-up in CIHD, cerebrovascular diseases, HF
and AF; this was opposite for the associations between oxides of
nitrogen (NO, and NO ) and HF. Specifically, the adjusted HR
of the first admission, readmission and total admission events
for CIHD were 1.060 (95% CI 1.008 to 1.114), 1.120 (95% CI
1.070 to 1.171) and 1.113 (95% CI 1.066 to 1.162) for each
IQR increase of PM, , respectively. For cerebrovascular disease,
these HRs were 1.130 (95% CI 1.070 to 1.194), 1.270 (95%
CI1.137 to 1.418) and 1.160 (95% CI 1.103 to 1.219), respec-
tively. The associations between oxides of nitrogen and the first
admission for HF were stronger than those in readmission for
HF and total admissions for HF events during follow-up, with
adjusted HR of 1.160 (95% CI 1.091 to 1.234), 1.091 (95% CI
0.973 to 1.223) and 1.136 (95% CI 1.074 to 1.202) for each
IQR increase of NO,, respectively.

Sex stratified analysis showed that the associations on total
admission events for CIHD, AF and HF were generally stronger
in females than males (table 3). For example, HRs for each IQR
increase of NO, on total admissions for CIHD during follow-up
were 1.109 (95% CI 1.051 to 1.171) and 1.071 (95% CI 1.026
to 1.117) in females and males, respectively. These HRs on total
admissions for AF were 1.087 (95% CI 1.033 to 1.144) and
1.045 (95% CI 1.003 to 1.088) in females and males, respec-
tively. In addition, the associations between PM, ;, PM, , NO,
and NO_ and total admission for cerebrovascular disease in
males were generally stronger than those in female. However,
there were no significant disparity in the risk of total admission
between sexes (p for difference >0.05). In addition, no signif-
icant effect modifications of ethnicity, education level, income
or physical activity, BMI, drinking frequenct and smoking status
were observed for any of the pollutants for the first admission
and readmissions (online supplemental figures 4-7).

Additional analyses further examined the associations
between air pollutants and specific stratum of each readmis-
sion event in four CVDs based on the PWP-TT stratified model
(online supplemental tables 4-7). We observed that ambient air
pollutants were associated with the first admission of each of
the CVD, and subsequent readmission risk. For example, HRs
for per IQR increase of PM, | on the first, second, third, fourth
and fifth readmission for CIHD were 1.084 (95% CI 1.005 to
1.168), 1.157 (95% CI 1.031 to 1.299), 1.125 (95% CI 0.966
to 1.310), 1.018 (95% CI 0.836 to 1.240) and 1.015 (95% CI
0.787 to 1.309), respectively.

The overlapped participants of four CVDs were shown in a
Venn Diagram (online supplemental figure 8). The results of
the analysis conducted for those participants with only one of
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the four CVDs were consistent with the main analysis (online
supplemental table 8). In addition, out of the 285009 partici-
pants, >70% of them did not change their residential address
during the follow-up (online supplemental table 9). The associ-
ations between air pollution and admission events for the CVDs
during follow-up in participants who did not change their resi-
dential addresses remain stable (online supplemental table 10).

DISCUSSION

In this study, the relationship between air pollutants exposure
and total cardiovascular events during follow-up was investi-
gated. CIHD, cerebrovascular disease, AF and HF were the most
common recurrent cardiovascular events in the study popula-
tion of 286 055 middle-aged and older participants. Ambient air
pollutants exposure was significantly associated with the first
admission and readmission risk of these four CVDs. Sex did not
appear to significantly modify the associations between exposure
to air pollution and the recurrent CVD events, except for the
associations of HF.

Proper assessment of the disease burden and implementation
of effective preventive measures require comprehensive consid-
eration of all subsequent events following the first occourance.™
However, numerous studies have mainly reported the associa-
tions between air pollutants and incidence of CVDs," only a
few studies have examined their role in recurrent cardiovascular
events.® These studies have only considered the effects of air
pollution exposure on the first recurrent event among patients
with a history of CVDs, rather than the multiple cardiovascular
events since the first occurrence of CVDs.'® 7 This may be largely
due to traditional statistical methods, which are only capable of
focusing on single events. Therefore, we employed the PWP-TT
model, a well-developed statistical tool for analysing recurrent
event data, to accurately and comprehensively assess the rela-
tionship between the air pollution exposure and the total cardio-
vascular events that occur during the follow-up.'® In addition,
PWP-TT model is capable of estimating the association between
air pollution and the risk of multiple sequential events simulta-
neously by taking accounts for the order of events."”

