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Abstract

:

In this study, the AirQ+ software proposed by the World Health Organization (WHO) was applied in order to assess the health endpoints associated with the long-term exposure to PM2.5 in Attica Region, Greece. For this purpose, we analyzed the daily average concentrations of PM2.5 registered by the air quality monitoring stations in the region, from 1 January 2007 to 31 December 2018. Although there was a decreasing trend in PM2.5 concentrations levels, the levels of PM2.5 exceeded the AQG (Air Quality Guidelines) limit value (annual value: 5 μg/m3) established by the WHO. The findings revealed that the burden of mortality (from all-natural causes) at people above 30 years old associated with PM2.5 exposure was 4752 [3179–6152] deaths in 2007 and 2424 [1598–3179] deaths in 2018. In general, the attributable mortality from specific causes of deaths (e.g., lung cancer, IHD (ischemic heart diseases) and stroke) in people above 25 years old decreased between the years, but the mortality from COPD (chronic obstructive pulmonary diseases) was stable at 146 [79–220] deaths in 2007 and 147 [63–244] deaths in 2018. We also found differences in mortality cases from IHD and stroke among the age groups and between the years 2007 and 2018.
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1. Introduction


Air pollution constitutes one of the most pressing environmental health issues facing contemporary societies [1,2]. Among ambient air pollutants, particulate matter (PM) is considered to be the air pollutant with the greatest health concern [3]. PM is a complex mixture of solid and/or liquid particles suspended in the air and varies in size and composition. The sources of PM may be anthropogenic or natural. The anthropogenic sources of PM include residential heating and biomass combustion, industrial emissions and combustion byproducts from incinerators, road transport and exhaust emissions from the internal combustion engines in motor vehicles as well as emissions from energy (power plants and refineries) and manufacturing industries [4]. As for natural sources, PM is emitted from volcanic eruptions, wild-land fires, windblown dust from arid and semi-arid regions [4]. Additionally, PM may include biological organisms (e.g., pollen, spores, bacteria, and fungi) [5].



PM comes in a wide range of sizes, including particles with aerodynamic diameter less than or equal to 10 μm (PM10) and particles with aerodynamic diameter less than or equal to 2.5 μm (PM2.5). The smaller size fractions have a large reactive surface area and the ability to penetrate deep into the alveoli of the lungs and potentially into the bloodstream, activating the molecular mechanisms of epithelial and defense cells [6,7]. The primary intake route of PM in the body is the respiratory tract, via the nose or mouth, while there are specific factors that affect the penetration of particles into the lower respiratory tract (beyond the larynx) and the deposition in different parts of the human body [8]. These factors include the size, shape, and density of the inhaled particles, as well as the airways’ size and structure, breathing pattern (flow and volume), route of breathing (nose vs. mouth) [7,8].



A substantial body of evidence regarding disease burden from air pollution comes from epidemiological studies [9,10,11]. Dockery et al. (1993) and Pope et al. (1995) established the first cohort studies of PM air pollution and mortality in the mid-1990s [12,13]. In the last decades, particulate matter–induced health effects have been widely investigated in numerous epidemiological studies providing evidence of highly statistically significant associations between PM exposure and various health endpoints, such as all-cause mortality, cardiopulmonary, cardiovascular, respiratory diseases and lung cancer [10,14,15]. Both short-term and long-term exposure to PM can have serious health impacts. In Seoul, Korea, the short-term exposure to PM2.5 has been associated with emergency hospital admissions for mental diseases, such as schizophrenia and depression [16]. In a study that included 104 counties in China, it was found that the estimated county-specific mortality burden attributable to short-term PM2.5 exposure contributed significantly to the death burden [17]. Additionally, it was found that the daily concentrations of PM2.5 have an extensive range of values fluctuating from very low to extremely high (above 100 μg/m3). Additionally, positive associations between PM and mortality were found from various studies [18,19]. In a systematic review and meta-analysis conducted by Ciabattini et al. (2021), it was suggested that the association between exposure to PM2.5 or PM10 and risk of lung cancer might be higher than previously estimated, while the risk is higher in East Asia than in Europe and North America [20]. In another systematic review and meta-analysis, the long-term effect of exposure to PM and the incidence of myocardial infarction (MI) was confirmed [21]. The short-term impact of PMX concentrations on cardiovascular and respiratory hospital admissions was examined in 31 Polish cities based on the daily PM10 and PM2.5 concentrations [22]. They found significant associations, especially during the winter period which was characterized by higher daily numbers of hospital admissions [22]. Stafoggia et al. (2022) performed a multicenter longitudinal study, analyzing seven population-based cohorts of adults (age ≥30 years) from European countries [23]. They found that the long-term exposure to concentrations of PM2.5 lower than 10 μg/m3 was associated with non-accidental (natural cause of deaths), cardiovascular, non-malignant respiratory, and lung cancer mortality [23]. In addition, epidemiological studies have shown a positive association between air pollution and allergic diseases such as asthma, allergic rhinitis and eczema [24]. Li et al. (2022) found a positive association between the exposure to various air pollutants (including PM2.5 and PM10) and the prevalence of allergic rhinitis, and children and adolescents were more sensitive to air pollution exposure than adults [25]. Generally, children, the elderly and people with pre-existing diseases are recognized as a high-risk group. Age could affect both susceptibility and exposure to air pollution through underlying disease and activity patterns [26]. For instance, Danesh Yazdi et al. (2021) found that long-term exposure to air pollutants (PM2.5, O3 and NO2) poses a significant risk to cardiovascular and respiratory health among people who were 65 years of age or older in the U.S., even at low levels [27].



