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Abstract 

Background  Cardiovascular diseases (CVDs) are estimated to be the leading cause of global death. Air pollution 
is the biggest environmental threat to public health worldwide. It is considered a potentially modifiable environ‑
mental risk factor for CVDs because it can be prevented by adopting the right national and international policies. The 
present study was conducted to synthesize the results of existing studies on the burden of CVDs attributed to air pol‑
lution, namely prevalence, hospitalization, disability, mortality, and cost characteristics.

Methods  A systematic search was performed in the Scopus, PubMed, and Web of Science databases to identify stud‑
ies, without time limitations, up to June 13, 2023. Exclusion criteria included prenatal exposure, exposure to indoor 
air pollution, review studies, conferences, books, letters to editors, and animal and laboratory studies. The quality 
of the articles was evaluated based on the Agency for Healthcare Research and Quality Assessment Form, the New‑
castle–Ottawa Scale, and Drummond Criteria using a self-established scale. The articles that achieved categories 
A and B were included in the study.

Results  Of the 566 studies obtained, based on the inclusion/exclusion criteria, 92 studies were defined as eligible 
in the present systematic review. The results of these investigations supported that chronic exposure to various 
concentrations of air pollutants, increased the prevalence, hospitalization, disability, mortality, and costs of CVDs 
attributed to air pollution, even at relatively low levels. According to the results, the main pollutant investigated 
closely associated with hypertension was PM2.5. Furthermore, the global DALY related to stroke during 2016–2019 
has increased by 1.8 times and hospitalization related to CVDs in 2023 has increased by 8.5 times compared to 2014.

Conclusion  Ambient air pollution is an underestimated but significant and modifiable contributor to CVDs burden 
and public health costs. This should not only be considered an environmental problem but also as an important 
risk factor for a significant increase in CVD cases and mortality. The findings of the systematic review highlighted 
the opportunity to apply more preventive measures in the public health sector to reduce the footprint of CVDs 
in human society.
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Introduction
Cardiovascular diseases (CVDs) are responsible for 
most of the deaths and disabilities worldwide [1, 2]. In 
2017, CVDs resulted in more than 360 million disability-
adjusted life years (DALYs) (Table  1) worldwide, mak-
ing it a significant health concern in both developed and 
developing countries [3, 4]. The World Health Organiza-
tion (WHO) reports that CVDs, including ischemic heart 
disease (IHD), atrial fibrillation (AF), stroke, heart failure 
(HF), and other cardiovascular disorders account for 43% 
of all deaths from non-communicable diseases (NCDs) 
[5].

Currently, research revealed that more than 80% of 
CVD cases can be prevented by addressing risk factors 
such as smoking, arterial hypertension, diabetes mellitus, 
hypercholesterolemia, overweight, lack of physical activ-
ity, unhealthy diet, and exposure to air pollution [6, 7]. 
Despite the significant impact of environmental factors, 
especially air pollution, on health outcomes, they are 
often overlooked in the assessment of the global burden 
of disease (GBD) [8].

Air pollution is a major environmental concern in 
terms of the occurrence of adverse health effects and 
the negative impact on public health [9]. Fossil fuel con-
sumption, especially in industries and transportation, is 
considered one of the most important sources of air pol-
lution after the industrial revolution. In addition to being 
the main perpetrator of hazardous pollutant emissions, 
industry also plays an undeniable role in the increase in 
the average temperature of the Earth [10]. The expoten-
tial increase in industrialization results in a devastat-
ing impact on the environment. In some countries with 
a high Human Development Index (HDI), this leads to 
their largest share in the world’s greenhouse gases and 
hazardous pollutant emissions.

As a consequence, preventive policies and tax measures 
were introduced, particularly for these activities with 

high emission levels. Unfortunately, the existing global 
disparities caused an enormous difference in the rate of 
use of clean fuels. Modern renewable energy sources sup-
ply only 2.3% of electricity in low HDI countries, whereas 
this figure is 11% in countries with very high HDI. The 
dependance on the use of biomass fuel as an energy 
source was equal to 92% of households in countries with 
low HDI compared to 7.5% in countries with very high 
HDI. This led to the failure to limit the consumption of 
fossil fuels despite the efforts made [11–13]. Biomass fuel 
is used for heating, cooking, and providing lighting inside 
the house, as well as an energy source for occupational, 
industry, and transportation purposes, which can cause 
the release of high levels of air pollutants. According to 
studies, air pollution is considered as a consequence of 
population growth and urbanization, which is considered 
an important factor in premature mortality. This in turn, 
increases the costs of many NCDs, especially among 
local populations [14–16].

According to the lancet commission on pollution and 
health, harmful environmental conditions are responsi-
ble for approximately 9 million excess deaths worldwide, 
half of them attributed to air pollution [8]. The monetary 
costs of premature deaths attributed to air pollution in 
2020 were estimated at 2.2 trillion dollars, which was 
equivalent to 2.4% of the gross world product (GWP) 
[12]. Additionally, two-thirds of the health effects caused 
by exposure to air pollutants were found to be related to 
cardiovascular mortality and other health complications 
[17]. Specifically, acute myocardial infarction (AMI) and 
stroke contributed to almost 50% of these adverse effects, 
resulting in a significant burden on healthcare costs 
worldwide [17, 18].

The published data report of the WHO indicated 
that almost 99% of the global population is exposed to 
inhalation of air pollutants that exceed the air quality 
threshold values recommended by this institution [19]. 

