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Abstract. - OBJECTIVE: It has been shown
that asthma is significantly associated with the
risk of cardiovascular disease (CVD). Under this
background, this study aimed to systematically
classify and summarize the epidemiological ev-
idence of asthma and the risk of 4 specific car-
diovascular diseases (CVDs) and cardiovascular
mortality (CVM).

MATERIALS AND METHODS: PubMed and
Embase databases were searched from inception
to December 1!, 2021 in order to identify relevant
studies. The random-model was used to assess
the pooled results. All pooled results were ex-
pressed as risk ratios (RRs) and corresponding
95% confidence intervals (Cls).

RESULTS: Finally, a total of 18 studies were in-
cluded in the present meta-analysis. Compared
with non-asthmatic group, patients with asthma
had significantly increased risks of subsequent
cardiovascular heart disease (CHD, RR 1.33; 1.19-
1.50, 1’=80.3%; p<0.001), and CVM (RR 1.35; 1.15-
1.59, 12=0%; p<0.001). Similarly, the risks of heart
failure (HF, RR 2.10; 1.98-2.22, 1>=17.4%; p<0.001)
and myocardial infraction (Ml, RR 1.39; 1.16-1.66,
1°=59.3%; p<0.001) were higher in the asthmatic
population. However, the higher risk of atrial fibril-
lation (RR 1.70; 1.45-2.00, 1>=0%; p<0.001) was ob-
served only in the active asthmatic population.

CONCLUSIONS: In general, asthma is associat-
ed with subsequent increased risks of CHD, M, AF,
HF, and CVM. In addition, among patients with asth-
ma, females have a higher risk of CHD than males,
while active asthmatic patients have a higher risk
of CVM than non-active asthmatic patients.
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Introduction

Bronchial asthma is a common chronic airway
inflammatory disease, which is characterized by
reversible airway obstruction and bronchospasm'.
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It often starts in childhood and is a major cause
of morbidity in adulthood®. Currently, asthma re-
mains a major global medical and economic bur-
den, which leads to approximately 495,000 deaths
per year®. Its prevalence continues to increase in
many parts of the world*.

Bronchial asthma that causes low-grade sys-
temic inflammation and lung function decline
is strongly associated with an increased risk of
subsequent cardiovascular disease (CVD), which
has been well described in previous studies®”’.
Moreover, cardiovascular disease is an important
kind of co-morbidity in asthmatics, with asth-
matics three times more likely to develop CVD
than non-asthmatic patients®. Certainly, asthma
and CVD share many risk factors and diseases
that are involved in similar pathophysiological
pathways’ !, which may provide some potential
theoretical basis for the investigation. In addition,
asthma can induce the expression of prothrom-
botic factors and endothelial dysfunction, further
promoting atherosclerotic thrombosis'*"3.

Previous studies®”!*!5 on the relationship be-
tween asthma and CVD, CVD have mostly been
analyzed as a whole or with coronary artery dis-
ease (CAD) as the primary study endpoint, while
the relationship with other specific CVDs [e.g.,
atrial fibrillation (AF), heart failure (HF) and
myocardial infarction (MI)] remains unclear. Al-
though several recent epidemiological studies'¢!®
have revealed a strong association between asth-
ma and the risk of atrial fibrillation, heart failure,
and myocardial infarction, they should be further
summarized and updated. Therefore, this study
aims to systematically summarize the epidemio-
logical evidence on the association of asthma with
4 specific CVDs (namely CAD, AF, HF, and MI).
Meanwhile, the relations of asthma and the risk
of cardiovascular mortality are further investigat-
ed with the aim of providing some directions for
public prevention.
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Materials and Methods

Search Strategy

This meta-analysis was conducted accord-
ing to the guidelines of the Preferred Reporting
Items for Systematic review and Meta-Analy-
sis Protocols (PRISMA-P)"”. PubMed and Em-
base databases were searched from inception to
December 1%, 2021 in order to identify relevant
studies. Two groups of medical subject headings
(MeSH), including “asthma” and “cardiovascular
diseases”, were adopted for ensuring a compre-
hensive search. In addition, previous meta-analy-
ses and systematic reviews were also reviewed, if
applicable. A detailed search strategy is provided
in Appendix 1. Under the registration number
of INPLASY202220083, this meta-analysis was
registered with INSLASY (inplasy.com).

