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Health impacts of air pollution
exposure from 1990 to 2019 in 43
European countries

Alen Juginovié*™, Miro Vukovi¢?, Ivan Aranza? & Valentina Bilo$?

Air pollution is the fourth greatest overall risk factor for human health. Despite declining levels in
Europe, air pollution still represents a major health and economic burden. We collected data from the
Global Burden of Disease Study 2019 regarding overall, as well as ischemic heart disease (IHD), stroke,
and tracheal, bronchus and lung cancer-specific disability adjusted life years (DALYs), years of life lost
(YLL) and mortality attributable to air pollution for 43 European countries between 1990 and 2019.
Concentrations of ambient particulate matter (aPM, ;), ozone, and household air pollution from solid
fuels were obtained from State of Global Air 2020. We analysed changes in air pollution parameters,
as well as DALYs, YLL, and mortality related to air pollution, also taking into account gross national
income (GNI) and socio-demographic index (SDI). Using a novel calculation, aPM, ; ratio (PMR) change
and DALY rate ratio (DARR) change were used to assess each country’s ability to decrease its aPM, 5
pollution and DALYs to at least the extent of the European median decrease within the analysed
period. Finally, we created a multiple regression model for reliably predicting YLL using aPM, ; and
household air pollution. The average annual population-weighted aPM, ; exposure in Europe in 1990
was 20.8 pg/m? (95% confidence interval (Cl) 18.3-23.2), while in 2019 it was 33.7% lower at 13.8 pg/
m3(95% Cl 12.0-15.6). There were in total 368 006 estimated deaths in Europe in 2019 attributable to
air pollution, a 42.4% decrease compared to 639 052 in 1990. The majority (90.4%) of all deaths were
associated with aPM, ;. IHD was the primary cause of death making up 44.6% of all deaths attributable
to air pollution. The age-standardised DALY rate and YLL rate attributable to air pollution were more
than 60% lower in 2019 compared to 1990. There was a strong positive correlation (r=0.911) between
YLL rate and aPM, ; pollution in 2019 in Europe. Our multiple regression model predicts that for 10%
increase in aPM, 5, YLL increases by 16.7%. Furthermore, 26 of 43 European countries had a positive
DARR change. 31 of 43 European countries had a negative PMR change, thus not keeping up with

the European median aPM, ; concentration decrease. When categorising countries by SDI and GNI,
countries in the higher brackets had significantly lower aPM, ; concentration and DALY rate for IHD
and stroke. Overall, air pollution levels, air pollution-related morbidity and mortality have decreased
considerably in Europe in the last three decades. However, with the growing European population,

air pollution remains an important public health and economic issue. Policies targeting air pollution
reduction should continue to be strongly enforced to further reduce one of the greatest risk factors for
human health.

Clean air is considered one of the basic requirements of human health and well-being. However, more than 90%
of the world population was exposed to air quality levels that exceeded the World Health Organization (WHO)
Air Quality Guideline (AQG) limits in 2016". Air pollution is the fourth greatest overall risk factor for human
health globally, following high blood pressure, dietary risks, and smoking?. It has been associated with three of
the leading causes of death in the world with significant shares of air pollution-related mortality: stroke (26%),
ischemic heart disease (IHD) (20.2%), and primary cancer of the trachea, bronchus, and lung (TBL) (19%)>*.
Altogether, air pollution was linked to seven million deaths globally and in excess of 100 million disability-
adjusted life years (DALYs) annually>®. It also represents a major global annual economic impact of $5 trillion”.

Disparities in air quality have been observed based on a country’s income. While air pollution in developed
countries poses an important public health issue, it is even more pronounced in developing countries where
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fast-growing population along with widespread industrialization led to centers with poor air quality which
became a serious threat to health®.

In Europe, emissions of air pollutants have been declining in the past decades’. Nevertheless, there were still
more than 0.5 million deaths attributable to air pollution in 2013 while health-related external costs associated
with air pollution reached close to €1 trillion annually in the European Union (EU) alone!®!!.

In 2018, 73.6% of the EU urban population was exposed to excessive concentrations of particulate matter
of diameter less than 2.5 microns (PM, ) which is considered the fifth leading mortality risk factor. The main
contributors to the EU’s PM, ; concentrations have been institutional, commercial, and household (55.5%), fol-
lowed by road transport (10.7%)'%. PM, 5 pollution was associated with more than four million global deaths
in 2016 with Europe counting for approximately 10% of that share'’. Exposure to PM, 5 pollution led to more
than 1277 years of life lost (YLL) per 100,000 population in several European countries'*. Long-term exposure
to PM, 5 pollution significantly increases both cardiopulmonary problems and lung cancer mortality, as well as
risk for type two diabetes'>!®. Conversely, one study showed that patients with lung cancer increased their life
span by 0.35 years for every 10 pg/m?® reduction of PM, ; concentration'’. For short term exposure, every 10 ug/
m?® increase in PM, 5 concentration was associated with 2.8% increase in PM-related mortality's.