Table 1  Glossary of terms

DALY: Disability-adjusted life years
A DALY refers to the loss of one year of full health in a person’s life due to injury, disease, or disability. It is a measure used to quantify the burden of dis‑
ease and to compare the overall health and life expectancy of different populations. DALY = YLL + YLD

YLL: Years of life lost to premature death
YLLs are calculated by multiplying the number of deaths by a global standard life expectancy at the age of death. It is a measure of premature mortality 
that takes into account both the frequency of deaths and the age at which it occurs

YLD: Years of life lived with disability
Each YLD represents one full year of healthy life lost due to illness or disability

Incidence Rate
It is the proportion of new cases within a specific time period to the total number of people at risk for the disease. The total observation time 
of the population within a given calendar year refers to the approximate number of people in the population at the beginning of the year

Mortality Rate: Deaths in the population
It is the number of deaths from a disease divided by the total population. The total observation time of the population within a given calendar year 
refers to the approximate number of people in the population at the beginning of the year
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This alarming statistic revealed how much impact air 
pollution could have on the increase in CVDs, hospi-
talizations, disability, cases of mortality, and increase in 
economic costs.

The increase in the publication of related studies during 
the last 10 years can effectively draw a risk perspective of 
the growth in the burden of CVDs caused by exposure to 
air pollution. The results of these investigations may pro-
vide important evidence for implementing air pollution 
control measures based on maintaining the input-output 
balance (policy cost-benefit), especially in developing 
countries.

However, the existence of some limitations and 
gaps restricts the generalization of the results of these 
researches, including conducting each study in a limited 
number of countries [20–22], investigating the effect of 
air pollution on only one type of CVDs [23–25], exam-
ining a limited number of air pollutants [25–27], partici-
pants of only one gender (male or female) [28–30] and 
subjects with a relatively high socio-economic status [30]. 
In addition, considering that no review study has been 
published in this field, it seems necessary to conduct a 
systematic review to retrieve related studies and cover 
the gaps mentioned above to achieve more comprehen-
sive results.

This systematic review gathers and summarizes up-
to-date studies on the burden of CVDs, including prev-
alence, disability, hospitalization, mortality, and cost, 
caused by exposure to air pollution.

Methods
Research protocol
This systematic review was registered in the International 
Prospective Register of Systematic Reviews (PROSPERO, 
CRD42023434702) and adhered to the PRISMA (Pre-
ferred Reporting Items for Systematic Review and Meta-
analyses) statement.

Search strategy and data screening
The search was carried out without timeframe, up to June 
13, 2023. A systematic search of the databases Scopus, 
PubMed, and Web of Science was conducted using the 
following keywords:

–	 Disease: “Cardiovascular Disease*”, “Myocardial 
Infarction”, “Heart Failure”, Hypertension, Myocar-
ditis, Arrhythmia, “Coronary Heart Disease*”, “Cer-
ebrovascular Disease*”, “Abnormal Heart Rhythms”, 
“Aorta Disease*”, “Heart Attack”, “Coronary Artery 
Disease*”, Cardiomyopathy, “Heart Muscle Disease*”, 
“Pericardial Disease*”, “Peripheral Vascular Disease*”, 
Stroke, “Vascular disease*”, Angina, “Rheumatic 
Heart Disease*”;

–	 Disease burden: “Illness Cost*”, “Sickness Cost*”, 
“Illness Burden*”, “Disease Burden*”, “Disease Cost*”, 
“Economic Burden of Disease”, “Disability-Adjusted 
Living Years”, DALY, Mortality, Morbidity, “Years of 
Life Lost”, YLL, “Years Lost due to Disability”, YLD;

–	 Exposure: “Air pollution”.

Two researchers, M.M. and A.H.Kh., extracted key-
words and conducted a systematic search for Title/
Abstract and Mesh (if any). Studies obtained from data-
bases were integrated using EndNote X20 software. After 
removing duplicates, M.M. and A.H.Kh. independently 
screened and extracted the studies. The third author 
(E.O.) resolved any ambiguities or contradictions dur-
ing the review process. To ensure that no eligible studies 
were missed, the reference list of the selected studies was 
systematically searched. Additionally, a hand search was 
also conducted in parallel.

Entry and exit criteria of the study
In this systematic review, studies focused on prenatal 
exposure to air pollution and the impact of indoor air 
pollution on the burden of CVDs were excluded. Further-
more, review studies, conference studies, books, letters to 
the editors, and animal/laboratory studies were omitted 
and only original articles published in English and peer 
reviewed were examined.

Extracting the data
After reviewing and selecting eligible studies, their 
results were summarized in an electronic form in the 
Excel 2016 software. The data sheet encompassed various 
details such as author names, year of publication, title, 
country of investigation, number of participants, age 
range, gender, and type of pollutant. Variables related to 
disease burden included prevalence, hospitalization, dis-
ability (measured in disability-adjusted life years DALY), 
years lost to disability (YLD), years of life lost (YLL), 
mortality (mortality rate and death), and cost (total cost, 
economic loss due to missed work days, and overall eco-
nomic losses).