Study Selection

In line with the PICOS criteria, the study in-
clusion criteria were as follows. 1). The study
population was the asthmatic population aged
>18 years. 2) The control or reference group of
the study included non-asthmatic patients. 3).
The endpoint of the study was the occurrence of
4 specific CVDs, including CAD, AF, HF, or MI.
4) The study type was limited to cohort studies.
5) Studies provided maximum covariate-adjust-
ed risk ratios (RRs), odds ratios (ORs), hazard
ratios (HRs), and corresponding 95% confidence
intervals (Cls). The study exclusion criteria were
shown below. 1) The study population was the
non-asthmatic population. 2) The study types
were case-control or cross-sectional studies. 3)
The study endpoint did not include the occurrence
of CVD. 4) Maximum covariate-adjusted RRs,
ORs, or HRs were unavailable or could not be
calculated. 5) Letters, case reports, or conference
abstracts were excluded.

Data Extraction and Quality Assessment
Two investigators (Hua and Li) independent-
ly carried out data collection, publication quality
assurance, bias assessment, and participant char-
acteristics extraction. The following data were
extracted using the Unified Data List, including
first author, publication year, study design, coun-
try, follow-up, age of the population, percentage
of female, sample size, case group, control group,
ascertainment of outcome, and outcome. In addi-
tion, the maximum covariate-adjusted ORs, RRs,
and HRs were extracted. Besides, the study qual-
ity was assessed by the Newcastle-Ottawa Scale

(NOS) score?, with an overall score of 9 stars. To
be specific, the NOS consists of 3 sections, name-
ly, selection (n=4 stars), comparability (n=2 stars),
and outcomes (n=3 stars). The study follow-up
period of over 10 years was considered as ade-
quate. Studies with a NOS score over 6 stars were
considered as high-quality studies, whereas those
with a NOS score less than 6 stars as low-quality
studies. Any disagreement or dispute during these
processes was resolved by mutual negotiation.

Statistical Analysis

Due to different classification strategies for asth-
ma (including gender, degree of control, and smok-
ing history), the CVD risk for overall asthma patients
was not provided. Only results for subgroups were
reported. On this basis, before such studies were
pooled with other studies, initially, their subgroups
were incorporated, and the pooled results were the
CVD risk for the overall population. In this study,
our outcomes included 4 specific CVDs (CHD, AF,
HF, and MI) and CVM. In addition, if the study out-
come was acute coronary syndrome, it was classified
as MI for analysis. Broadly, there existed minor dif-
ferences between different effect values (including
ORs, RRs, and HRs) if the incidence of the outcome
was low (<10%)?!. Therefore, all the pooled results
were expressed as RRs and their corresponding 95%
CIs. Inter-study heterogeneity was evaluated using
the I? statistic, where I? values of 25%, 50%, and
75% indicate low, moderate, and high inconsisten-
cy, respectively. Subgroup analysis was performed
to explore the potential sources of heterogeneity and
to compare different groups. Meta-regression would
be conducted if the included studies were larger than
10%. Sensitivity analyses were conducted by elimi-
nating one study at a time to examine its impact on
the combined results. To estimate the combined RRs
more conservatively, the random-effects model was
adopted since it better explained the heterogeneity
between studies. Apart from that, publication bias
was assessed by the Begg’s and Egger’s tests™2,
when the number of included studies was more
than five. Here, it should be mentioned that all data
analyses were performed through Stata 12.0. The
commands have been uploaded as Appendix 2. The
two-tailed p-value less than 0.05 indicated statistical
significance.