Another major air pollutant is ozone, commonly found in urban areas which make up as much as 74.7% of
the total EU population in 2019". Long-term exposure to ozone has been linked to an increased risk of death
from respiratory causes, as well as serious adverse pregnancy outcomes?>*'.

The Global Burden of Diseases, Injuries, and Risk Factors Study (GBD) is a multinational collaborative
research study of disease burden that assesses mortality and disability from major diseases, injuries and risk
factors, including air pollution®. The study is an ongoing effort and is designed to systematically incorporate
information over time, and its latest iteration includes data from 1990 to 2019, by age and sex, and across more
than 200 countries and territories. The study contains standard epidemiological measures such as incidence,
prevalence, and death rates, as well as summary measures of health, such as DALYs.

Using the most recent 2019 GBD data, we did a comprehensive analysis of temporal and spatial trends for
PM, ; and ozone concentrations in Europe from 1990 to 2019 with a focus on ambient PM, 5 (aPM, ;) concentra-
tions due to its highest health impact. We also evaluated each country’s ability to decrease its aPM, 5 and DALY
values to at least the extent of the European aPM, ; and DALY median reduction. Then, we analysed mortality,
DALYs, and YLL attributable to air pollution for stroke, IHD, and TBL cancer, also taking into account socio-
demographic index (SDI) and gross national income (GNI). This analysis could be used to raise awareness among
policymakers to take action on this important public health issue which originates mainly from anthropogenic
sources, and as such can be undone by precise and determined measures.

Methods

Sources of data. Data for 43 European countries regarding overall mortality, YLL, and DALYs attributable
to air pollution by age, year, and sex were collected using the Global Health Data Exchange GBD Results Tool
between 1990 and 2019. We also collected data for stroke, IHD and TBL cancer attributable to aPM, 5, household
air pollution from solid fuels, and ozone. Detailed description of metrics, data sources, and statistics in GBD
2019 has been reported elsewhere?.

Estimates for exposure levels to aPM, ; and ozone were obtained from Health Effects Institute—State of Global
Air 2020 where methods for assessing their exposure levels are also described®. In brief, exposure to aPM, 5
was measured as the average annual PM, 5 concentration in the air at a spatial resolution of a 0.1°x 0.1° grid
cell, which reflects to 11 x 11 km at the equator. Ozone concentration is measured in parts per billion (ppb).
Exposure to ozone was defined as the highest seasonal (six-month) average daily eight-hour maximum ozone
concentration.

We used GBD 2019 estimations of deaths, YLLs, and DALY attributable to air pollution. Relative risks were
estimated based on meta-regression and systematic reviews done for GBD 2019. DALYs, YLLs, and attributable
deaths were estimated by multiplying population attributable fractions (PAFs) by the relevant outcome quantity
for each age, sex, location, and year. For continuous risk, PAFs are calculated using formula described in GBD
2019 study®. Inputs to estimation of PAFs for this study included continuous exposure distributions to air
pollution, relative risk and the theoretical minimum risk exposure level (TMREL) for each group. TMREL was
defined as the low point of the risk function and it represents the level of risk exposure that minimizes disease
risk at the population level. Using PAF estimates, we calculated the number of deaths attributable to air pollu-
tion, DALYs and YLLs.

Data for SDI in 2019 for 43 European countries was obtained from the Global Burden of Disease Study 2019.
For a robust analysis of disparities between groups in terms of aPM, 5 pollution and disease burden, we divided
these countries into 3 groups: high (>0.850), medium (0.750-0.849), low (<0.749) (Supplementary Table S4).

GNI per capita for 39 out of 43 European countries was obtained from the 2019 World Bank classification of
world economies. Data for Andorra, Moldova, Monaco, and San Marino were not available?*. The World Bank
assigns the world’s economies into four income groups: low (< $1036), lower-middle ($1036-$4045), upper-
middle ($4046-$12,535), and high-income (> $12,536) countries. Since 30 out of 39 analysed European countries
are classified as high income, we divided those countries into an additional three groups: lower high income
($12,536-$36,766), moderate high income ($36,767-$60,997), very high income (>$60,997) for more robust
analysis of disparities in aPM, 5 pollution and disease burden between countries with different GNI (Supplemen-
tary Table S4). Also, since Ukraine is the only country in Europe classified as lower-middle income, we merged
the lower-middle income and upper-middle income groups into one due to the same reasons.

