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Abstract

:

Context: Airborne particulate matter (PM) attracts heightened attention due to its implication in various diseases, especially cardiovascular diseases. Although numerous epidemiological studies have been published worldwide in developing countries on risks associated with exposure to PM, such studies are still scarce in developing countries such as Saudi Arabia. Objective: To examine the association between the concentration of airborne particulate matter (PM) and hospital admissions resulting from cardiovascular diseases (CVD) in the Eastern Region of Saudi Arabia, specifically in the cities of Dammam and Khobar. Methodology: The daily concentrations of PM10 and PM2.5 were obtained from 10 monitoring stations distributed around the two hospitals. There was an examination of the discharge data of patients diagnosed with cardiac arrhythmias, acute myocardial infarction, and heart failure as their primary diagnoses. The data were obtained from two big governmental hospitals in the Eastern Region. The primary cause of hospital admission of 259 patients was identified as acute cardiac condition. Results: For PM10 and PM2.5, the 24 h mean was calculated as 101.2 and 37.1 µg/m3, respectively; such means are considered higher than the Air Quality Guidelines (AQGs). We found evidence of an increased risk of cardiovascular events for long-term exposure to PM2.5–10 concentrations, and a correlation with the IHD hospital admission within 6 days of the peak PM10 or PM2.5 concentration. In addition, the increased PM2.5 concentration also had a correlation with hospital admissions; however, analysis shows an increase in mortality at lag1, lag2, and lag3 prior to hospital admission. Conclusions: Hospital admissions for several cardiovascular diseases acutely increase in response to higher ambient PM concentrations. It is recommended that residents need to use personal protection, especially those residents with cardiovascular disease, while the government needs to strengthen the governance of air pollution in areas with lighter air pollution.
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1. Introduction


Cardiovascular diseases (CVDs) are the leading cause of mortality and a major health burden in both developed and developing countries [1,2]. Many epidemiological studies have demonstrated the association of air pollution with hospital admissions for cardiovascular diseases and cardiovascular mortality [3]. Airborne particulate matter (PM) has been defined as a combination of organic and inorganic substances that normally invokes negative effects on the respiratory, renal, and cardiac systems. Airborne particulates have common derivatives that have also been known to impact the immune system, such as smoke, soot, liquid droplets, and dust. Industrialization, as a global phenomenon, continues to play an essential role in the escalating pollution rates, which have been found consequentially to have a direct association with various modalities [4,5].



As of late, volumes of research have pinpointed air pollution as a leading environmental problem, and this problem is speculated to continue manifesting its adverse effects on the conditions of human health and life due to increased industrialization [4,5]. Findings from both epidemiological and clinical studies have identified exposure to air pollutants, particulate matter (PM) included, as being connected with higher numbers of hospital admissions and mortalities. This linkage is drawn from the examined relationship between exposure to particulate matter (PM) and the development of cardiovascular diseases [6,7,8]. Based on reports issued by the World Health Organization (WHO), global premature deaths associated with air pollution amounted to almost half [9]. This is almost double all previous estimations over the past 20 years. Based on the Global Burden of Disease Project conducted by the State of Global Air in collaboration with the Health Effects Institute and the Institute for Health Metrics and Evaluation, exposure to air pollution is a leading mortality cause among children. Furthermore, air pollution has been associated with the mortality rate among adults due to its linkage with ischemic heart disease (40%), cardiac stroke (40%), chronic obstructive pulmonary disease (COPD) (11%), lung cancer (6%), and acute lower respiratory infections (3%) [10].



PM is a combination of solid and liquid particles emitted from various man-made sources such as vehicles, industrial and domestic activities, wood burning, construction sites, and smoking. Other natural sources include forest fires, dust blowing from desert areas, and climate variations [11,12,13]. PM also differs in size depending on their diameter. Particulate matter with particles less than 10 microns (m) in diameter are called PM10. They are either classified as coarse particles (PM2.5–PM10), fine particles (PM2.5), or ultrafine particles (UFPs diameter < 0.1 m) [11,14,15]. PM10 has a great effect on human health because these particulates ultimately enter the lung parenchyma [16]. The abundance of PM in air can globally increase the occurrence of acute cardiovascular diseases among susceptible individuals in different ways. Additionally, PM can instigate a number of detrimental biological effects, such as systemic inflammation, that result in increased cardiovascular risk [17].