Quality control
Two researchers, M.M. and A.H.Kh., assessed the qual-
ity of selected studies using a self-established scale. This 
scale was based on the Agency for Healthcare Research 
and Quality Assessment Form, the Newcastle–Ottawa 
Scale [31], and the Drummond Criteria [32]. Based 
on this method, the quality of studies is determined by 
answering 9 questions, that are presented in Table  2. 
Questions 1–8 can only be answered as “yes” (1 score) or 
“no” (0 score). Question 9 can be answered as: “yes” (2 
scores), “likely” (1 score), and “no” (0 score). The scores 
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obtained were combined after confirmation, and each 
study was classified based on its quality score (between 
0 and 10 points) into one of three categories: A, B, or C. 
A study with a quality score equal to or above 8 received 
category A. If the quality score was between 4 and 7, the 
study received category B. If the quality score was less 
than 4 a study received category C [33]. Only articles 
classified in categories A and B were included in the sys-
tematic review analysis.

Study selection
A systematic search was carried out in the PubMed, Sco-
pus, and Web of Science databases as presented in Fig. 1. 
The 566 articles found were screened using EndNote X20 
software based on title and abstract. Then 122 articles 
remained, and due to the inaccessibility of the full text of 
7 studies, 115 full texts were thoroughly examined based 
on inclusion/exclusion criteria and quality assessment. 
Finally, 92 studies were defined eligible in this systematic 
review.

Synthesis of results
In this study, we found various study designs that caused 
differences in methodology and context that made it 
unsuitable to perform a quantitative synthesis or meta-
analysis. Therefore, we combined the study results in a 
narrative format, which included information about the 
type of pollutant, its mean concentration, and the disease 
burden variables, including prevalence (Table  3), hospi-
talization (Table  4), disability (disability-adjusted living 
years DALY, years lost due to disability YLD, and years 
of life lost YLL) (Supplementary Material 1), mortality 
(mortality rate, death) (Supplementary Material 2), and 
costs (total cost, economic loss from loss of the work day, 
and economic losses) (Table 5).

We followed a two-step process for narrative synthesis. 
In the first step, we classified the information into five 

separate tables according to the type of disease burden. 
In the second step, we evaluated the severity of the con-
sequences by examining the relationship between expo-
sure levels and disease burden. The brief visual scheme 
of the seven steps that comprises the complete systematic 
review framework performed in the study is presented in 
Fig. 2.

Results
Prevalence of CVDs attributed to air pollution
Hypertension is the most common disease associated 
with chronic exposure to air pollutants. As presented 
in Table 3 in this section, the main pollutants examined 
were PM2.5 (72.2%) and NO2 (50%), and were found to 
be closely associated with the incidence of hyperten-
sion according to the results obtained. The prevalence of 
CVDs related to air pollution was investigated in 18 stud-
ies from 10 countries around the world (Table 3) [7, 14, 
15, 20–22, 25–30, 35–40]. Generally, 818,316 subjects of 
different age groups were evaluated during 2017–2023. 
A review of the listed studies showed that China was the 
most active in this field, publishing 6 studies [21, 26–28, 
35, 40].

Based on the available information on the types of 
areas in the studies included in this systematic review, it 
was revealed that most of the investigations were carried 
out on a national and/or regional scale depending on the 
size of the country, for example, the United States [29, 30, 
53, 57], Canada [58], Brazil [59], China [26, 35, 40, 60–
66], and Europe [67–69]. There was also some research 
conducted worldwide [9, 37, 70–73], including several 
countries in international cohort studies.

Based on these studies, the prevalence of CVDs varied 
greatly, ranging from 0.5% for developed coronary heart 
disease to 74.5% for hypertension. Specifically, preva-
lence percentages for hypertension ranged from 5.3% to 
74.5%, for coronary artery disease from 0.5% to 13.9%, 
for stroke from 1.2% to 3.2%, and for other CVDs from 
2.00% to 1.46%. Reports of carotid plaque and arrhyth-
mia were reported by a single study each. Consequently, 
the prevalence of carotid plaque related to air pollution 
was reported to be equal to 22.3% [15, 30, 38, 39], and the 
prevalence of arrhythmia was estimated to be 3.2% [36].

Hospitalization due to CVDs attributed to air pollution
Table  4 presents a summary of the results of 15 studies 
[41–55] related to the hospitalization rate due to CVDs 
episodes as an adverse consequence of exposure to air 
pollution. Among the investigated pollutants, PM2.5 
(86.6%) and PM10 (40%) were found to be the most com-
mon in the analyzed studies. According to the results 
obtained, 103,899,123 subjects from the following 7 
countries were examined: China (6 studies) [45, 46, 48, 

Table 2  Quality assessment scale [33]

All items had two possible answers (except item 9): yes (+) and no (-). Item 9 had 
three possible responses: yes (++), likely (+), and no (-)

DALY Disability-adjusted living years, YLL Years of life lost, YLD Years lost due to 
disability

1. Was the objective clear?

2. Was the data source official?

3. Was the study population-based?

4. Was the sampling randomized?

5. Was the study region nationwide?

6. Were the diagnostic criteria clear?

7. Were the results comparatively analyzed?

8. Did the outcome indicators include DALY/YLL/YLD?

9. Can the results be externalized?
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51, 52, 55], USA (4 studies) [41, 42, 49, 53], Taiwan (1 
study) [47], Brazil (1 study) [50], Mexico (1 study) [54], 
Thailand (1 study) [44], and Republic of Macedonia (1 
study) [43]. The publication years of these studies were 
from 2014 to 2023 and included all age groups.

Studies indicated that arrhythmias had the lowest 
hospital admission rate, with only 7 cases (0.001%) out 
of the 445,216 patients examined in China [55]. Also, 
Liu et  al. [51] found that the hospitalization rate for 
ischemic stroke attributed to PM1 was 81.92% that was 
the highest rate among similar studies. This studies also 

demonstrated that an increase of 10 µg/m3 PM1 resulted 
in an increase of 0.53% (95% CI, 0.39%, 0.67%) in the hos-
pital admission rate due to stroke [51].