In order to evaluate the risks and impacts of air pollutants on human health, there are different approaches, statistical models and tools. The quantification of these adverse health effects has been feasible due to AIRQ software developed by the WHO European Centre for Environment and Health, Bilthoven Division [28]. Worldwide, several authors have used the AirQ software in order to perform a health impact assessment due to air pollution exposure, such as Samek (2016) in Poland [29], De Marco et al. (2018) in Italy [30], Pala et al. (2021) in Turkey [31], Brito et al. (2022) in Portugal [32] and Ravindra et al. (2022) at the rural district of Punjab, India [33]. The AirQ+ was used by Orru et al. (2022) in order to estimate the health impacts of PM2.5 originating from residential wood combustion in four studied city areas in Sweden, Finland, Norway, and Denmark [34]. Soleimani et al. (2022) implemented the AirQ+ to evaluate the health impacts due to vehicular PM2.5 emissions in Isfahan, Iran [35]. In Greece, Moustris et al. (2015) [36], Ntourou et al. (2017) [37] and Moustris et al. (2017) [38] recently employed the AirQ 2.2.3 software to assess the annual number of hospital admissions for respiratory diseases due to the exposure to PM10.



The impact of air pollution on mortality have been previously investigated in Greece by several authors, including Touloumi et al. (1996) [39], Economopoulou and Economopoulos (2002) [40] and Tzima et al. (2018) [41]. Recently, Kasdagli et al. (2021) [42] and Kasdagli et al. (2022) [43] studied the association of long-term exposure to air pollution and greenness with mortality based on health and covariate data in Greece. Their analyses revealed that the long-term exposure to air pollution, especially PM2.5, is associated with increased risk of mortality from cardiometabolic, chronic obstructive pulmonary diseases and diseases of the central nervous system.



The present study focuses on the Region of Attica because it is the capital of Greece and the most densely populated region with almost 40% of the population of the country. Although the air quality in Attica Region has improved in the last decades, the concentrations of air pollutants are still at high levels, compromising residents’ health. The continuous exposure to air pollutants even at low or moderate levels has an impact on the population, and this can be quantified by using the AIRQ+ software. Therefore, we assessed the burden of mortality associated with the exposure to PM2.5 based on the available PM2.5 data in Attica Region and the annual number of deaths due to natural cause and cause-specific mortality at regional level for the years 2007–2018.




2. Materials and Methods


2.1. Study Area


The Attica Region is densely populated with a population of 3,792,469 inhabitants according to the national census data of 2021 (https://www.statistics.gr/, accessed on 1 October 2022). The capital of Greece, Athens, is located in an area of complex topography within the Athens basin, has an elongated shape in the NE-SW direction, and is surrounded by the mountains (Hymettus, Penteli, and Parnitha) with heights ranging from 400 to 1500 m in the western, northern and eastern sides and the sea called the Saronikos Gulf, at the south. The ventilation of the basin is poor during the prevalence of the local circulation systems, such as sea/land-breezes along the major NE-SW geographical axes of the basin [44,45]. The complex terrain of the basin influences the local meteorology and concentration levels of air pollutants [46]. In Athens, there are mainly two types of air pollution that have been recognized—particulate matter pollution and photochemical smog—mainly from road traffic emissions and central heating [47]. As regards the industry activity within the Attica Region, the industrial zone of the Athens basin is located S/SSW of the city center, in the Thriassion plain [48]. However, the urban traffic represents the main source of atmospheric pollution in the Attica. In accordance with the Hellenic Statistical Authority (ELSTAT), the total number of registered passenger cars in circulation in Attica Region during 2018 was 2,916,923 vehicles, that of motorcycles was 690,453, that of trucks was 284,615 and that of buses was 12,185. It should be noted that the majority of the passenger cars’ fuel in Greece are petrol (88%) and diesel (8.5%) powered engines, while only a small share of the fleet of passenger cars are hybrid (0.7%) and electric or with natural gas engines (almost 0%) [49].




2.2. Environmental Data


The air pollution data analyzed in this study were derived by six air quality monitoring stations of the National Air Pollution Monitoring Network (NAPMN). Table 1 lists the air quality monitoring stations (AQMS) along with their geographical coordinates. The spatial coverage of the AQMS in Attica Region is illustrated in Figure 1b.



The NAPMN is operated by the Air Quality Department of the Greek Ministry of Environment, Energy and Climate Change, and the air pollution data are available online in the Ministry’s official website (www.ypeka.gr, accessed on 1 October 2022). It should be noted that the selection of the AQMS was based on the availability of PM2.5 data. Additionally, we assume that the levels of PM2.5 concentrations in the selected AQMS are representative for the total area, in order to represent the population exposure.