Scientific Reports |

(2021) 11:22516 | https://doi.org/10.1038/s41598-021-01802-5 nature portfolio



www.nature.com/scientificreports/

Definitions. DALYs represent the overall number of years of potential life lost due to premature mortality
and years of productive life lost due to disability and it is calculated as the sum of the aforementioned parame-
ters. It summarizes the overall burden of disease and one DALY may be regarded as one year of healthy life lost®.
DALYs can be expressed as the number of total DALYs or as DALY rate per 100,000 population. Additional
methodologies for estimating DALY's have been described as part of GBD Study 2019*.

YLL is regarded as a summary measure of premature mortality. It estimates the years of potential life lost
due to premature death, taking into account frequency of deaths and the age at which it occurs. YLLs were cal-
culated by multiplying the estimated number of deaths by age with a standard life expectancy at that age. It can
be expressed as a number of total YLLs or as YLL rate per 100,000 population. Additional methodologies for
estimating YLLs are described in the GBD Study 2019%.

Death can be expressed as the rate per 100,000 population or as the total number of deaths. To calculate deaths
attributable to air pollution, the total number of deaths is multiplied by the population attributable fraction (PAF),
which may be interpreted as the proportion of deaths attributable to air pollution. Additional methodologies for
estimating the number of deaths are described in the GBD Study 2019%.

SDI is a summary measure of socio-demographic development status, strongly correlated with health out-
comes. It is a geometric mean of the rankings of the lag-distributed income per capita, mean educational attain-
ment for those age 15 or older, and fertility rate in those under 25 years old. It is expressed on a scale of 0 to 1,
but for GBD 2019, values were multiplied by 100 for a scale of 0 to 100, where a location with an SDI of 0 has a
theoretical minimum level of SDI, and a location with an SDI of 1 (prior to multiplying by 100 for reporting pur-
poses) would have a theoretical maximum level of sociodemographic development relevant to health outcomes.
Additional descriptions about SDI calculation can be found in the GBD Study 2019%.

GNI per capita represents the value produced by a country’s economy in a given year per one person, regard-
less of whether the value is produced domestically or abroad. Methodologies for calculation of GNI per capita
in U.S. dollars are based on the Atlas method exchange rates described elsewhere?.

DALY rate ratio (DARR) represents the ratio between a country’s DALY rate for a given year and a median
DALY rate of all European countries for the same year. aPM, 5 ratio (PMR) represents the ratio between a coun-
try’s aPM, 5 concentration for a given year and a median aPM, 5 level of all European countries for the same year.
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YLL rate ratio (YRR) represents the ratio between a country’s YLL rate for a given year and the median YLL
rate of all European countries for the same year.

Death rate ratio (DRR) represents the ratio between a country’s death rate for a given year and the median
death rate of all European countries for the same year.

Statistical analyses. Burden of disease (e.g. attributable DALYs or mortality) calculation requires a few
factors to be taken into account: spatial and temporal estimates of population-weighted exposure, TMREL, esti-
mation of relative risk from exposure, as well as estimates of DALY s and deaths for diseases linked causally to air
pollution. First, the data for relative risk and estimates of exposure of the population are combined which allows
for the calculation of PAF, a proportion of DALYs and deaths in a population that can be attributed to exposure
(e.g. to air pollution) above TMREL. Finally, the number of DALYs and deaths for certain diseases are multiplied
by PAF and the end value gives an estimation of the burden attributable to the exposure. Specifically, we used
DALYs, mortality and YLL attributable to air pollution overall, as well as to aPM, 5, household air pollution and
ozone. A more detailed description of these methods can be found in GBD Study 2015 and 201952,

Since the primary and final time points of our study were 1990 and 2019, we determined DARR and PMR
for each European country for both years. We then defined change in DARR and PMR between those two
time points as a new variable (DARR change and PMR change) and used it to quantify each country’s ability
to decrease its aPM, ; and DALY values to at least the extent of the European aPM, 5 concentration and DALY
median decrease between those two temporal points. Furthermore, 1990 and 2019 also respectively represent the
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largest and smallest value of European median value for aPM, ; rate and DALY rate with other values following
a linear decrease during that 29-year period, starting from 1990 (Supplementary Figure SI).

If DARR change or PMR change are positive, a country shows a reduction in its aPM, 5 or DALY values
minimally to the extent of the European aPM, ; concentration or DALY median decrease, but if DARR change
or PMR change are negative, a country cannot follow the European median reduction. However, countries which
improved their own DALY rate and aPM, ; concentration may still be represented with a negative DARR change
or PMR change if that improvement is lower than the extent of the European DALY or aPM, ; concentration
median decrease. Using this formula, we also calculated YRR and DRR, as well as their change between 1990 and
2019. Other variables in different time points can also be analysed in a similar manner. A visual representation
of the calculation can be found in Supplementary Figure S6.