Disability due to CVDs attributed to air pollution
In the course of the investigations, 33 studies from 11 
countries [7, 14, 23, 24, 38, 43, 59, 60, 62–64, 67–69, 
74–86] and 6 studies based on worldwide data focused 
on the impact of air pollutants on global disability (DALY, 
YLD, YLL) in patients with CVDs [9, 70–73, 87]. China 
was the most active in this field by publishing 12 related 

Fig. 1  PRISMA flow diagram of the literature search on CVDs related to air pollution
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studies. Among these, 21 studies specifically examined 
the role of PM2.5 in causing CVDs related disability dur-
ing 2015–2023 (Supplementary Material 1). Generally, 
2,338,344,120 subjects from different age groups were 
evaluated.

The results showed that over time, as industrial activ-
ity expanded and pollutant concentrations increased, the 
incidence of CVD-related disabilities, particularly stroke 
and IHD, also increased. The results of a global study 
showed that the DALY rate caused by exposure to PM2.5 
in 1990 was 10 million years, which increased to 20 mil-
lion years in 2019 (a two-fold increase). In addition, simi-
lar results were also observed in stroke [73]. Rueda et al. 
[85] also concluded in a national study in the Kingdom of 
Saudi Arabia that exposure to a concentration of 87.9 μg/
m3 during 1990–2017 caused the increase of DALY rate 4 
times due to IHD and 2.5 times due to stroke.

Mortality due to CVDs attributed to air pollution
Supplementary Material 2 summarizes the results of 58 
studies investigating the mortality rate of CVDs caused 
by air pollution [9, 14, 15, 20, 23, 26–28, 42, 43, 49, 50, 
53, 56–69, 72–78, 80–82, 84–104]. These studies were 
carried out between 2015 and 2023 and have been pub-
lished in 18 countries, including India, USA, Thailand, 
China, Canada, Republic of Macedonia, South Korea, 
Iran, Europe, Kazakhstan, Kingdom of Saudi Arabia, Bra-
zil, Soviet Republics, Germany, Malaysia, Colombia, and 
the United Kingdom.

The researchers examined a total of 1,237,022,761 
people in various age groups. In 48 different studies, 
researchers focused on PM2.5 as the main pollutant and 
its impact on deaths related to CVDs. The findings of 
these research confirmed that there is a direct correlation 
between the concentration of PM2.5 pollutants and the 
mortality rate associated with IHD and stroke.

Mazeli et  al. [104] in a national study in Malaysia 
investigated the relationship between PM2.5 levels and 
CVD mortality. In this study, it was found that with the 
increase in pollutant concentration from 2000 (22 μg/
m3) to 2013 (24 μg/m3), the death rate due to stroke has 
increased approximately twice, but this statistic remained 
almost constant in IHD [104]. In addition, the results of 
a recent study in Germany showed that exposure to lev-
els of 13.7–10.8 μg/m3 PM2.5 can cause the death of 6,977 
patients with IHD and 1,871 deaths due to stroke [86].

Costs due to CVDs attributed to air pollution
The results obtained from 4 studies related to the eco-
nomic burden caused by CVDs attributed to air pollution 
are shown in Table 5 [46, 48, 52, 56]. These studies were 
performed between 2019 and 2022, a total of 95,624,779 
people from China were evaluated and PM2.5 was evalu-
ated in all these four studies. Comparing the results of 
the studies showed that the greatest economic losses for 
CVD are related to PM2.5, as reported by Zhu et al. [46]. 
Furthermore, Yao et  al. [56] reported the highest eco-
nomic loss from lost workdays. This cost was calculated 
only for CVD attributed to PM10, SO2, NO2, CO, and 
O3. According to this study, the economic loss of CVD 
lost workdays attributed to NO2 was calculated at 604.02 
billion CNY (US$ 83.4 billion), which was the highest 
amount compared to other pollutants [56]. According to 
Table 5, the total cost caused by CHD attributed to PM2.5 
was found to be 1.6 times higher than those attributed to 
PM10 [52].

Discussion
Prevalence of CVDs attributed to air pollution
Hypertension was reported in studies to be the most 
prevalent among people who were chronically exposed 
to pollutants such as NO2, O3, PM10, PM2.5, and SO2. A 

Fig. 2  Visual representation of the complete framework of the systematic review guiding process
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12-year follow-up study in the United Kingdom showed 
that exposure to air pollution was positively related to 
hypertension and its development in normotensive sub-
jects [15]. This finding was consistent with a study by 
Prabhakaran et  al. [7], which found an increasing trend 
in systolic blood pressure in Indian residents following an 
increase in pollutant concentration from 1990 to 2016. 
In the study of Karimi et al. [38] on the prevalence, bur-
den, and economic costs of chronic diseases caused by air 
pollution in Tehran, Iran, the prevalence of hypertension 
was estimated at 5.3%. However, a German cohort study 
from 2020 found a prevalence of 53% for hypertension 
after exposure to PM2.5, PM10, and NO2 [36].

The results of an international cohort of Chinese men 
showed that exposure to an average level of 43.7 μg/
m3 PM2.5 can increase the prevalence of hypertension 
to 26.9% [28]. This prevalence was consistent with the 
results reported by Prabhakaran et  al. [7] (21.1%). In 
addition, Yang et al. [26] also demonstrated in a national 
cohort in China that exposure to a concentration of 64.9 
μg/m3 of this pollutant can be associated with a preva-
lence of 31.8% of this health complication.