2.2.1. Data Collection


In Europe, the standardized method for the measurement of the ambient PM concentrations was established by the EU Directive on the air quality and cleaner air for Europe (2008/50/EC) [50]. The references methods for the sampling and measurement of PM were carried out following the standard measurement techniques and procedures described in EN 14,907:2005 (for PM2.5). Additionally, both macroscale and microscale sitting of the sampling points in Attica Region were employed in accordance to the EU Directive 2008/50/EC on ambient air quality and cleaner air in Europe. The sampling points are representative of similar locations not in their immediate vicinity, and the air quality monitoring stations are kept away from the direct pollution sources and obstacles. At each air quality monitoring station, the PM2.5 concentration levels were measured by the beta-attenuation monitoring method. Beta attenuation (beta gauge method) is a widely used air monitoring method employing the absorption of beta radiation by solid particles extracted from the air flow.




2.2.2. Data Calculation


PM2.5 data are collected regularly on an hourly or daily basis. The hourly values of PM2.5 concentrations were averaged so as to obtain daily values. Then, the daily average values were rounded to two digits after decimal point. Thus, an approximate value was obtained with the desired accuracy and according to the data collection conditions. Unfortunately, for the years 2007–2014, there are time periods with missing values at the AQMS, so the years with more than 75% of available daily data were used [50].



As for the calculation of regional-level data for the Attica region, the data were determined by calculating the daily mean pollutant’s concentrations amongst the air quality monitoring stations in a specific area. This method aims at capturing values broadly representative of human exposure [51]. Following this procedure, the annual average PM2.5 concentrations across the available AQMS was used to calculate the annual average values in Attica Region for each year for the period 2007–2018.





2.3. Health Data


In order to estimate the burden of disease attributable to PM2.5, the annual number of deaths was obtained by the Hellenic Statistical Authority. The data set includes the annual number of deaths and cause of death per age group and sex, at a regional level. The annual number of deaths were counted due to the following causes of death: all-natural-cause mortality (ICD-10 code: A00-R99), ischemic heart diseases (IHDs) (ICD-10 code: I20-I25), chronic lower respiratory diseases (ICD-10 code: J40-J47) (defined as chronic obstructive pulmonary disease (COPD) in this study in order to be consistent with the AIRQ software definitions), cerebrovascular diseases (ICD-10 code: I60-I69) (defined as stroke in this study in order to be consistent with the AIRQ software definitions), and lung cancer diseases (ICD-10 code: C33-C34). In Table 2 are reported the health endpoints handled by the AIRQ+ and used in this study along with the ICD-10 classification codes.




2.4. Health Impact Assessment in AirQ Software


The WHO Regional Office for Europe developed the AirQ software within its activities on air quality and health. This software is a valid and reliable model to estimate the potential health effects of various air pollutants on human health [52]. The program was designed to evaluate the magnitude of the impact of both long-term and short-term exposure to air pollutants on morbidity and mortality in an exposed population, over a specified time period and geographical region. The calculations performed by the AirQ are based on the methodologies and concentration–response functions recommended by the HRAPIE (Health risks of air pollution in Europe) project. The concentration–response functions and the relevant health outcomes were expressed as a relative risk (RR) per 10 μg/m3 increase in pollutants’ concentration. The RR values based on the defined formulas or ranges of values are available from studies and the meta-analysis. Additionally, the software provides integrated exposure–response function (IER) based on the recent developments in the methodology that can be employed to estimate the health impact. The health endpoints considered by the Air Q software include disease symptoms or mortality (e.g., all-cause and specific-cause mortality and morbidity outcomes or hospitalizations due to specific causes) resulting from the exposure to an air pollutant.



The relative risk (RR) values and attributable proportion (AP) for defined pollutants were provided by the software, while the baseline incidence rates and the air pollution data were provided by the user. In this study, the baseline incidence rates for mortality were provided by the Hellenic Statistical Authority.



The attributable proportion (AP) is the fraction of the health outcome which can be attributed to the exposure in a given population for certain time period. The AP can be calculated using Equation (1):


  AP =   ∑  [   (  R R  ( c )  − 1  )  × P  ( c )   ]    ∑  [  R R  ( c )  × P  ( c )   ]       



(1)




where RR(c) is the relative risk for the health outcome in category c of exposure and P(c) is the proportion of the population in category c of exposure.



In general, the RR is the ratio of the probability of an outcome in an exposed group to the probability of an outcome in an unexposed group. Hence, the RR can be defined by Equation (2):


  RR =    I e     I  c f      



(2)




where Ie is the incidence rate in the exposed population and Icf is the incidence rate in the counterfactual population (i.e., the population that is comparable in composition to the exposed population but is not exposed itself to the risk factor).



The RRs due to air pollution are usually modeled with a log-linear function (Equation (3)):


  RR = exp  [  β  (  X −  X o   )   ]   



(3)




where X denotes the pollutant concentration (in μg/m3), and Xo (μg/m3) denotes the cut-off value or the counterfactual level of the pollutant where no pollution-related health effect is reported. The coefficient β denotes the change in the RR for one unit change in the concentration X (μg/m3).



For pollution-related health endpoints, the RR values are associated with an increase of 10 μg/m3 of a considered air pollutant concentration. The RRs for the pollutant–health outcome pairs are pre-defined by the program, along with a 95% confidence interval (CI), but this can be changed by the user.



The rate of health outcome (or number of cases) per unit population (BE) attributed to exposure E in the population, can be calculated using Equation (4):


  B E = B × A P  



(4)




where B indicates the population baseline incidence (per 100,000 inhabitants) of a considered health endpoint.