Several studies have concluded that there are long- and short-term associations between exposure to PM10 and increased susceptibility to the development of cardiovascular cases [18]. A cumulative study in several US cities revealed that each 10 µg/m3 increase in PM10 concentration enhances hospital admissions due to cardiovascular diseases and pneumonia [19]. A significant relationship has been identified between exposure to ambient PM and an increased number of daily deaths. Exposure to PM has been investigated as a cause of mortality due to lung cancer (5%) and cardiopulmonary complications (3%). The average life expectancy is likely to increase in the polluted area if the concentration of PM2.5 is decreased to its annual level [20]. The low concentration of PM can easily be translocated into the bloodstream causing cumulative toxicity. The development of cumulative toxicity deteriorates among patients suffering from coronary heart disease due to an increased need for oxygen in such conditions.



The objective of this study was to identify the relationship between airborne particulate matter (PM) and hospital admissions due to cardiovascular diseases in the cities of Dammam and Khobar.




2. Material and Methods


This study recruited the residents of Khobar City admitted to King Fahad University Hospital (latitude and longitude: 26.29973, 50.1896) and Dammam City admitted to King Fahad Military Medical Complex (latitude and longitude: 26.32212, 50.02061), as shown in the site map (Figure 1). Hospital discharge data were obtained from both hospitals for patients admitted with principal diagnoses of cardiac arrhythmias, acute myocardial infarction, or heart failure. Patients for whom the area of residence was not identified, residents of areas other than Dammam, Khobar, and Dhahran, and patients younger than 18 years were excluded. The two selected hospitals are both big governmental hospitals and receive hundreds of patients from all areas of the Eastern Province of Saudi Arabia. Based on our selection criteria, we excluded a high number of patients and approved all patients who met those criteria. Information about age, sex, nationality, and lipid profile were also obtained for a more thorough analysis.



The measurement and recording of PM10 and PM2.5 levels were performed by the Horiba APDA-371 Continuous Particulate Monitor, which operates through the aggregation of particulates on a glass-fiber filter [21], using the beta attenuation principle. Carbon-14 (C14) represented an uninterrupted source of high-energy electrons (beta rays), which attenuated as they collided with the glass-fiber filter. The beta rays were detected and counted by a sensitive scintillation detector to determine a zero reading. The monitor was calibrated and the zero testing of blank filter paper was performed at the beginning and end of the measurement period for quality control. The monitoring process was conducted at different selected locations in three cities of the Eastern Province of the Kingdom of Saudi Arabia (KSA): namely, Dammam, Khobar, and Dhahran. There were 10 air quality monitoring sites distributes in the three cities. Daily air quality monitoring data were provided by the 10-air quality monitoring sites, covering two different periods, from January to December 2014 and from July to December 2015. These periods were classified into two categories: cold and hot seasons. The cold season includes six months (from October to March), while the hot one includes the other six months of the year (April to September).



A time-stratified case-crossover study design with conditional logistic regression was used to evaluate the short-term effect of PM10 and PM2.5 on the risk of hospitalization for heart failure, cardiac arrhythmias, and acute myocardial infarction. This design was originally adopted by Maclure et al. (1991) to study the relationship between short-term exposure to air pollution and acute events [22]. The same design was also utilized to examine the relationship between exposure to air pollution and mortality [23], as well as cardiac arrest [24]. This design has also used certain cases, and compared patient exposure immediately prior to the acute event with exposure during alternative periods of time. This design allows for the controlling of the effects of confounding factors through measured and non-measured characteristics that are expected to remain relatively constant when observed over a short time interval, for example, gender, age, smoking, and socio-economic status. For the purpose of applying this design, PM10 and PM2.5 levels were recorded prior to hospital admission and at referent periods. The study used 28-day strata and the referent periods were considered as periods of 7, 14, and 21 days either before or after the index day. Conditional logistic regression was used to produce the risk estimates in the form of odds ratio and 95% CI of hospitalization per 10 mg/m3 increase in PM10 and PM2.5. The case-crossover models were run separately for each particulate.




3. Results


Table 1 indicates the patient demographic and season characteristics. The primary cause of hospital admission among 259 patients was identified as acute cardiac condition. Of the 259 patients, 133 (51.4%) had ages ranging between 40 to 59 years, 207 (80%) were Saudi, 195 (75.3%) were male, and 138 (53.3%) were smokers. On the other hand, 131 (50.6%) patients were admitted to hospital during the hot months (April to September).



Table 2 provides complete information about descriptive statistics for PM2.5, in relation to patient demographic and season characteristics. The mean daily level was 37.1 µg/m3, with a range of 0.96 to 302.8 µg/m3. The 25th, 50th, and 75th percentiles of all values in the sample were arranged from small to large, respectively. Females were exposed to slightly higher levels of PM2.5 (36.1 µg/m3) than males (33.6 µg/m3). The mean daily level of PM2.5 during the cold season (42.4 µg/m3) was higher than that of the hot season (26.2 µg/m3).