For each country, all variables are represented as a numerical value along with a 95% uncertainty interval (95%
UI). For descriptive analysis of subgroups and all countries together, median and interquartile range (IQR) are
predominantly used due to significant dataset variability and deviation from Gaussian distribution, unless stated
otherwise. On the other hand, the death number is the only variable presented as a cumulative death number of
all countries within a certain subgroup.

Due to significant dataset variability and deviation from Gaussian distribution, dependence between variables
(YLL and aPM, ;5 concentration, PMR and DARR) was established using Spearman correlation test. Furthermore,
Kruskal-Wallis test by ranks with Dunn’s multiple comparisons test was used to determine statistical significance
between subgroups of countries classified by their GNI and SDI.

Multiple linear regression was used to predict the outcome of YLL rate attributable to air pollution for 2019
using air pollution-related explanatory variables and to further establish relationship between air pollution
parameters and health outcomes. Explanatory variables used in the model were aPM, 5 and household air pol-
lution (HAP) for 2019. Both explanatory and response variables were log-transformed (In-transformed). Ozone
was excluded from the model because it failed to meet the assumption of linear relationship with the response
variable. Even after multiple data transformations, it seemed that ozone did not have any significant relation-
ship with the response variable. Furthermore, forcing the ozone into the model did not produce any significant
improvement in proportion of explained variance. Alpha value for all statistical tests was set at 0.05. Data was
analysed using GraphPad Prism 9 and Statistica 13.5.

Results

Overall change of air quality parameters and morbidity and mortality estimates attributable
to air pollution in Europe from 1990 to 2019.  The average aPM, 5 exposure of European countries was
20.8 pg/m® (95% CI 18.3-23.2) in 1990, while in 2019 it was 33.7% lower at 13.8 pg/m® (95% CI 12.0-15.6). All
European countries reduced their annual population-weighted aPM, 5 concentration, except Monaco (Fig. 1,
Supplementary Table S1). Western, Nordic and Baltic countries showed the biggest improvement in general,
whereas progress was smaller for Eastern and Southeastern countries. On the other hand, average seasonal
population-weighted ozone concentrations did not reduce as much as aPM, 5 with 44.7 ppb, a 6.5% decrease
compared to 41.8 ppb in 2019 (Supplementary Figure S2).

We then analysed death number, death rates and DALY rates attributable to air pollution for 2019 in all 43
countries (Table 1). There were in total 368,006 deaths in Europe attributable to air pollution, a reduction of
271 046 (42.4%) compared to 1990 with 37 countries lowering their number of deaths (Fig. 2). In the same time
period, an overall 43.9% decrease in total number of deaths attributable to air pollution was observed in the
subset of EU countries. Estonia had the most significant decrease in mortality attributable to air pollution with
a 82.3% reduction in 2019 when compared to 1990. It is followed by Norway and Sweden with 73.5% and 72.8%
fewer deaths, respectively. During the 29-year time period, we also observed a decreasing trend of all-cause
median death rate of all European countries, with a total reduction of 40.6% (Fig. 3). EU countries had a 1.3%
lower death rate and 5.6% lower DALY rate attributable to air pollution (Supplementary Table S2) compared to
all European countries. Furthermore, reduction of death rate attributable to air pollution was more pronounced
when compared to overall death rate. It was 50.0 in 1990, whereas in 2019 it was 16.7, a 66.6% decrease.

IHD was the primary cause of death in Europe making up 44.6% of all deaths attributable to air pollution.
Stroke and TBL cancer had a smaller contribution to the total death number with 25.2% and 10.7%, respec-
tively. When analysing the air pollution parameters, the majority (90.4%) of all deaths were associated with
aPM, ; pollution. Therefore, due to the high share in total number of deaths among all air pollutants, we primarily
focused on analysing effects of aPM, s on health.

Since we showed that aPM, ; concentration in Europe decreased, we aimed to determine if the contribution
of death rate attributable to air pollution in all-cause death rate also decreased. In 1990, it was 6.3% while in
2019 it was 3.5%, a reduction of 44.4%. We then aimed to explore how air pollution impacts premature mortality.
Our analysis showed that a total of 24,917 years of life were lost per 100,000 population in Europe in 2019 due
to health conditions associated with air pollution exposure (Fig. 4). This is a 63% decrease compared to 1990
(YLL=67 258). Among all European countries in 2019, Finland had both the lowest YLL rate (60.9) and aPM, 5
concentration (5.6 pg/m?), while North Macedonia had the highest YLL rate (2214.9) and aPM, 5 concentration
(30.3 pg/m?). Furthermore, a strong positive correlation was observed between aPM, ; concentration and YLL
rate (r=0.911, p<0.0001) (Supplementary Figure S3).