The number of excess cases (or deaths) attributed to the exposure can be estimated using Equation (5):


  N E = B E × N  



(5)




where N is the given size of a population.





3. Results and Discussion


3.1. Temporal Variations of PM2.5 Concentrations


Figure 2 shows the box and whisker plots with the mean, median and the interquartile range (IQR) of the daily 24 h average concentrations of PM2.5 at the six AQMS over the periods with available data. As expected, a relatively strong spatial variation in 24 h average concentrations of PM2.5 is observed among the different zone/station type AQMS. The mean and median concentrations of PM2.5 at traffic-type AQMS exhibit the highest values. For instance, the mean and median values of the daily 24 h average concentrations during the period 2007–2018 at PIR AQMS are 23.35 μg/m3 and 20.21 μg/m3, respectively. At ARI AQMS, for the period 2015–2018, the abovementioned statistic values are 19.53 μg/m3 (mean) and 16.63 μg/m3 (median). At the suburban–industrial AQMS (i.e., ELE AQMS), the mean and median values of the daily 24 h average concentrations during the period 2015–2018 are 17.97 μg/m3 and 16.92 μg/m3, respectively. Lower values exhibit the suburban-background AQMS (i.e., AGP and THR AQMS) with these statistic values estimated at 14.09 μg/m3 (mean) and 13.00 μg/m3 (median) for the period 2007–2018 at AGP AQMS, and 12.98 μg/m3 (mean) and 12.29 μg/m3 (median) for the period 2015–2018 at THR AQMS. However, these statistic values at LYK AQMS are 20.87 μg/m3 (mean) and 18.21 μg/m3 (median). Although the mean and median values mentioned here might be underestimated values due to the unavailability/lack of data through the study period, the concentrations of PM2.5 in the Attica Region are relatively high. This means that the residents in the Attica Region are constantly exposed to considerably high levels of particulate matter air pollution.



Table 3 shows the annual average values and standard deviations of the daily 24 h average concentrations of PM2.5 at the six AQMS over the study periods. For the entire study period 2007–2018 the PIR, AGP and LYK AQMS were operated continuously, while from the year 2015, PM2.5 measurements began at the ARI, THR, and ELE AQMS. The annual mean values of PM2.5 concentrations were above the recommended annual limit value of 5 μg/m3 which was set by the 2021 WHO Air Quality Guidelines (AQG) [53]. However, there was a decreasing trend in PM2.5 concentrations levels following the global economic crisis of 2007–2008 and the Greek government-debt crisis, which started in late 2009. After these turning points in the history of the country, many scientific studies found decreasing trends in air pollution levels [47,54]. Valavanidis et al. (2015) [47] reported that the economic crisis increased the prices of heating oil during the period 2010–2015 and influenced consumers’ choices regarding heating appliances. They used low-cost wood, biomass or waste as fuels for fire places and stoves [47,55]. A study wintertime sampling campaign performed in Thessaloniki indicated a 2−5-fold increase in the concentration of wood smoke tracers in PM2.5, while the concentrations of fuel oil tracers declined by 20–30% during 2013 compared with 2012 [56]. A questionnaire survey comprised of 598 households in the spring and summer of 2012 gathered data for the heating energy consumption the winter of 2010–2011 (milder winter) and the winter of 2011–2012 (harsher winter) showed that inhabitants consumed less energy during the winter of 2011–2012 because of the rapid economic crisis [57]. Importantly, they found that the energy consumption of the households during the harsh winter 2011–2012 was 37% less than expected. Gratsea et al. (2017) found that CO concentrations during the morning traffic peak hours in Athens have decreased since 2000 during both summer and winter, which can be attributed to the decrease in fossil fuel combustion during the last years due to the gradual renewal of vehicle fleets, the EU regulations for air pollutant emissions, and the economic crisis [55]. Moreover, satellite observations showed that the tropospheric NO2 columns over Athens reduced in the range of 30–40% and the local concentrations of NO decreased due to an increase in ozone, which can be attributed to reduced titration by NO [58].



Over the period 2007–2018, the highest annual average PM2.5 concentrations were recorded in PIR AQMS, ranging from 37.26 ± 15.27 μg/m3 in 2007 to 18.03 ± 8.97 μg/m3 in 2018. The lowest annual average PM2.5 concentrations, for the period 2007–2018, were recorded in AGP AQMS, with the highest value (19.69 ± 15.27 μg/m3) in 2007 and the lowest value (10.02 ± 3.79 μg/m3) in 2013. At LYK AQMS, the annual average PM2.5 concentrations were at high levels (32.80 ± 16.64 μg/m3) in 2007, while in 2018, they dropped at 15.28 ± 7.81 μg/m3. For the period 2015–2018, the highest annual average PM2.5 concentrations were recorded at ELE AQMS (21.24 ± 8.76 μg/m3) in 2016. At ARI AQMS, the annual average PM2.5 concentration was constantly at approximate values ranging from 19 μg/m3 to 20 μg/m3. At THR AQMS, the annual average PM2.5 concentrations were at the lowest levels compared with the other AQMS, with values ranging from 12.80 ± 4.05 μg/m3 in 2015 to 13.44 ± 5.19 μg/m3 in 2018.