Table 3 provides complete information about descriptive statistics for PM10, in relation to patient demographic and season characteristics. The mean daily level was 101.2 µg/m3, with a range of 1.4 to 576.6 µg/m3. Similarly, females were exposed to slightly higher levels of PM10 (36.1 µg/m3) than males (33.6 µg/m3). The mean daily level of PM10 during the cold season (97.4 µg/m3) was higher than that of the hot season (88.1 µg/m3).



The lag effect describes the likelihood that we will better recall information when time between repeated exposure to that information increases. The lag effect demonstrates that successive repetition is not the most effective way to retain information. Table 4 and Table 5 present the matched odds ratio (OR) and 95% confidence interval (CI) for hospital admission with every 10 µg/m3 increase in the 24 h mean of PM10 and PM2.5 applying lag0 to lag6, respectively. No significant association was found at any of the lag times at a 5% significance level.



Figure 2 shows the relationship between PM10-2.5 concentration and patients’ mortality. There is an increase in mortality at lag1, lag2, and lag3 before admission to the hospital, while there is a gradual decline after admission. A 10 μg/m3 increase in PM10-2.5 was associated with a 0.5% to 1.1% increase in cardiovascular disease admissions.




4. Discussion


The most recent WHO outdoor air quality guidelines (AQGs) indicate that safe annual and 24 h levels of PM2.5 are 5 μg/m3 and 15 μg/m3, respectively, while for PM10, the AQGs are 15 μg/m3 as the annual mean and 45 μg/m3 as the maximum 24 h mean [12]. During our study, the 24 h mean levels of PM2.5 and PM10 were 37.1 and 101.2 µg/m3, respectively, which were much higher than the AQGs.



Short-term air pollution exposure has been associated with CVD events [25,26]. In our study, we found evidence of an increased risk of cardiovascular events for long-term exposure to PM2.5–10 concentrations, and a correlation with the IHD hospital admission within 6 days of the peak PM10 or PM2.5 concentration. Our results were in accordance with many similar previous studies. For example, Li et al. [27], in a case-crossover study in eight large Chinese cities, found that an increase of 10 μg/m3 in the 2-day moving average concentrations of PM10 was significantly associated with increases of daily CHD mortality. Chang et al. [26], in a case-crossover study in Taiwan from 2006–2010, revealed that higher levels of PM2.5 enhance the risk of hospital admissions for CVD on cool days (<25 °C). Zhao et al. [28], in a time-series study of 56,940 outpatients in China, concluded that a 10 μg/m3 increase in the present-day concentrations of PM10 corresponded to increases of 0.56% in outpatient arrhythmia visits. A similar recent Chinese study [29] established a positive strong correlation between levels of PM (47.5 μg/m3 for PM2.5 and 76.9 μg/m3 for PM10) and the number of hospital admissions resulting from cardiac arrhythmia. Another similar study in Ontario, Canada, indicated that a 13 µg/m3 increase in PM was responsible for a rise in hospital admissions linked to respiratory and cardiovascular diseases [30]. In the Chinese study, strong evidence was found linking PM2.5 to a significant increase in total, cardiovascular, and respiratory mortality [31,32].



In contrast to short-term studies, long-term cohort studies suggested higher relative risk because they capture accumulative health repercussions resulting from extended exposure to air pollutants [33]. In the US, revised analyses of the National Morbidity, Mortality, and Air Pollution Study, based on data from 90 cities, revealed that for every 10 µg/m3 increase in PM10 in ambient air, a 0.41% increase in total mortality was observed [34]. Zhou et al. [35], in a prospective cohort study of 71,431 middle-aged Chinese men, found that each 10 μg/m3 PM10 was associated with a



1.8% increased risk of cardiovascular mortality. Extended exposure to elevated PM levels was found to significantly increase morbidity [36,37]. A large-scale study in six US cities indicated significant associations between the concentration levels of PM2.5 and lung cancer, as well as with cardiopulmonary mortality [38]. The American Cancer Society (ACS) conducted a study over 8 years that included 150 US cities. The study revealed a risk ratio of 1.17% for all-cause mortality associated with increased levels of PM2.5 in the air with each 10 µg/m3 increase [38,39].