Results

A total of 10,262 studies were obtained from
the PubMed and Embase databases, as shown
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Figure 1. The flow chart of search.

in Figure 1. Manual search was also conducted
whereas no additional study was identified. Of
these 10,262 studies, 1,054 were excluded after
screening the titles and abstracts due to duplica-
tion, whereas 9,156 were deleted due to irrele-
vance. The full-texts of the remaining 46 studies
were carefully read, of which, 28 were excluded
for the following reasons: 1) reviews (n=6); 2)
the outcomes did not report the risk of 4 specif-
ic CVDs and CVM (n=10); 3) the study subjects
aged less than 18 years (n=3); 4) case-control and
cross-sectional studies (n=8); 5) conference ab-
stracts (n=4); and 6) no control group or self-con-
trol (n=2). Finally, 18 cohort studies were includ-
ed in the present meta-analysis®®!,

Table I presents baseline characteristics of all
the included studies. Among these 18 cohort stud-
ies, 13 studies mentioned the connection between

asthma and 4 specific CVDs, and 5 reported the
association of asthma with CVM. The quality of
the included studies is assessed in Supplementa-
ry Table I. Of these 18 studies, 10 were rated as 8
stars, 7 as 7 stars and 1 as 6 stars. All the studies
had the scores of 6 stars or higher and were con-
sidered as high-quality studies.

Meta-analysis

Asthma and CHD, AF, HF, and Ml

It was observed from Figure 2 that 7 studies
recruiting 792,379 participants revealed the as-
sociation of asthma with subsequent CHD risk.
Compared with the non-asthmatic group, the risk
of subsequent CHD significantly increased in the
asthmatic population, regardless of the population
gender (RR 1.33; 1.19-1.50, 1’=80.3%; p<0.001).
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Table I. Baseline characteristics of the 18 included studies.

Author, Study Count Follow-up Age Female Sample Case Control Ascertainment Outcomes
year Design y (year) (year) (%) Size Group Group of Outcome
. Mean Active Asthma ICD-9
26
Cepelis et al*%, 2019 PC Norway 172 46.3 53 57,104 Non-active Asthma No Asthma ICD-10 MI
Carter et al’’, 2019 PC UK 52 48.5 63.3 60,424 Asthma No Asthma ICD-10 AF
Median Active Asthma
28 -
Tattersall et al?®, 2020 PC USA 12.9 62 53 6,814 Non-active Asthma No Asthma ICD-9 AF
Lemmetyinen et al®, . Active Asthma
2018 PC Finland 15.6 522 64.9 2,941 Non-active Asthma NoAsthma  ICD-10 CVM
Yeh et al*®, 2017 RC China 1996-2011  63.8 358 17,439 Asthma NoAsthma  ICD-9 EIFHD
Active Asthma ICD-9
31 -
Strand et al’', 2018 PC Norway  1994-2011 40 50.9 446,346 Non-active Asthma No Asthma ICD-10 CVM
He et al, 2021 PC China 75 >20 519 37,015 Active Asthma NoAsthma  ICD-10 CVM
Non-active Asthma
Colak et al*}, 2015 PC Denmark 4.5 20-100 60 94,079 Asthma No Asthma }ggf 0 &II{D
Chung et al*, 2014 RC China 1996-2011 50.6 55.4 38,840 Asthma No Asthma ICD-9 MI
Iribarren etal*’, 2004  RC USA ]2\’[7"‘1‘3‘“ 41 53.8 151,620  Asthma NoAsthma  Medical Records ~ CHD
Marco et al*, 2005 PC Italy 7.05 32.7 49.6 6,301 Asthma No Asthma  Medical Records CVM
Onufrak et al’’, 2008  PC USA 1987-2001  45-64 56.9 14,567 Asthma No Asthma  Medical Records CHD
Bellia et al*®, 2007 PC Italy 4.8 73.5 524 1,237 Asthma No Asthma  Medical Records CVM
Iribarren et al®®, 2012 RC USA 5.2 45 66 407,190 Asthma No Asthma ICD-9 I?IFH'DMI
Soriano et al*’, 2005 RC UK >1 29.8 53.6 7,931 Asthma No Asthma  Medical Records MI
Ingebrigtsen et al, ICD-8 CHD
2020 PC Denmark 5.7 579 39 91,692 Asthma No Asthma ICD-10 HF
Cepelis et al*!, 2018 PC Norway 154 46.5 52.8 54,567 Asthma No Asthma  ICD-10 AF
Schanen et al®, 2005 PC USA 14 45-64 48.8 15,792 Asthma No Asthma  Medical Records CHD