Specifically, PIR AQMS registered considerably high values of PM2.5 during the study period. The air pollution in Piraeus Port is considerably high due to the numerous and complex activities hosted in the area such as freight shipping, commercial and tourism activities as well as industrial activities, including storage and processing of petroleum and other fuels [59]. Apart from the combustion of marine fuels, PM could originate from the constant heavy traffic from road transport as well as from the other commercial and residential activities within the Municipality Piraeus. Additionally, ARI AQMS is located in a commercial road close to historic center of Athens. This area experiences high traffic flow and volume from private cars and public transport. Another important problem is the traffic congestion in this area because it increases fuel consumption, and in combination with the low speed of the vehicle, it was found that exhaust gas and PM emissions increase [60].



On the other hand, LYK and AGP AQMS are located in residential areas in the northern suburb municipalities of the Attica Region. However, the PM2.5 concentrations are relatively high, as was also reported by other authors [61,62]. For example, Theodosi et al. (2011) found high levels of PM2.5 (average value: 23.5 μg/m3) at Lykovrisi during a measurement period from September 2005 to August 2006 [61]. At an experimental campaign of PM levels in Agia Paraskevi from June 2003 to December 2008, Pateraki et al. (2010) found high annual average levels of PM2.5 ranging from 22.2 μg/m3 in 2003 to 16.9 μg/m3 in 2008 [62]. As for the THR AQMS, Thrakomakedones is a town located 16 km north of the Athens city center in a slightly urbanized area. So, the relatively low PM2.5 concentrations could be explained due to the absence of the intense anthropogenic activities.



Furthermore, ELE AQMS is located in the residential area of Elefsina, approximately 20 km to the west of Athens. Although this area is located in the industrialized basin of Thriassion Plain, which is a hub for the country’s industrial development with several industries and factories [63], the air pollution levels registered at ELE AQMS are relatively low compared to the other AQMS. This could be explained by the fact the AQMS is placed away from direct emission sources from the industries.




3.2. Mortality Attributed to the Exposure to PM2.5


The burden of mortality due to the exposure to PM2.5 were estimated by the AIRQ+ software considering the default RR values for the all-cause natural mortality cases and the integrated GBD 2015/2016 function for the COPD, lung cancer, IHD and stroke. Specifically, in the case that the cut-off value can be defined by the user, we used the value of 5 μg/m3, which represents the WHO annual mean PM2.5 AQG 2021 limit value. As for the GBD 2015/2016 function, the cut-off value is defined at 2.4 μg/m3 [64]. On the GBD study, a theoretical minimum risk exposure level (counterfactual level) is defined, which is the distribution of risk comprising the levels of exposure that minimize risk for each individual in the population. In the case of the exposure to PM2.5 concentrations, a uniform distribution between 2.4 and 5.9 μg/m³ was considered [64].



The total population and the population at risk in Attica Region was based on the demographic data for the estimated population on the 1st January for the years 2007 and 2018. The estimated total population was 3,982,602 inhabitants in 2007 and 3,756,453 inhabitants in 2018. Based on the national census data of 2011, the population above 25 years old and 30 years old is estimated at 75.44% and 68.22% of the total population, respectively. In general, there has been a decline over the study years in the total population in Attica Region, while the number of deaths has increased.



Table 4 displays the estimated health endpoints associated with the long-term exposure (annual exposure) to PM2.5 in Attica Region for the years 2007 and 2018. The annual-averaged concentration of PM2.5 for the Attica Region for each year was estimated by joining the annual mean PM2.5 concentrations recorded by the available AQMS (Table 3). In particular, the annual-averaged concentrations of PM2.5 for 2007 was 29.9 μg/m3 and 15.9 μg/m3 for 2018.



As we can see in Table 4, the mortality burden from all natural causes for the population above 30 years old attributed to PM2.5 exposure is 4752 [3179–6152] deaths in 2007 and 2424 [1598–3179] deaths in 2018. The attributable cases per 100,000 population at risk is 174.92 [117.00–226.43] deaths in 2007 and 94.59 [62.37–124.06] deaths in 2018. The attributable mortality burden decreased almost two-fold in 2018 compared with 2007 as the mean annual PM2.5 concentrations in Attica Region decreased from 29.9 to 15.9 μg/m3 in 2018. However, the total number of deaths from natural causes increased over the years, though the population in Attica Region declined. As for the specific causes of death, the total COPD annual deaths increased over the years, ranging from 630 deaths in 2007 to 916 deaths in 2018. It is worth mentioned that an increasing COPD prevalence rate and contradictory patterns in respiratory mortality are apparent in Greece during the last two decades which are associated with the economic crisis, the socioeconomic status and the smoking habits as well as the indoor and outdoor air pollution [65]. Although the annual mean PM2.5 concentrations decreased over the study years, the estimated number of COPD attributable cases to PM2.5 exposure (at the total population) are 146 [79–220] deaths in 2007 and 147 [63–244] deaths in 2018. For the population at risk (people above 25 years old), the attributable cases are 4.87 [2.64–7.33] deaths in 2007 and 5.20 [2.24–8.60] in 2018.