With IHD being the primary cause of death attributable to air pollution in Europe, we analysed YLL rate
among European countries and observed that IHD also contributed the most with 41.2% of total YLL rate attrib-
utable to air pollution in 2019. THD contributed the most to the YLL rate in Belarus (63.6%), while in Denmark
it had the lowest contribution (22.9%).
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Figure 1. The average annual population-weighted aPM, ; concentration in European countries for 1990 (a)
and 2019 (b). Countries are categorised by parameters of the European Environment Agency for 2019 into
groups based on aPM, 5 concentrations [pig/m’] in 2019: good (0-10.0), fair (10.0-19.9), moderate (20.0-24.9)
and poor (225.0). Percent reduction in annual population-weighted aPM, ; concentration in 2019 compared to
1990 (c¢). The figure was made in Adobe Illustrator (version 24.1., URL: https://www.adobe.com/products/illus

trator.html).
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Figure 1. (continued)
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Figure 1. (continued)

Progress of each country compared to Europe overall in terms of DALYs and aPM, ;.  To evalu-
ate progress and the dynamics of reduction of air pollution parameters, we aimed to determine how efficient
each European country was in reducing its DALY and aPM, 5 values to at least the extent of the European median
decrease from 1990 to 2019. Therefore, European countries were compared using the DARR change attributable
to air pollution in the first and final year of the analysed period. This value represents a difference between each
country’s DALY rate attributable to air pollution for the two given years (1990 and 2019) divided by the median
European DALY for 1990. Figure 5 shows that 26 of 43 European countries improved their DARR, i.e. had a
positive DARR change. These countries decreased their DALY rate attributable to air pollution minimally to
the extent of the European median reduction. Estonia and Finland had the greatest improvement by decreasing
DARR from 1990 to 2019 by 64.5% and 51.2%, respectively. On the other hand, 17 of 43 countries increased their
DARR and are represented with a negative DARR change. Therefore, they have not been able to reduce their
DALY values to at least the extent of the European median decrease. Monaco and Montenegro had the most
negative values with an increase of 146.0% and 79.5%, respectively.

PMR was also determined for each European country. Similarly to DARR change, PMR change was used as
a measure of each country’s ability to decrease its aPM, 5 value minimally to the extent of the European median
reduction. Although all countries (except Monaco) decreased their aPM, 5 level in 2019 compared to 1990, 31
of 43 European countries had a negative PMR change and an unfavorable trend of increasing PMR in 2019
compared to 1990, thus not reducing its aPM, s concentration to at least the extent of decrease in the European
median. Monaco had the most prominent PMR change with an increase in PMR of 92% while other countries
showed an increase of less than 50%. Although Finland increased its PMR by 7%, it still remained the country
with the lowest aPM, 5 level among European countries in 2019 and second lowest in 1990. Italy and Netherlands
had a neutral PMR change (0%) because they had equal PMRs both in 1990 and 2019. 10 of 43 countries had
a positive PMR change and favorable trend of decreasing aPM, 5 values to at least the extent of the European
median decrease with Switzerland having the largest reduction in PMR of 8%, followed by Norway and Den-
mark with a decrease of 6.9% and 5.9%, respectively. Furthermore, using the Spearman test, positive correlation
between DARR and PMR was established both for 1990 (r=0.854) and 2019 (r=0.921). Using this calculation,
YRR and DRR were also analysed (Supplementary Table S3).

In order to explore whether aPM, ; and HAP can significantly predict YLL attributable to air pollution for
2019, a multiple regression was performed. Our model statistically significantly predicted YLL values and also
explained a significant proportion of variance in YLL (R?=0.885, F(2,40) = 154.116, p<0.0001). Both aPM, 5
(b=1.623, p<0.0001) and HAP (b=0.150, p <0.0001) were statistically significant predictors. The final model was:
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log(YLL) = 2.476 4 1.623 x log(aPM,5) + 0.15 x log(HAP)

As a practical example of this model, it predicts that for a 10% increase in aPM, 5, YLL increases by 16.7%.
Furthermore, for a 10% increase in household air pollution, YLL increases by 1.4%.

Impact of economic and social factors on air pollution-related disease burden. Then, we aimed
to determine if there was a significant difference in aPM, 5 concentration and DALY rate attributable to air pol-
lution based on a country’s SDI. Thus, countries were grouped by their SDI in three categories (Fig. 6). Kruskal-
Wallis test showed significant differences between groups for all three diseases: IHD (H(2) =22.344, p <0.0001),
stroke (H(2)=21.847, p<0.0001) and TBL cancer (H(2) =8.258, p=0.016). When analysing differences between
groups for IHD and stroke attributable to air pollution in 2019, low SDI countries showed more than a 11-fold
higher DALY rate both for IHD and stroke when compared to high SDI countries. Furthermore, more than a
fivefold higher DALY rate for IHD and nearly fourfold higher DALY rate for stroke was observed in medium SDI
countries compared to high SDI countries. When looking at TBL cancer, DALY rate showed lower variability
among groups, but a statistically significant difference (p=0.028) in DALY rate was observed when compar-
ing high SDI to medium SDI countries. Significant differences (H(2)=16.844, p=0.0002) were also observed
between groups of countries when comparing their aPM, 5 concentrations (Supplementary Figure S4B).