Although various studies revealed a positive correla-
tion between exposure to air pollution and an increase 
in hypertension and subsequent consequences such as 
blindness, chest pain, pregnancy complications, heart 
attack, and stroke, the prevalence rate varied between 
different countries [15, 30, 38, 39]. Interestingly, devel-
oped countries had higher prevalence rates, contradict-
ing the results of some studies [9, 60, 105]. The analysis 
of the research indicated that the studies conducted on a 
regional scale were carried out in urban areas with large 
populations and intense traffic. In addition, these sites 
were also heavily industrialized for economic reasons 
related to the distance from work to home. The results of 
studies showed that the incidence of CVDs was higher in 
low- or middle-income countries (LMIC) and developing 
countries [106]. The increase in industrial activities, the 
use of fossil fuels, the use of old and obsolete technolo-
gies in the production process, and the lack of growth in 
mechanization have led to a significant increase in the 
amount of pollutants produced by these countries. In 
addition, the use of manpower in heavily polluted indus-
trial environments instead of using industrial machines, 
the growth of marginalization and residence in industrial 
areas have increased levels of exposure to high concen-
trations of pollutants, being an important risk factor con-
sidered to cause CVDs [107].

Therefore, the explanation for this contradiction in 
results can be population growth, aging, and suffer-
ing from chronic diseases, such as kidney dysfunction, 
as well as the additive effect of several risk factors, such 
as high systolic blood pressure, high blood sugar, low 

physical activity, high body mass index (BMI), and alco-
hol consumption [70]. Furthermore, limited access to 
clinical care and a lack of advanced diagnostic methods 
in low- and middle-income countries led to misdiagno-
sis of some CVDs [108], negatively affecting patient reg-
istries and statistics published by their health systems. 
Most of the articles published on this topic investigated 
in developed countries, while only a few papers came 
from developing countries. Finally, climate variability, 
air humidity, green space per capita, as well as the rate 
of industrial growth and the development of the studied 
society were among the factors that affected air pollution 
levels in different countries [109], becoming an impor-
tant factor in the development of CVDs.

Based on the results presented in Table  3, the preva-
lence of CVDs attributed to air pollution has been inves-
tigated in a wide range of age groups. Researchers believe 
that the elderly are more susceptible to CVDs than other 
age groups due to physiological changes, smoking, seden-
tary lifestyle, and chronic exposure to air pollutants [110, 
111]. Studies revealed that CVD frequency increases sig-
nificantly after the 60 years of age, so the factor includes 
at least 40% of deaths in this age group [112].

Regarding the proposed mechanisms that implicate 
the association of air pollution with the occurrence of 
CVDs, air pollution was found to alter cardiovascular 
physiology, including heart rate and blood pressure [113], 
leading to an increased risk of IHD and stroke [61]. Air 
pollutants, specifically PM2.5, can enter the bloodstream 
after inhalation, causing systemic inflammation in the 
lungs and other organs [114, 115]. Furthermore, inhaled 
pollutants can activate lung sensory receptors, leading 
to an imbalance in the autonomic nervous system and 
increased catecholamine secretion [114, 115]. These 
changes can also trigger thrombosis, atherosclerosis, 
endothelial dysfunction, vasoconstriction, and elevated 
blood pressure [116, 117].

Hospitalization due to CVDs attributed to air pollution
The results of the present systematic review showed that 
CVDs were one of the three main factors that led to hos-
pital admissions as a result of exposure to air pollution. 
To date, numerous studies have explored the correlation 
between exposure to different levels of air pollutants and 
hospitalization [53–55]. In a time-series analysis of Xie 
et  al. [48] investigated the relationship between short-
term exposure to particulate matter (PM) and hospi-
talization costs of specific CVDs in China. The study 
concluded that exposure to PM2.5 could significantly 
increase hospital admissions and total costs of lower res-
piratory infections (LRI), coronary heart disease (CHD), 
and stroke.
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The results of a national study in the USA showed that 
long-term exposure to low levels of PM2.5 (8.7 μg/m3) can 
cause hospitalization of 208,113 patients with CVDs [53]. 
Also, Castillo et al. [49] in a case study estimated intra-
urban inequalities of exposure to this pollutant using 
mathematical models and datasets derived from North 
American satellites. The results obtained by them showed 
that inhalation exposure to levels of 10–17.1 μg/m3 PM2.5 
caused hospitalization of 840 patients with IHD and 89 
patients with stroke [49]. The results of these studies 
were consistent with the findings reported in China [46, 
48] and Taiwan [47].

From the available evidence, it seems that PM was 
related to changes in hemodynamics and body homeo-
stasis [118]. Exposure to PM was related to a decrease 
in heart rate variability and an increase in ventricular 
fibrillation, as well as higher plasma viscosity and heart 
rate acceleration, and even with myocardial infarction 
[119–121]. These effects may be clinically meaningful in 
patients with cardioverter defibrillators [122].