In addition, the total number of deaths from lung cancer increased over the years, with a baseline incidence in mortality rates from lung cancer (for people above 25 years old) ranging from 2010 deaths in 2007 to 2472 deaths in 2018. The attributed cases of lung cancer to PM2.5 exposure (at the total population) are 327 [189–477] deaths in 2007 and 238 [121–381] deaths in 2018, whereas at the population at risk the cases are 10.89 [6.28–15.86] deaths in 2007 and 8.40 [4.28–13.43] deaths in 2018. Generally, lung cancer is the most common cause of cancer-related deaths in Europe; in Greece, it is the leading cause of cancer-related deaths among men and the second leading cause of cancer-related deaths among women [66]. It is well-known that the air pollution is one of the risk factors of lung cancer with studies conducted in Athens, Greece, showing strong associations among air pollution, smoking and lung cancer incidence [67].



As for the mortality from IHD, there is relative increase in baseline mortality in Attica Region. In general, Greece is one of the European Union member states that is at the top of the list of deaths due to ischemic heart disease, which can be attributed to independent factors, such as the prevalence of hypertension or even the economic crisis [68]. As we can see from Table 4, the IHD attributable cases to PM2.5 exposure are 765 [391–1154] deaths in 2007 and 622 [284–979] deaths in 2018 in the total population. As for the IHD attributable cases at the population at risk, 25.46 [13.01–38.41] deaths are attributed to PM2.5 exposure in 2007 and 21.95 [10.02–34.55] deaths are attributed to PM2.5 exposure in 2018. There is a relative decrease in the attributable deaths at the total population, but there is a substantial increase in death rates in people above 85 years old (Figure 3).



Regarding the mortality from stroke associated with the long-term exposure to PM2.5, the analysis revealed a considerable decline in deaths ranging from 486 [202–845] deaths in 2007 to 291 [89–602] deaths in 2018. For the population at risk, the mortality cases are 16.18 [6.72–28.12] deaths in 2007 and 10.27 [3.14–21.24] deaths in 2018 that are attributed to PM2.5 exposure. The decrease in attributable deaths is also obvious in different age groups, especially for the age groups from 70 to 84 years old (Figure 4). The decline could not merely be attributed to the lower levels of particle pollution because the baseline incidence in mortality from stroke has greatly decreased over the 12-year study period. Specifically, the total mortality from stroke (in population above 25 years old) in Attica Region was 4425 deaths in 2007 and 3560 deaths in 2018. The decline in mortality seems to be apparent in the age groups below 79 years old, while above 80 years old, the mortality rates are relatively constant. Prior studies have found a decline in stroke mortality at the global level with the major decline in stroke mortality seen among people <65 years of age [69]. Lackland et al. (2014) mentioned several factors (e.g., technological advances, medical treatment and control, the use of aspirin and other antiplatelet drugs) that contribute to the decline in stroke mortality rates, as well as highlighting the role of air pollution [69]. In particular, with reference to the United States, they mentioned that the Clean Air Act and the implementation and periodic revision of ambient air quality standards have greatly decreased the levels of PM which is well-known to be linked with cardiovascular diseases [69]. The decline in stoke was also reported in Southern Greece based on data from first-ever stroke cases from the years 1993–1995, 2004 and 2015–2016 [70].



A number of scientific studies, worldwide, have investigated the mortality and morbidity associated with exposure to air pollutants by using the AirQ 2.2.3 software or AirQ+ software [52]. In Greece, the AirQ 2.2.3 software has been used by Moustris et al. (2016) [36], Ntourou et al. (2017) [37] and Moustris et al. (2017) [38]. Specifically, Moustris et al. (2016) found that the excess number of hospital admissions due to respiratory diseases attributed to PM10 exposure (mean annual PM10 concentration: 41.2 μg/m3) in Volos City, Greece, were 32 cases per 100,000 inhabitants [36]. Additionally, the study performed in the Greater Athens Area, Greece, revealed that the mean annual hospital admissions due to respiratory diseases associated with the exposure to PM10 exposure ranged between 20 cases (in suburban areas) and 40 cases (in the city centre of Athens) per 100,000 population at risk [38].



Amoatey et al. (2020) estimated the number of excess mortality cases attributed to the long-term exposure to PM2.5 in Rome, Italy, during the year 2014 [71]. Their analysis shows that the corresponding number of deaths for ischemic heart disease, chronic obstructive pulmonary disease, lung cancer and stroke was 55.1 (25.8–81.43), 16.8 (7.2–30), 2.1 (1.1–3.3) and 13.9 (4.5–23.9) deaths per 100,000 inhabitants, respectively [71]. Another study performed by the AirQ+ software estimated the non-accidental, cardiovascular and respiratory mortality attributed to PM10 in three cities in Serbia during a 5-year period from 2011–2015 [72]. For instance, in Novi Sad, Serbia, the annual mortality rate associated with the exposure to PM10 (PM10(annual average) = 34.8 μg/m3) was 16 (10–20) deaths per 100,000 inhabitants [72]. Moreover, the AirQ+ software was applied by Rovira et al. (2020) in Catolonia, Spain, for a 13-year period, from 2005 to 2016 [73]. They found that the number of excess deaths from all natural causes due to the exposure to PM2.5 ranged from 297 excess deaths in 2005 to 23 excess deaths in 2016 [73]. A study conducted in Bengaluru, India, studied the health impacts due to long-term PM2.5 exposure using the AirQ+ software and found 3393 [1466–5095] deaths from IHD and 1016 [463–1605] deaths from stroke indicating age differences in mortality rates [74]. Additionally, PM2.5 exposure was responsible for 3413 [1888–5035] deaths from COPD [74].