In addition, we also compared groups of countries based on their GNI to assess if a country’s income might
be a differentiating factor in terms of DALY rate attributable to air pollution. There were significant differences
between groups for all three diseases: IHD (H(3) =28.038, p <0.0001), stroke (H(3)=28.963, p<0.0001) and
TBL cancer (H(3) =15.550, p=0.001). We showed that groups of countries with lower GNI had significantly
higher DALY compared to groups of countries with higher GNI (Supplementary Figure S4A). This effect is
most prominent when looking at countries in the lowest economic bracket which have more than a 11-fold
higher DALY rate for IHD and nearly 25-fold higher DALY rate for stroke when compared to very high income
(VHI) countries. Furthermore, significant differences (H(3) =19.918, p=0.0002) were also observed between GNI
groups when comparing their aPM, 5 concentrations (Supplementary Figure S4B). These findings align well with
SDI comparisons, aided by a strong correlation between GNI and SDI (Spearman r=0.893, p <0.0001). Taken
together, these comparisons show that countries with higher GNI and SDI have lower DALY rates attributable
to air pollution compared to countries in lower GNI and SDI brackets.

Discussion

Air pollution is the most important environmental risk to human health?. It is also perceived among Europeans
as the second biggest environmental concern®. A growing interest in the topic of air pollution has led to public
and political actions ultimately successfully reducing air pollution levels.

We showed that all European countries excluding Monaco decreased the concentration of the leading air
pollutant aPM, 5 by up to 44% in 2019 compared to 1990. One of the reasons that Monaco is an exception to this
positive trend might be the very high population density (more than 170-fold more than the average population
density of the European Union) which influences the aPM, ; value since the aPM, ; exposure calculation accounts
for population density. The overall decrease in Europe may partly be due to strong and proactive political legisla-
tions which have proved effective in curbing air pollution in many studies?®-*'. The Convention on Long-range
Transboundary Air Pollution has successfully reduced air pollution in Europe, whereas the European Green
Deal focuses on making Europe climate neutral by 2050°2. The act empowers to prioritize a sustainable industry,
energy efficiency by using clean energy, the importance of recycling, optimizing agriculture, and sustainable
mobility*. Reductions in air pollution were closely followed by reduced DALYs and mortality attributable to air
pollution improving the overall population health (Supplementary Figure S5). However, despite the progress
made, air pollution remains an important pan-European public health issue with nearly % of European countries
still exceeding the annual WHO AQG for aPM, ; pollution of 10 pg/m? in 2019. This is especially important in
the context of the ever-growing European population where urbanization is expected to increase from 74.7% to
approximately 83.7% in 2050'%34,

Study from Boldo et al. with 23 European cities showed that life expectancy at age 30 would increase by a range
between one month and more than two years if long-term exposure to aPM, ; level was reduced to 15 ug/m*®.
Also, a recent study from almost 1000 European cities calculated that 51,213 deaths per year could be avoided
if PM, 5 exposure was compliant with WHO air pollution guidelines®.

As a result of improved air quality, more than 85% of countries in Europe had a lower number of deaths
attributable to air pollution in 2019 compared to 1990. Also, the overall number of deaths attributable to air
pollution was lowered by more than 270,000 (42.4%). Interestingly, the share of death rate attributable to air
pollution in the overall all-cause death rate in Europe decreased more than the overall death rate, thus outpac-
ing it from an approximate 6% share in 1990 to nearly 3.5% in 2019. On the other hand, despite reducing air
pollution, Southeast European countries Bosnia and Herzegovina and North Macedonia still had the highest
aPM, ; levels in Europe in 2019, three times higher than the WHO AQG. Our findings align with Lelieveld
et al. who also found that air pollution-related mortality per capita was high in Eastern European countries,
especially concerning cardiovascular mortality*”. Death rates in Bosnia and Herzegovina and North Macedonia
were five-fold and seven-fold higher than the European median, respectively. Their DALY rates were also the
highest in Europe, multiple times higher than both the EU and European median and up to 32 times higher than
Iceland, which had the lowest DALY rate, thus indicating room for improvement. In another study, Lehtoméaki
et al. showed that Iceland had the lowest death rate among five Nordic countries, all of which have relatively low
levels of air pollution, and generally meet the EU guideline values®. Furthermore, for a deeper understanding
of time trends in burden estimates, a decomposition of total changes in DALY rates or mortality over time for
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each European country could be performed, taking into account the contribution of population size change, age,
cause specific-mortality rates (excluding the effect of air pollution), and air pollution exposure. These analyses
could provide a useful overview of how each factor contributes to changes in DALY rates or mortality, and thus
inform policy makers, as well as health officials, about potentially implementing specific measures to address
the factors contributing most to disease burden. Decomposition methods have been previously reported in GBD
studies, as well as papers that focused primarily on this method, which due to its significant comprehensiveness,
was not within the scope of our research®*>%.