Studies have shown that exposure to inhalable pollut-
ants can lead to increased hospital admissions and stays 
in the intensive care unit [52, 123, 124]. In a study con-
ducted by Pothirat et  al. [44], they examined the acute 
impact of air pollution on daily hospitalizations and mor-
tality rates related to respiratory diseases and cardiovas-
cular complications in Thailand. Their results suggested 
that various pollutants could contribute to various types 
of cardiovascular complications in patients. Specifically, 
the study revealed a correlation between O3 content and 
emergency hospital visits due to HF, NO2 content and 
hospital admissions due to myocardial infarction, and 
SO2 content and hospitalizations due to cerebrovascular 
accidents (CVA) [44]. Another recent study showed that 
an increase of 10 μg/m3 NO2 resulted in a risk increase 
of 1.9% (RR: 1.019, 95% CI: 1.005 to 1.032) for hospital 
admissions for CVDs at lag 0–2 days. Specifically, the risk 
increased by 2.1% (1.021, 1.006 to 1.036) for hospitaliza-
tion due to IHD, and by 2.1% (1.021, 1.006 to 1.035) for 
hospitalization due to ischemic stroke [55].

However, this study did not find any significant rela-
tionship between NO2 and hospital admissions due to 
arrhythmias, HF, and hemorrhagic stroke [55]. Differ-
ences in the results of other studies might be due to the 
number of subjects, industrial development, and socio-
economic levels of the investigated populations.

Disability due to CVDs attributed to air pollution
The results of the studies included in this systematic 
review indicate that PM2.5 causes a two-fold increase in 
DALYs associated with CVDs. The 2015 GBD study iden-
tified PM2.5 as the cause of 4.2 million deaths and 103.1 
million DALYs worldwide [9], which is consistent with 

the results of the study by Sang et al. [73]. Research car-
ried out in 204 countries during the 1990–2019 period 
estimated that exposure to PM2.5 led to a two-fold 
increase in DALYs related to stroke and IHD, with IHD, 
stroke, and COPD being the three main causes of death, 
and DALYs attributed to this pollutant [73]. Furthermore, 
the European Environment Agency (EEA) reported 
63,100 deaths and 710,900 years of YLL attributed to 
PM2.5 in Germany in 2018 [125]. Meanwhile, Lelieveld 
et  al. [67] investigated the burden of CVDs attributed 
to PM2.5 in 28 European countries and revealed 14 mil-
lion YLL, which is 19.7 times more than reported in EEA 
statistics.

The contribution of non-renewable energy sources to 
PM2.5 emission and pollution, especially in urban areas, 
is undeniable. According to the Lancet report (2023), 
Asia accounted for 77% of all deaths attributed to fuel-
related particulate matter, with 1.3 million deaths. Asia, 
where 43% of its total energy is coal-fired, has the highest 
mortality rate from coal-derived PM2.5 among other con-
tinents (11 deaths per 100,000 people) [12]. Europe, by 
adopting air quality control measures, saw a 5.2% reduc-
tion in the share of coal-derived energy during 2005, 
reducing mortality rates related to ambient PM2.5 by 36%, 
44% of this is a result of the reduction of pollution attrib-
uted to coal. However, Europe in 2020 had the highest 
death rates from outdoor PM2.5 pollution (69 deaths per 
100,000 people) and dirty energy sources, such as bio-
mass and fossil fuels (38 deaths per 100,000 people) [12].

So far, many studies on a national and international 
scale have shown the increase in disability cases associ-
ated with CVDs in recent years. Feigin et al. [70] in their 
systematic analysis on the global, regional, and national 
burden of stroke during the years 1990–2019 revealed 
that exposure to levels higher than 8.8 μg/m3 PM2.5 
caused 28.7 million DALYs worldwide [70], which was 
consistent with the results obtained by Sang et  al. [73]. 
When examining the global burden of disease attribut-
able to ambient PM2.5 in 204 countries, Sang et  al. [73] 
concluded that the DALY index for stroke increased from 
18 million in 1990 to 35 million in 2019 (approximately 
a two-fold increase) [73], but on the other hand, some 
studies have produced contradictory results.

The study by Campos Caldeira Brant et al. [59] found 
that the DALY rate associated with exposure to PM2.5 
for Brazilian residents in 2019 was 336 years, reflecting a 
75% decrease compared to the DALY rate in 1990. Simi-
lar results were found in the study of Rueda et al. [85] on 
the burden of diseases caused by PM2.5 in the Kingdom of 
Saudi Arabia (KSA) [85], which showed that DALY and 
YLL caused by IHD increased by approximately 3 and 
1.2 times, respectively, during the years 1990–2010 and 
2010–2017. The YLD of IHD also increased markedly by 
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3294.35 times from the value of 201 in 1990 to the value 
of 662,167 in 2010 [85]. The extensive use of fossil fuels, 
the development of industry and refineries, and proxim-
ity to the Great Arabian desert, which is the main source 
of natural PM [126], resulted in the increased disability 
caused by CVDs as the consequence of exposure to PM.

However, significant technological advances and the 
implementation of global corrective measures were able 
to have a positive impact on improving the health of com-
munities in these countries by increasing the employ-
ment rate in the clean energy sector, as well as green 
lending by the World Bank and regional development 
banks. Furthermore, the significant increase in invest-
ment in the renewable energy sector in recent years has 
led to an important step towards achieving a reduction 
in fossil fuel consumption. The increase in the investment 
rate in 2022 was 15% compared to 2021 and 51% com-
pared to 2015. Reduction in the usage of non-renewable 
fuel sources caused the decrease in exposure to air pol-
lutants and related adverse health effects [127–129].

The occurrence and development of CVDs is a com-
plex health issue influenced by several factors, including 
difficult to control variables, such as traffic noise, daily 
stress, lifestyle, and regional customs [130, 131]. Accord-
ing to what was said, although the increase in PM2.5 levels 
has been associated with an increase in cases of disability 
caused by exposure to this pollutant, the reason for the 
decrease in the DALY rate reported in the Brazilian [59] 
and Saudi Arabia [85] studies can be attributed to the 
aforementioned factors.