PC, prospective cohort. RC, retrospective cohort. ICS, inhaled corticosteroid. ICD, International Statistical Classification of Diseases. MI, myocardial infraction. HF, heart failure.
AF, Atrial fibrillation. CHD, coronary heart diseases. CVM, cardiovascular mortality.
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Study %
D RR (95% CI) Weight
Owverall
Yeh 11 (2017) - 1.62(1.50,1.76) 2090
Iribarren C (2004) — 1.10(0.89,1.35) 1337
Iribarren C (2012) = 1.40(1.35,145)  22.66
Onufrak SJ (2008) + 1.17(0.80,1.72)  6.68
Ingebrigtsen TS (2020) —_— 1.47(1.24,1.74) 1561
Schanen JG (2005) —_— 0.87 (0.66,1.14)  10.25
Colak Y (2015) —_— 1.50 (1.15,1.96)  10.54
Subtotal (I-squared = 80.3%, p = 0.000) o 133 (1.19,1.50)  100.00
Female
Iribarren C (2004) - 1.22(1.14,131) 4517
Onufrak SJ (2008) + 1.37(0.76,2.52)  7.79
Iribarren C (2012) - 1.49(1.43,1.56)  47.04
Subtotal (I-squared = 91.2%, p = 0.000) <= 1.35(1.13,1.62)  100.00
Male
Iribarren C (2004) % 0.99(0.93,1.05)  43.45
Onufrak SJ (2008) 0.99 (0.57,1.71)  12.71
Iribarren C (2012) = 1.28(1.21,134)  43.34
Subtotal (I-squared = 95.1%, p = 0.000) - 1.11 (0.88,1.40)  100.00
NOTE: Weights are from random effects analysis
1 1
397 1 2.52

Figure 2. Forest plot of asthma and CAD risk in overall, male, and female asthmatics.

Meanwhile, when stratified by population gender,
an increased risk of subsequent CHD was de-
tected in female asthmatics (RR 1.35; 1.13-1.62,
1’=91.2%; p=0.001), while this association was
not found in males (RR 1.1; 0.88-1.40, 1>=95.1%;
p=0385). Begg’s (p=0.368) and Egger’s (p=0.470)
tests demonstrated that there was no significant
publication bias. Besides, sensitivity analyses
in asthma (overall) and CHD suggested that the
pooled results remained stable after eliminating
each individual study.

It was shown in Figure 3 that 3 studies enroll-
ing 121,805 participants reported the association
between asthma and AF, 2 including 61,381 par-
ticipants mentioned the relation of active asthma
with atrial fibrillation (AF), 3 involving 516,321
participants stated the connection between asth-
ma and HF, and 4 enrolling 598,299 participants
reported the correlation of asthma with MI. Com-

pared with the non-asthmatic group, the risk of
subsequent AF was not significantly enhanced in
the overall asthmatic population (RR 1.15; 0.96-
1.37, 1’=79.3%; p=0.126), whereas the risk of
subsequent AF was significantly elevated in the
active asthmatic population (RR 1.70; 1.45-2.00,
1’=0%; p<0.001). Similarly, the risks of HF (RR
2.10; 1.98-2.22, I’=17.4%; p<0.001) and MI (RR
1.39; 1.16-1.66, 1*=59.3%; p<0.001) were higher
in the asthmatic population. Sensitivity analyses
in asthma and MI indicated that the pooled results
were stable after eliminating each study individ-
ually.

Asthma and CVM

According to Figure 4, 5 studies involving
493,840 participants mentioned the association
of asthma with subsequent CVM risk. Compared
with the non-asthmatic group, the risk of subse-
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Study
ID

Adtrial Fibrillation(active)

Cepelis A (2018)

Tattersall MC (2020)

Subtotal (I-squared = 0.0%, p = 0.422)

Heart Failure
Ingebrigtsen TS (2020)
Yeh 11 (2017)
Iribarren C (2012)

NOTE: Weights are from random effects analysis

Atrial Fibrillation(overall)

Carter P (2019)

Tattersall MC (2020) -
Cepelis A (2018)

Subtotal (I-squared = 79.3%, p = 0.008) <

%

RR (95% CI) Weight

1.02(0.97, 1.07)  44.11
1.25(0.93, 1.67)  20.46
1.27(1.10, 1.46)  35.43
1.15(0.96, 1.37)  100.00