As a summary measure of premature mortality, YLL has been highly associated with air pollution and each
year more than 200 million years of life are lost due to air pollution globally*'. Our results align closely since
we showed a strong positive association between aPM, 5 concentration and YLL. One study using data from
72 Chinese cities estimated that for every 10 pg/m?® increase in PM, 5 an additional 0.43 years of life are lost,
whereas PM, ; levels in accordance with WHO AQG would result in 0.14 years of gain in life expectancy®2 To
get a better and more comprehensive understanding of the relationship between disease burden metrics such
as YLL and aPM, 5 and household air pollution, the model we created came very useful. Due to its significant
prediction of YLL attributable to air pollution using aPM, 5 and household air pollution, we think this might be
of good use to policymakers and researchers in the field to reliably predict YLL based on trends of air pollution
components, especially during a period of years. Furthermore, since the model predicts that a 10% increase in
aPM, ; would result in YLL increase of 16.7%, whereas a 10% increase in household air pollution would increase
YLL by only 1.4%, it strongly supports that aPM, 5 has the predominant impact on disease burden, thus pointing
to the importance of curbing this air pollution parameter.

Comparing the results to the overall trend in the region is also a significant factor regarding not only a
country’s environmental consciousness, but also the ability to leverage resources to combat air pollution. Both
PMR change and DARR change are important to see if the country is reducing its aPM, 5 concentration and
DALY values at least at the pace of the European region between 1990 and 2019. Despite almost all countries
decreasing their aPM, ; concentrations in 2019, only 10 countries actually did that to at least the extent of the
European median decrease. Sweden and Norway were among the countries with the lowest aPM, 5 concentra-
tions in 1990, yet still managed to decrease their aPM, 5 values in 2019 more than the European median, thus
having a positive PMR change. On the other hand, Bosnia and Herzegovina and Albania had among the most
negative PMR changes in spite of reducing their aPM, 5 concentrations. Belis et al. identified energy production
in inefficient coal-fueled power plants as one of the main sources of PM, 5 in the Western Balkans. Also, agricul-
ture and residential combustion significantly affected PM, ; levels*. Since some Western Balkan countries had
among the highest aPM, ; levels both in 1990 and 2019, more powerful ways of curbing air pollution are needed.

Similarly, we used DARR change to evaluate each country’s progress in terms of reduction in DALY rates
attributable to air pollution compared to the European median change. All 43 countries reduced their own
DALY rate in 2019 compared to 1990, but less than 2/3 had a decrease to at least the extent of the European
median reduction, thus having a positive DARR change. EU countries Finland, Sweden, and Estonia all had
DARR change above 40%, while Monaco, Ukraine and Montenegro had the most negative DARR change, up
to -146%. The wide disparity in terms of DARR change may be due to more strict environmental policies in EU
countries, ambitious targets for emission reductions, and economic power and development*!. Therefore, both
aPM, ;s concentration and DALY rate, as well as DARR change and PMR change are complementary methods
which should be used when evaluating changes in aPM, 5 concentration and DALY rate between countries. It is
important to note that multiple diverse variables and geographical regions could used in this calculation, which
gives it a breath of flexibility and applicability in various scenarios.