Mortality due to CVDs attributed to air pollution
Investigation of the included studies showed that expo-
sure to different levels of air pollutants, especially PMs, 
has a direct relationship with the increase in CVDs mor-
tality. The findings of this systematic review are con-
sistent with the results published by the WHO in 2016, 
which reported that 74% of global deaths (2,161,550 
cases) attributed to air pollution were related to CVDs, 
particularly stroke and IHD [132]. In the study on the 
global burden of CVDs in India, air pollution was iden-
tified as the main cause of approximately one third of 
CVDs incidences, namely 31.1% (UI 29.0–33.4) during 
the years 1990–2016, resulting in a total mortality rate of 
28.1% (95% UI 26.5–29.1) [7]. Furthermore, the study by 
Lelieveld et al. [67] showed that ambient air pollution in 
Europe was responsible for approximately 790,000 deaths 
per year (95% confidence interval [95% CI] 645,000–
934,000), of which 40–80% occurred due to cardiovas-
cular events. Furthermore, eliminating greenhouse gas 
emissions from fossil fuels could reduce annual death 
rates in Europe by 434,000 (95% CI 355,000–509,000) 
cases [67].

Anthropogenic activities cause emissions of man-
made greenhouse gases (GHGs) such as hydrofluoro-
carbons (HFCs), perfluorocarbons (PFCs), and sulphur 
hexafluoride (SF6), as well as increases in natural GHGs 
such as carbon dioxide (CO2), nitrous oxide (N2O), meth-
ane (CH4), and water vapour. The rate and the amount of 
GHGs emissions in recent decades has led to the global 
issue of climate change and the implementation of vari-
ous measures to mitigate this environmental problem. 
One of the most important global actions is the Paris 
Agreement [11], which was ratified in 2015 at the United 
Nations Climate Change Conference (COP21) in Paris, 
France by 196 countries, representing 95% of the coun-
tries responsible for anthropogenic greenhouse gas emis-
sions. The Paris Agreement priority goal is to keep the 
average global temperature increase below 2 ºC above 
preindustrial levels (the preferable limit of 1.5 ºC). This 
can be achieved only by significant reductions in all 
GHGs emissions. The success in achieving this objec-
tive depends on the reduction of industrial activities with 
high pollutant emissions, the use of Best Available Tech-
nologies (BATs) in the production of vehicles to reduce 
pollutant emissions, the encouragement of the produc-
tion and usage of electric vehicles, the use of clean fuels 
instead of fossil ones, in combating deforestation and 
increasing the forest cover. The latter is considered to be 
a very effective solution in reducing air pollution and the 
related burden of diseases [11]. Furthermore, the ana-
lyzed studies indicated that the reduction in air pollution 
is estimated to prevent many of the current 3.3 million 
deaths resulting from exposure to anthropogenic PM2.5 
[12].

For example, the national cohort study from the USA 
with a six-year follow-up revealed that the increase of 1 
μg/m3 in the mean annual concentration of PM2.5 was 
associated with an increase in the rate of cardiovascu-
lar events (hazard ratio HR, 1.02 [95% CI, 1.01–1.02]) 
and specific mortality (HR, 1.02 [95% CI, 1.02–1.03]) of 
associated CVDs [53]. These results suggest that chronic 
exposure to particulate matter, even at relatively low lev-
els, has a potential positive association with CVDs and 
mortality, especially for chronic diseases.

Toxicological studies revealed that PM10 and PM2.5 can 
cause lung inflammation, oxidative stress, and cytotox-
icity, leading to cardiovascular damage and even death 
[133, 134]. Some researchers argue that exposure to PM2.5 
causes higher cytotoxicity than exposure to PM10 [135]. 
Previous studies also reported a significant relationship 
between exposure to O3 and cardiovascular morbidity 
and mortality [62, 78, 82]. Yin et al. [34] investigated 272 
cities in southern China and found that the increase by 
10 µg/m3 in the maximum 8-h O3 concentration led to a 
0.66% (95% CI: 0.02%, 1.30%) increase in daily mortality 
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due to hypertension in the general local population. Sim-
ilar results were presented in the study by Li et al. [84] on 
the short-term effects of exposure to environmental NO2.

Costs due to CVDs attributed to air pollution
The increase in morbidity, disability, and death caused by 
CVDs attributed to air pollution imposes huge costs on 
governments involved in this environmental dilemma. 
Several studies have investigated the economic losses 
associated with chronic exposure to ambient air pollu-
tion [136, 137], but only a few examined the related eco-
nomic burden (Table 5) [46, 48, 52, 56]. The results of the 
surveys showed that exposure to different levels of pol-
lutants could increase health costs, reduce labor supply, 
and cause job losses. Short-term exposure to air pollut-
ants was found to increase hospital admissions due to 
cardiorespiratory diseases, causing the government to 
significantly increase the costs spent on public health 
[123, 138, 139]. According to Xie et al. [48], the estimated 
costs associated with the most common CVDs related to 
short-term exposure to PM2.5 (49.7 μg/m3) were 220 mil-
lion CNY (US$ 30.4 million) for LRI, 458 million CNY 
(US$ 63.2 million) for CHD, and 410 million CNY (US$ 
56.6 million) for stroke. These numbers represented 
1.45–2.05% of all hospital admission costs [48]. Workday 
loss related to CVDs due to exposure to air pollution cal-
culated by Yao et al. [56] revealed that NO2 with a con-
centration of 30.23 μg/m3 caused the highest economic 
burden (604.02 billion CNY or US$ 83.04 billion), while 
SO2 with a level of 18.14 μg/m3caused the lowest (195.28 
billion CNY or US$ 27.9 billion). Yip et al. [140] revealed 
in their studies a four-fold increase in government health 
expenditures for health care from 2008 to 2017, which is 
consistent with the study of Dobkin et al. [141]. Hospital 
admissions can significantly increase out-of-pocket med-
ical expenses, unpaid medical bills, reduced income, and 
even bankruptcy [141]. Direct costs will be much higher 
considering also outpatient visits.