This study explored the associations between air pollutants
and the dynamic progression of CVDs, suggesting that four air
pollutants (PM, ,, PM, ;, NO, and NO,) were associated with the
increased risk of total admission events for CVDs. This result is
consistent with previous studies that reported a significant effect
of air pollution on the risk of CVDs in Europe.?’ Additionally,
previous studies also proposed that individuals with existing
CVDs might be more susceptible to the air pollution expo-
sure.”! Similarly, we observed a tendency towards an increase
in the risk of readmission for CVDs in response to exposure to
air pollutant, which is significantly higher than the risk associ-
ated with the first hospitalisation event. Previous studies had
also found that the exposure to air pollution was associated with
recurrent event of acute myocardial infarction,” and cerebrovas-
cular disease.”! However, few studies have focused on the role of
air pollution on the multiple readmission events. This is the first
study to investigate the association between air pollution and
total admission events for CVDs during follow-up in middle-
aged and elderly participants. More research is needed to further
disentangle the relationship between air pollution and recurrent
cardiovascular events.

Several biological mechanisms have been proposed to explain
the observed associations. Among these mechanisms, oxidative
stress and inflammation are considered the leading pathways
by which air pollutants increase risk of CVDs.” Exposure to
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air pollution can trigger the upregulation of pathways that
generate reactive oxygen species and ultimately lead to endo-
thelial dysfunction, atherosclerosis and thrombosis.** Moreover,
individuals with poor physiological conditions are more likely
to be exacerbated by exposure to air pollution, especially for
the patients with pre-existing CVDs, air pollution exposure may
accelerate thrombosis and thus increase the risk of the recurrence
of CVDs.” Thus, early identification of these preventable risk
factors in patients with pre-existing CVDs is of critical signifi-
cance in the primary prevention efforts and public health policy.

There were generally stronger associations between air pollut-
ants and total CVD events in females compared with males.
However, sex differences were not statistically significant.
Consistent results in previous studies regarding the sex-related
cardiovascular effects of air pollution,” the following physi-
ological differences may be the primary reason for the sexual
differences in the susceptibility of CVDs. Elderly women have a
higher incidence and severity of CVDs compared with men due
to the decreased levels of sex hormones.?” In addition, the key
systems involved in the development of CVDs, such as immune
system and sympathetic nervous system, are activated differently
in males and females.*® Furthermore, participants with abnormal
BMI, smoking and drinking were associated with an increased
risk of both first admission and readmission for CVDs triggered
by air pollution,” although the degree of risk may vary among
these factors.

Strengths and limitations

The main strength of this study is the large and well-characterised
sample in UK Biobank, as well as the extensive linkages to
health records derived from the national healthcare system with
universal coverage and rigorous follow-up protocols. In addi-
tion, the health data collected by the UK Biobank spans over 14
years, providing extensive follow-up, which enabled the reliable
identification of multiple CVD events of the participants.

There are limitations that warrant noting. First, indoor air
pollution was not considered due to limited measurements of
indoor air pollution exposure. Second, information on potential
time-varying confounders were not available, therefore, residual
confounding is another issue. However, air pollution emissions
have been shown to be stable over decades remained relatively
stable according to the UK official statistics.’® Therefore, it is
reasonable to believe that the exposure estimates of air pollut-
ants at baseline could represent the long-term exposure. In addi-
tion, we did not consider the blood pressure medication during
the follow-up due to the lack of the information, which might
lead to bias in the estimated associations between air pollution
and recurrent CVDs.

CONCLUSION

Our study provides evidence that ambient air pollutants might
be an important risk factor for the first admission, and the subse-
quent multiple readmissions for CVD. Given the heavy CVD
burden, compounded by decreased mortality of CVD due to
medical advances, this study may have important implications
for the carrying out prevention measures for CVD and for
guiding environmental regulatory decisions.
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