In our study, an elevation of PM2.5 was associated with an increase in mortality at lag1, lag2, and lag3 prior to hospital admission. Numerous studies of mortality in the short-term found that an increase in deaths on a daily basis was associated with increased air pollution levels. A study that involved 32 European cities (APHEA Project: Air Pollution and Health: A European Approach) posited that a 10 µg/m3 increase in ambient concentrations of PM10 resulted in a 0.7% increase in death rate [40]. In Coachella Valley, California, for every 10 µg/m3 increase in PM10 concentration, a 1% increase in total mortality was observed [41]. In addition, several cohort studies tracked long-term exposure to air pollution over several years among large sample sizes, and examined its association with mortality [42]. The large-scale Harvard Six Cities Study, based on a 14-to-16-year mortality follow-up of 8111 adults in six US cities, demonstrated a strong relationship between the levels of PM2.5 and lung cancer, as well as cardiopulmonary mortality [43]. A follow-up on the HSCS concluded that per 10 µg/m3 increase in PM2.5 concentration, the relative risk of mortality increases by an average of 16% [44]. Therefore, this study needs an extended follow-up to thoroughly capture the correlation of air pollution with cardiac disease mortality and morbidity. A 2013 meta-analysis found that a 10 µg/m3 increase in long-term PM2.5 was associated with an 11% increase in the risk of cardiovascular mortality [45]. Notably, the relative risks of cardiovascular mortality have varied widely in individual studies, with some studies reporting strong effects with hazard ratios of 1.76 (95% CI, 1.25–2.47), 1.48 (95% CI, 1.46–1.49), and 1.54 (95% CI, 1.12–2.10) [46,47], while other studies reported much weaker or null effects [48,49,50].




5. Study Limitations


The actual and accurate data of patient residency may pose as a limitation, since patients may reside in Khobar or Dammam but commute to work in other areas. Due to the limited number of participating hospitals and medical centers in this study, the sample size is considered to be small. The study has only correlated the data of air pollution to IHD admission due to the lack of admission diagnoses in previous hospitalization episodes at other facilities. Therefore, an extended follow-up study is suggested.




6. Conclusions


Our study revealed that the 24 h mean of PM10 was 101.2 µg/m3 and of PM2.5 was 37.1 µg/m3; according to WHO guidelines, these values are much higher than the acceptable concentration. We found evidence of an increased risk of cardiovascular events for long-term exposure to PM2.5–10 concentrations and a correlation with IHD hospital admission within 6 days of the peak PM10 or PM2.5 concentration. In addition, the increased PM2.5 concentration also had a correlation with hospital admissions; however, analysis showed an increase in mortality at lag1, lag2, and lag3 prior to hospital admission. Hospital admissions for several cardiovascular diseases acutely increase in response to higher ambient PM concentrations. The evidence further implicates prolonged exposure to elevated levels of PM in reducing overall life expectancy by the order of a few years. Numerous findings indicate that even a few hours to weeks of short-term exposure to PM particulates can trigger CVD-related mortality and events, especially among susceptible individuals at great risk, including the elderly or patients with preexisting coronary artery disease. Therefore, it is recommended that residents need to use personal protection, especially those with cardiovascular disease and in pollution weather, thereby reducing the adverse effects of PM on health. The government still needs to strengthen the governance of air pollution in areas with lighter air pollution.
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Figure 1. King Fahad University Hospital at Khobar City (26.29973, 50.1896) and King Fahad Military Medical Complex at Dammam City (26.32212, 50.02061); geographic coordinates of the origin shown on the images is (26°18′39″ N 50°06′18″ E); screenshot Google Earth version Imagery date 18 June 2021. 
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Figure 2. Percent increase in cardiovascular mortality associated with increase of PM2.5. 
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Table 1. Study population characteristic (n = 259).
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	Characteristics
	No (%)





	Age
	Mean (SD)



	  - ≤40
	22 (8.5)



	  - 40–59
	133 (51.4)



	  - ≥60
	104 (40.1)



	Nationality
	Mean (SD)



	  - Saudi
	207 (80)



	  - Non-Saudi
	52 (20)



	Sex
	Mean (SD)



	  - Male
	195 (75.3)



	  - Female
	64 (24.7)



	Smoking
	Mean (SD)



	  - Yes
	138 (53.3)



	  - No
	121 (46.7)



	Season
	Mean (SD)



	  - Cold (December to March, inclusive)
	128 (49.4)



	  - Hot (April to September, inclusive)
	131 (50.6)
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Table 2. Air pollution statistics for PM2.5 in relation to patient demographic and season characteristics.
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Variable