From the available evidence, it appears that air pollu-
tion plays a very significant role in increasing the eco-
nomic costs of the health system. The monetary costs of 
premature deaths attributed to air pollution in 2020 were 
estimated at 2.2 trillion US dollars, which was equivalent 
to 2.4% of the gross world product [12].

Although many efforts have been made to solve this 
global environmental issue, attempts to maintain peo-
ple’s health and safety have so far been insufficient and 
unfair [142]. Obviously, some actions during recent years 
also played an important role in neutralizing the correc-
tive measures. The demand for economic recovery after 
the COVID-19 pandemic crisis, the war outbreak in 
Ukraine in 2021, the subsequent imposition of economic 
sanctions and the disruption of oil and gas supplies, and 

extreme weather events after the El Niño phenomenon 
in 2023, has affected energy production and caused dra-
matic price increases. Unfortunately, it also caused the 
return to fossil fuels in many anthropogenic activities and 
new sources of oil and gas prospecting [143, 144]. The 
increase in energy prices caused significant profits for oil 
and gas companies ($4 trillion in 2022 versus an average 
of $1.5 trillion in the previous years), resulting in a fur-
ther decrease in the company’s adherence to the imple-
mentation of the Paris Agreement [145–147].

Furthermore, the gradual elimination of fossil fuels 
and the transition to clean and renewable energy have 
become a significant challenge due to several reasons. 
Among these reasons are a 10% increase in global invest-
ment in fossil fuels in 2022, direct net subsidies provided 
by governments, and an increase in bank lending to the 
fossil fuel sector by the top 55% of private banks [148, 
149]. These conditions were associated with imposing a 
high economic and health burden and a high death rate 
attributed to air pollution, especially for local popula-
tions, making countries with abundant natural renewable 
energy resources, such as Africa, Asia, and South and 
Central America, lag in the transition to clean energy. 
Therefore, it is crucial to achieve equality in access to 
clean fuel technologies, to support sustainable develop-
ment, to reduce global inequalities, and as a result, to 
achieve global health goals.

Providing green energy transfer subsidies and increas-
ing lending to the renewable energy sector are required 
and undertaken to reduce air pollution and greenhouse 
gases in low-HDI countries. Among these, the following 
efforts are vitally important to achieve the goals of reduc-
ing air pollutants and also reducing the costs imposed 
on the health system: Efforts to 1) improve sustainable 
city design and spatial management focusing on health 
issues; 2) reduce pollutant emissions from buildings, and 
increase the flexibility of communities in the face of cli-
mate risks; and 3) encourage governments to develop 
electric public transportation and impose strict tax laws 
for companies in case of violation of emission laws.

In addition, it can be very useful to take advantage of 
artificial intelligence-based long-term estimators and 
policymakers that have recently been developed to 
address challenging health problems [150]. The use of 
this tool can help to estimate future losses, determine 
and prioritize effective interventions and determine the 
most optimal conditions for applying interventions.

Our study revealed multiple strengths. First, to our 
knowledge, it was the first systematic review exploring 
the global burden of CVDs related to air pollution. Sec-
ond, we conducted a systematic search without restric-
tions on publication date, study type, or countries 
under review, except for the language of the studies 
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(only English). This approach allowed us to examine 
more studies, to analyze ample data, and to conclude 
on the air pollution in the burden of CVDs worldwide. 
However, since we did not have access to the full text of 
certain studies that met the eligibility criteria (7 stud-
ies), we are aware that it could affect the global picture 
of the conclusions presented in this systematic review.

Conclusion
Ambient air pollutants, especially PM2.5, are known 
to trigger the occurrence of CVDs. Hypertension was 
revealed to have the highest prevalence, while coronary 
heart disease was documented to have the lowest prev-
alence among other types of CVDs caused by air pollu-
tion. Based on the reviewed studies, CVDs were shown 
to be one of the three main factors that lead to hospi-
tal admissions as a result of exposure to air pollution. 
Furthermore, disabilities such as DALY, YLD, and YLL 
caused by CVDs, particularly stroke and IHD, increased 
significantly as a consequence of the ambition of the 
countries to improve the degree of industrialization. 
Thus, related air pollution is higher for obvious reasons 
in low- and middle-income and developing countries. 
Moreover, the consequence is not only environmental 
pollution itself, but also the significant number of CVD 
cases and deaths in the global population. In terms of 
economic burden, there was a lack of comprehensive 
research on the economic impact of CVDs due to air 
pollution. This indicates either an underestimation of 
the impact of this risk factor or a gap in research efforts. 
Although it is evident that CVDs linked to air pollut-
ants impose a substantial constraint on public health, 
delve into this aspect could potentially offer a strategic 
vantage point for mitigating the burden of CVDs.
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