The results of this study are consistent with the aforementioned published research works. There are some limitations that must be noted. Firstly, there are only available data for PM2.5 from six AQMS in Attica Region and only three AQMS recorded the concentration levels of PM2.5 from 2007. Secondly, the RR values and the GBD function used in order to estimate the health outcomes were derived from epidemiological studies conducted in other countries. However, the RR values were obtained from meta-analyses of various studies, so this reduces the population-specific variations. Thirdly, there are methodological differences in the exposure assessment used amongst the epidemiological research, and the model calculations do not account for multiple exposure cases or multipollutant scenarios [75]. On the other hand, in this study, regional-level and age-specific baseline mortality data were used. So, this is one of its strengths because the mortality rates may vary across regions within the same country, from year to year and among different age groups.





4. Conclusions


In this study, an analysis of the impact of PM2.5 on specific causes of mortality in Attica Region was performed. The assessment of the burden of mortality from the long-term exposure to PM2.5 was based on the annual average concentrations. The analysis was performed with the AIRQ+ software, which is one of the most suitable tools for the quantification of the deterministic effects of air pollution on human health. The statistical analysis shows that the annual average concentrations of PM2.5 levels for the period 2007–2018 constantly exceeded the AQG limit values established by the WHO in 2021 in order to protect human health. Therefore, the health impact assessment revealed a considerable burden of mortality cases attributed to long-term exposure to PM2.5. With respect to the results of this study, the burden of mortality (from all-natural causes) associated with PM2.5 exposure was 4752 [3179–6152] deaths in 2007 and 2424 [1598–3179] deaths in 2018. These results can be used by policy makers to improve public health in terms of environmental health management. It is well-known that air quality management plays a key role in shaping country’s environmental policy, especially in the era of global environmental crisis. Nowadays, most countries have environmental policies and government structures to address environmental problems, but their success depends on several factors. Not only the environmental monitoring of the air quality and the knowledge of the current state of air pollution can be used to alleviate the problem, but also the implementation of air pollution health impact assessment should be incorporated in these policies, plans or programs. This can prevent air pollution and reduce or even minimize the burden of related diseases.
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Figure 1. (a) Location map of Greece and (b) spatial coverage of the AQMS in Attica Region. 






Figure 1. (a) Location map of Greece and (b) spatial coverage of the AQMS in Attica Region.



[image: Atmosphere 13 02026 g001a][image: Atmosphere 13 02026 g001b]







[image: Atmosphere 13 02026 g002 550] 





Figure 2. Box and whisker plots with the mean, median and the interquartile range (IQR) of the daily 24 h average concentrations of PM2.5 at the six AQMS over the study periods. 
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Figure 3. IHD mortality cases (at the total population) per age group attributable to PM2.5 exposure for (a) 2007 and (b) 2018. 






Figure 3. IHD mortality cases (at the total population) per age group attributable to PM2.5 exposure for (a) 2007 and (b) 2018.



[image: Atmosphere 13 02026 g003]







[image: Atmosphere 13 02026 g004 550] 





Figure 4. Stoke mortality cases (at the total population) per age group attributable to PM2.5 exposure for (a) 2007 and (b) 2018. 






Figure 4. Stoke mortality cases (at the total population) per age group attributable to PM2.5 exposure for (a) 2007 and (b) 2018.



[image: Atmosphere 13 02026 g004]







[image: Table] 





Table 1. List of the air quality monitoring stations (AQMS) along with their geographical coordinates.
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AQMS Name

	
Geographical Coordinates

	
Height (m a.s.l.) *

	
Zone/Station Type






	
ARI

(Aristotelous)

	
37,988066

	
75

	
Urban-Traffic




	
23,727617




	
LYK

(Lykovrisi)

	
38,067793

	
234

	
Suburban-Background




	
23,788986




	
PIR

(Piraeus)

	
37,944656

	
4

	
Urban-Traffic




	
23,645230




	
AGP

(Agia Paraskevi)

	
37,995110

	
290

	
Suburban-Background




	
23,819421




	
ELE

(Elefsina)

	
38,051322

	
20

	
Suburban-Industrial




	
23,538432




	
THR

(Thrakomakedones)

	
38,143521

	
550

	
Suburban-Background




	
23,758195








* (m a.s.l.: meters above mean sea level).
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Table 2. Health endpoints (mortality) handled by the AIRQ+ and used in this study.






Table 2. Health endpoints (mortality) handled by the AIRQ+ and used in this study.





	Health Outcome Definition
	ICD-10 Classification Codes Included





	Mortality, all (natural) causes (adults 30+)
	A00-R99



	Mortality, Chronic Obstructive Pulmonary Disease (COPD) (adults 30+)
	J40-J47



	Mortality, Ischemic Heart Disease (IHD) (adults 25+)
	I20-I25



	Mortality, Lung Cancer (LC) (adults 25+)
	C33-C34



	Mortality, Stroke (adults 25+)
	I60-I69
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Table 3. The annual average values and standard deviations of the daily 24 h average concentrations of PM2.5 at the six AQMS over the study periods (with (*) indicated the years with less than 59% of PM2.5 data capture).