1.76 (1.47,2.10)  80.78
1.49(1.03,2.14) 1922
1.70 (1.45,2.00)  100.00

2.10(1.45,3.05) 2.38

—_—
1.94(1.73,2.19)  19.95
2.14(2.06,2.22) 77.67

Subtotal (I-squared = 17.4%, p = 0.298) 2.10(1.98,222)  100.00
M1

Cepelis A (2019) — 1.11 (0.82, 1.49)  20.09
Colak Y (2015) - 1.86(1.16,2.99)  10.88
Chung WS (2014) R 1.66(131,2.11) 2522
Iribarren C (2012) !} 129(1.22,1.36) 4381
Subtotal (I-squared = 59.3%, p = 0.061) 1.39(1.16, 1.66)  100.00

T
328

—

Figure 3. Forest plot of asthma and the risk of AF (in overall and active asthmatics), HF, and MI.

quent CVM significantly increased in the asth-
matic population, regardless of the asthma stage
(RR 1.18; 1.05-1.33, I*=0%; p=0.005). When
stratified by asthma stage, an increased risk of
subsequent CVM was observed in the active asth-
matics (RR 1.35; 1.15-1.59, 1’=0%; p<0.001),
but not in the non-active asthmatics (RR 0.96;
0.79-1.18, 1’=0%; p=0.703). Begg’s (p=1.0) and
Egger’s (p=0.312) tests revealed that there existed
no significant publication bias. Besides, sensitivi-
ty analyses in asthma (overall) and CVM demon-
strated that the pooled results were stable after
eliminating each study individually.

Subgroup analyses

Due to the current limitations in the number of
studies, the number of studies included for some
outcomes was too low. Therefore, we analyzed
the outcomes that were mentioned in more than

4 studies. Subgroup analyses of the pooled out-
comes were conducted by the following clinical
characteristics, including study design, country,
publication year, sample size of study, study qual-
ity and duration of follow-up. Subgroup analyses
of asthma and CHD suggested that study quali-
ty, the country and duration of follow-up might
be the sources of heterogeneity between studies.
Nevertheless, the heterogeneity between asthma
and MI still could not be well explained by sub-
group analysis (Supplementary Table II).

Discussion

This meta-analysis showed that the risks of
overall CVD and CVM significantly increased in
the asthmatic population compared with the nor-
mal population. Meanwhile, the risk of specific
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Study
1D

Owerall

Lemmetyinen RE (2018)
Strand LB (2018)

He X (2021)

Bellia V (2007) )

Marco R (2005) i
Subtotal (I-squared = 0.0%, p=0.915)
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%
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Figure 4. Forest plot of asthma and CVM risk in total, active, and non-active asthmatics.

CVD, including CHD, MI, AF, and HF signifi-
cantly elevated in the asthmatic population. To our
knowledge, 3 previous meta-analyses!*** have
reported the association between asthma and re-
lated CVD. Liu et al' pointed out that asthma was
significantly associated with a higher risk of CHD
based on seven cohort studies. Similarly, Wang et
al*? revealed an evident association between asth-
ma and the risk of CHD based on 11 trails. Xu et
al® showed that asthma was associated with an
increased risk of CVD and all-cause mortality to
a great extent. Furthermore, our findings suggest
that asthma is significantly associated with a high-
er risk of CHD, as well as with the risk of AF, HF,
MI and CVM. Therefore, from the perspective of
study scope, our findings can validate and com-
plement the previous results.

Currently, the pathogenesis by which asthma af-
fects CVDs remains unclear while several possible