	
Mean

	
Minimum

	
25th Percentile

	
50th Percentile

	
75th Percentile

	
Maximum






	
Air pollution




	
24 h mean PM2.5 µg/m3

	
37.1

	
0.96

	
16.3

	
29.3

	
46.7

	
302.8




	
Patient Characteristics




	
Female

	
36.1

	
1.6

	
17.7

	
27.8

	
41.2

	
245.0




	
Male

	
33.6

	
0.99

	
19.4

	
29.6

	
44.3

	
265.9




	
Age 20–≤40

	
33.0

	
8.7

	
18.1

	
29.0

	
51.7

	
69.8




	
Age 40–≤60

	
35.5

	
0.99

	
19.7

	
29.3

	
46.6

	
266.0




	
Age > 60

	
32.8

	
1.6

	
17.7

	
29.3

	
39.2

	
245.0




	
Season




	
Cold

	
42.4

	
12.5

	
27.8

	
34.3

	
50.5

	
266.0




	
Hot

	
26.2

	
0.99

	
12.4

	
20.3

	
33.6

	
143.8











[image: Table] 





Table 3. Air pollution statistics for PM10 in relation to patient demographic and season characteristics.






Table 3. Air pollution statistics for PM10 in relation to patient demographic and season characteristics.





	
Variable

	
Mean

	
Minimum

	
25th Percentile

	
50th Percentile

	
75th Percentile

	
Maximum






	
Air pollution




	
24 h mean PM10 µg/m3

	
101.2

	
1.4

	
37.9

	
78.2

	
144.1

	
576.6




	
Patient Characteristics




	
Female

	
36.1

	
1.6

	
39.1

	
71.3

	
143.9

	
245.0




	
Male

	
33.6

	
0.99

	
44.0

	
76.2

	
121.0

	
265.9




	
Age 20–≤40

	
33.0

	
8.7

	
36.3

	
85.3

	
130.1

	
69.8




	
Age 40–≤60

	
35.5

	
0.99

	
44.8

	
72.5

	
121.9

	
266.0




	
Age > 60

	
32.8

	
1.6

	
39.1

	
72.4

	
134.3

	
245.0




	
Season




	
Cold

	
97.4

	
22.0

	
51.2

	
79.9

	
107.5

	
576.6




	
Hot

	
88.1

	
2.2

	
32.6

	
61.6

	
144.2

	
379.0
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Table 4. Association of 24 h air pollution concentration of PM10 and hospital admission for patients with ischemic heart disease.
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Lag

	
All Year

	
Season (Cold)

	
Season (Hot)




	

	
OR

	
95% CI

	
OR

	
95% CI

	
OR

	
95% CI






	
0

	
1.001

	
0.981, 1.02

	
1.011

	
0.985, 1.041

	
0.987

	
0.956, 1.021




	
1

	
0.975

	
0.952, 0.997

	
0.978

	
0.948, 1.014

	
0.970

	
0.937, 1.002




	
2

	
0.988

	
0.967, 1.013

	
0.983

	
0.954, 1.013

	
0.993

	
0.962, 1.032




	
3

	
0.996

	
0.998, 1.012

	
1.001

	
0.979, 1.021

	
0.987

	
0.957, 1.022




	
4

	
0.994

	
0.975, 1.010

	
0.992

	
0.968, 1.022

	
0.995

	
0.965, 1.031




	
5

	
0.990

	
0.969, 1.010

	
0.992

	
0.964, 1.020

	
0.987

	
0.958, 1.023




	
6

	
0.997

	
0.995, 0.999

	
0.966

	
0.932, 1.001

	
0.982

	
0.949, 1.021








OR: odds ratio; CI: confidence interval.













[image: Table] 





Table 5. Association of 24 h air pollution concentration of PM2.5 and hospital admission for patients with ischemic heart disease.
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Lag

	
All Year

	
Season (Cold)

	
Season (Hot)




	

	
OR

	
95% CI

	
OR

	
95% CI

	
OR

	
95% CI






	
0

	
0.989

	
0.936,1.04

	
1.01

	
0.952, 1.08

	
0.945

	
0.862, 1.04




	
1

	
0.956

	
0.905, 1.01

	
0.967

	
0.903, 1.03

	
0.940

	
0.859, 1.03




	
2

	
0.998

	
0.993, 1.00

	
0.984

	
0.919, 1.05

	
0.968

	
0.899, 1.04




	
3

	
1.00

	
0.997, 1.00

	
1.01

	
0.966, 1.06

	
0.996

	
0.929, 1.07




	
4

	
0.988

	
0.994, 1.00

	
0.999

	
0.953, 1.05

	
0.948

	
0.874, 1.03




	
5

	
0.998

	
0.993, 1.00

	
1.02

	
0.956, 1.08

	
0.934

	
0.862, 1.01




	
6

	
0.960

	
0.912, 1.01

	
0.950

	
0.882, 1.02

	
0.973

	
0.902, 1.05
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