Table 3. The annual average values and standard deviations of the daily 24 h average concentrations of PM2.5 at the six AQMS over the study periods (with (*) indicated the years with less than 59% of PM2.5 data capture).





	Year
	PM2.5-PIR
	PM2.5-AGP
	PM2.5-LYK
	PM2.5-THR
	PM2.5-ARI
	PM2.5-ELE





	2007
	37.26 ± 15.27
	19.69 ± 9.69
	32.80 ± 16.64
	-
	-
	-



	2008
	28.52 ± 12.82
	19.10 ± 7.72
	29.54 ± 12.15
	-
	-
	-



	2009
	27.56 ± 11.42
	15.95 ± 7.87
	24.09 ± 10.01
	-
	-
	-



	2010
	22.21 ± 8.22
	14.56 ± 7.81 *
	22.59 ± 9.63
	-
	-
	-



	2011
	26.59 ± 11.31 *
	17.02 ± 5.71
	20.41 ± 8.79
	-
	-
	-



	2012
	23.42 ± 10.66 *
	14.61 ± 4.60
	22.11 ± 10.03
	-
	-
	-



	2013
	24.89 ± 7.76 *
	10.02 ± 3.79
	11.79 ± 7.59 *
	-
	-
	-



	2014
	19.83 ± 8.78
	11.18 ± 5.55 *
	15.73 ± 7.28 *
	-
	-
	-



	2015
	21.23 ± 14.50
	10.35 ± 4.60
	16.49 ± 13.96
	12.80 ± 4.05
	19.64 ± 15.20
	16.06 ± 7.89



	2016
	20.07 ± 10.64
	12.23 ± 5.99
	17.24 ± 9.86
	12.91 ± 6.09
	19.98 ± 11.49
	21.24 ± 8.76



	2017
	17.96 ± 9.79
	10.72 ± 3.92
	16.42 ± 9.20
	12.73 ± 4.46
	19.49 ± 10.41
	16.32 ± 6.23



	2018
	18.03 ± 8.97
	11.58 ± 5.30
	15.28 ± 7.81
	13.44 ± 5.19
	19.03 ± 9.91
	17.84 ± 7.28
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Table 4. Health impact assessment for PM2.5 (all-natural causes, COPD, lung cancer, IHD and stroke).






Table 4. Health impact assessment for PM2.5 (all-natural causes, COPD, lung cancer, IHD and stroke).





	
Mortality, All-Natural Causes (30+ Years Old)

	
Study Year






	

	
2007

	
2018




	
Population at risk

	
2,716,931

	
2,562,652




	
Baseline incidence

	
34,164

	
38,194




	
Estimated attributable proportion (at the total population)

	
13.91% [9.30–18.01%]

	
6.35% [4.18–8.32%]




	
Estimated number of attributable cases (at the total population)

	
4752 [3179–6152]

	
2424 [1598–3179]




	
Estimated number of attributable cases (per 100,000 population at risk)

	
174.92 [117.00–226.43]

	
94.59 [62.37–124.06]




	
Mortality, Chronic Obstructive Pulmonary Disease (COPD) (25+ years old)

	
Study year




	

	
2007

	
2018




	
Population at risk

	
3,004,475

	
2,833,868




	
Baseline incidence

	
630

	
916




	
Estimated attributable proportion

	
23.22% [12.60–34.93%]

	
16.07% [6.92–26.62%]




	
Estimated number of attributable cases (at the total population)

	
146 [79–220]

	
147 [63–244]




	
Estimated number of attributable cases (per 100,000 population at risk)

	
4.87 [2.64–7.33]

	
5.20 [2.24–8.60]




	
Mortality, Lung Cancer (LC) (25+ years old)

	
Study year




	

	
2007

	
2018




	
Population at risk

	
3,004,475

	
2,833,868




	
Baseline incidence

	
2010

	
2472




	
Estimated attributable proportion

	
16.28% [9.39–23.71%]

	
9.63% [4.91–15.4%]




	
Estimated number of attributable cases (at the total population)

	
327 [189–477]

	
238 [121–381]




	
Estimated number of attributable cases (per 100,000 population at risk)

	
10.89 [6.28–15.86]

	
8.40 [4.28–13.43]




	
Mortality, Ischemic Heart Disease (IHD) (25+ years old)

	
Study year




	

	
2007

	
2018




	
Population at risk

	
3,004,475

	
2,833,868




	
Baseline incidence

	
4573

	
5062




	
Estimated attributable proportion

	
20.89% [10.71–30.90]

	
16.93% [7.66–25.95]




	
Estimated number of attributable cases (at the total population)

	
765 [391–1154]

	
622 [284–979]




	
Estimated number of attributable cases (per 100,000 population at risk)

	
25.46 [13.01–38.41]

	
21.95 [10.02–34.55]




	
Mortality, Stroke (25+ years old)

	
Study year




	

	
2007

	
2018




	
Population at risk

	
3,004,475

	
2,833,868




	
Baseline incidence

	
4425

	
3560




	
Estimated attributable proportion

	
16.53% [7.19–26.56]

	
15.07% [4.17–23.17]




	
Estimated number of attributable cases (at the total population)

	
486 [202–845]

	
291 [89–602]




	
Estimated number of attributable cases (per 100,000 population at risk)

	
16.18 [6.72–28.12]

	
10.27 [3.14–21.24]
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