mechanisms have been proposed to explain the ob-
served association with the risk of asthma-related
CVDs. Chronic inflammation, a hallmark of asth-
ma, may play an important role in the association
between asthma and CVD. At first, when an asthma
attack occurs, the airway inflammatory response is
driven by T-cell helper type 2 (Th2), usually followed
closely by systemic inflammation*, cardiac arrhyth-
mias, and MI. Previous studies®“®have reported that
the levels of inflammatory biomarkers including
c-reactive protein (CRP), interleukin (IL)-1pB, tumor
necrosis factor-a (TNF-a), IL-6, IL-8, and fibrinogen
significantly increase in asthmatic patients, which
may thus promote the progression of atherosclerosis
and consequently lead to CVD events. Second, lung
function decline also exerts an important role in the
association between asthma and the risk of CVDs"".
Prolonged asthma may cause irreversible airway
remodeling, thereby inducing airway obstruction
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and lung function decline. Meanwhile, it has been
demonstrated that forced expiratory volume in one
second (FEV1) is strongly associated with the risk
of CVDY. Third, the use of some anti-asthma medi-
cations including oral or inhaled glucocorticoids and
beta-adrenergic agonists, may have potentially car-
diotoxic effects, thereby increasing the risk of subse-
quent CVD*. Finally, asthma and CVD often share
numerous risk factors, such as air pollution, obesity,
psychological stress, smoking or physical inactivity,
which can partially explain the association between
asthma and the CVD risk®. Furthermore, asthma
is significantly associated with the development of
other CVDs. During an asthma attack, the airway
inflammatory response drives the release of Th2%,
which further induces systemic inflammation, and
this may partially explain the increased risk of CVD
in activated asthmatics. Asthma-induced elevation
of inflammatory platelet-activating factor (PAF) not
only leads to airway hyperresponsiveness in asthmat-
ics, but also generates an increased risk of MI in these
patients®'. In addition, chronic systemic inflammation
will induce atrial electrical and structural remodeling,
thus setting the stage for the development of AF*.
Moreover, in asthmatic patients, leukotriene levels
are increased and leukotriene receptors are highly
expressed in the heart, which are closely associated
with the conduction system®. Increased leisure ac-
tivity has been reported to be significantly associated
with the risks of CVD and HF*, and asthmatic pa-
tients tend to have reduced activity tolerance, while
this further increases the risks of CHD and HF. The
present study suggested a sex difference in the risk
of CHD among asthmatic patients while its precise
mechanism remained unknown. In fact, there is a
significant gender disparity in asthma. During child-
hood, boys have an increased prevalence of asthma,
while in adulthood, women have an increased prev-
alence and severity of asthma, which is closely relat-
ed to sex hormone differences*. Besides, it has been
shown that estrogen levels increase dramatically in
females after puberty, which can regulate mast cells
to induce a significant increase in leukotriene levels
in vivo>3%, Nevertheless, this is strongly associated
with the development and progression of atheroscle-
rosis”. At the same time, the severity of asthma is
enhanced noticeably in adult females compared to
adult males, and long-term or excessive use of cor-
ticosteroids adds the risk of various metabolic disor-
ders, thus further increasing the risk of CHD**%, In
addition, a positive association between plasma cor-
tisol and the severity of coronary heart disease has
been found™®. These aspects may partially explain
the higher risk of CHD in female asthmatics.

Notably, our meta-analysis has the following
advantages. First, based on previous studies, this
is the first study to systematically summarize the
association between asthma and overall CVD,
CVM, and some specific CVDs. This has updated
and complemented previous studies. Second, the
high quality of the studies included in this study
ensures the reliability of the findings.

Inevitably, certain limitations should also be not-
ed in this work. First, high heterogeneity was detected
in some of the outcomes, and the potential sources of
heterogeneity were partially explained by subgroup
analyses. Although the effect values included in the
analysis were adjusted for maximum covariates, the
effect of the residual variables on the results was not
excluded. Second, most of the included studies were
distributed in the Americas, Europe, and Asia, while
few of them were from other regions. In addition,
ethnic heterogeneity should be further clarified in
future studies. Third, due to the limited number of
existing studies, the pooled results that included a
small number of studies were not conducted for fur-
ther subgroup analysis or meta-regression analysis.
Fourth, different studies adopted different strategies
for asthma classification, including gender, smoking
history, stage of onset, and degree of control. Further
stratified analyses should be performed to explain
more future studies.

Conclusions

To conclude, asthma is associated with the
subsequent risks of CHD, MI, AF, HF, and CVM.
Among asthmatics, females have a higher risk of
CHD than males, while active asthmatic patients
have an increased risk of CVM than non-active
asthmatic patients. These data have suggested the
necessity of early detection and intervention in
asthma patients who may be associated with po-
tential CVD events or CVM.
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