Taking into account social and economic factors using SDI and GNI in regard to air pollution-related health
burden is an important metric. We showed that countries in the lowest SDI category in Europe had a higher
aPM, ; concentration compared to those in the highest. This aligns well with another study showing that the
country’s lower development status might be associated with overall poorer air quality®. Developing countries
undergoing the process of intense urbanization and industrialization became the countries with the largest air
pollution-related burdens in recent years. Furthermore, indoor air pollution originating from coal and biomass
in the form of wood, dung and crop residues for domestic energy represents a major environmental and public
health challenge in developing economies, especially in rural areas®. Even though we expected more developed
countries to have lower air pollution parameters, we were surprised by how large some of the differences were
when comparing countries. Low SDI countries had more than a 11-fold higher DALY rate both for IHD and
stroke when compared to high SDI countries. This difference has even greater meaning when taking into account
that stroke and IHD are two of the leading causes of death in the world. Similar striking differences were found
when comparing countries by GNI, thus excluding educational attainment and total fertility rate which are
part of SDI. Upper middle income (UMI) countries had more than a 11-fold higher DALY rate for IHD and
nearly 25-fold higher DALY rate for stroke when compared to VHI countries. This big difference emphasizes
a larger than expected gap between more and less developed countries in Europe and shows how disparities
in controlling air pollution can negatively affect population health. This is a strong call to action, especially in
lower developed countries, to double down on curbing air pollution considering that stroke, IHD and TBL
cancer made up more than 80% of all European deaths attributable to air pollution in 2019 alone. The difference
in economic power and DALYs might also be due to other factors such as a more comprehensive and stronger
healthcare system in wealthier countries. A study showed that better and more extensive quality of healthcare
is needed to improve patient outcomes, especially since 63.8% of deaths in Eastern Europe occurred due to use
of poor-quality services*®. The somewhat smaller statistical significance for TBL cancer might be due to cancer
being a complex heterogeneous disease which can be attributable to both genetics and lifestyle and thus various
factors might be triggering its genesis in different and unequal manners*.
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Air pollution Ambient particulate matter polluti Household air pollution from solid fuels Ambient ozone pollution
Median age Median age Median age Median age
standardised | Median age standardised | Median age standardised | Median age standardised | Median age
death rate standardised death rate standardised death rate standardised death rate standardised
Deaths per 100,000 | DALY rate Deaths per 100,000 | DALY rate Deaths per 100,000 | DALY rate Deaths per 100,000 | DALY rate
Measure (thousands) | (IQR) (IQR) (thousands) | (IQR) (IQR) (thousands) | (IQR) (IQR) (thousands) | (IQR) (IQR)
Cause
All cause 368.0 16.7(33.5) | 403.4(820.2)| 3327 39.7(48.4) | 382.2(658.2)| 19.5 0.2 (3.0) 3.8 (70.9) 17.3 1(0.8) 154 (12.3)
Ischemic 1643 65(172) | 133.5(347.1)| 155.1 6.0(14.0) | 124.8(290.1)| 9.2 0.1 (1.5) 1.0(27.9) | N/A N/A N/A
heart disease i i : : : | : : ’ : ’ T : :
Stroke 92.7 3.2(8.7) 64.4 (202.8) | 86.4 3.2(7.8) 64.1 (187.1)| 6.3 0.04 (0.8) 0.7 (17.9) N/A N/A N/A
Tracheal,
bronchus, and | 39.5 24(2.1) 55.6 (56.4) | 37.7 2.3(1.9) 55.5(44.5) | 1.8 0.02(0.2) 0.6 (5.2) N/A N/A N/A
lung cancer
Sex
Female 174.1 117 (24.9) | 283.2(570.9)| 156.5 342(442) | 2749 (467.2) | 112 0.1(2.6) 33(576) | 7.1 0.6 (0.6) 8.1(8.5)
Male 193.9 23.6 (43.7) 537.7 (1107.6) | 176.3 45.2(51.2) 500.1(892.3)| 8.4 0.2 (3.4) 4.4 (86.6) 10.2 1.5(1.1) 23.2(16.8)
Age
3034.8 2731.6
>70 years 249.9 226.7 (308.1) (4523.9) 2235 197.5 (284.5) (4079.0) 13.1 1.9 (31.3) 27.4 (455.3) 14.6 11.1(11.4) 140.9 (128.8)
<5 years 1 1.9(1.8) 1682 (163.1)| 0.9 1.8(1.7) 163.8 (151.7) | 0.1 0.02 (0.3) 1.9(230) | N/A N/A N/A

Table 1. Deaths, age-standardised death rates, and DALY rate attributable to air pollution in Europe in 2019.
IQR, interquartile range. Certain data for ozone marked with "N/A" was not available in GDB 2019.
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Figure 2. Percent change in number of deaths attributable to air pollution in 2019 compared to 1990.

With cooperation at intra- and inter-national levels, strong policies could be implemented at curbing both
air pollution and premature mortality and morbidity, while serving as a catalyst for economic development and
promotion of healthy lifestyle*. Emissions from vehicles could be reduced by prioritizing green and sustainable
forms of transport such as rapid and optimized urban and international transport, cycling, as well as implement-
ing stricter vehicle emissions standards and working on more efficient engine technologies*®*°. Making cities
more compact and with energy efficient homes, optimizing urban transport and waste management will be of
utmost importance to mitigate air pollution increase. Improving the management of agricultural waste and
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Figure 3. Median European death rate from 1990 to 2019.
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Figure 6. Comparison of countries by SDI and DALY rate attributable to air pollution for IHD, stroke and TBL
cancer in 2019. Countries are categorised by SDI into three categories: high SDI, medium SDI and low SDI.
Groups are represented as median with interquartile range. Statistical analysis by Kruskal-Wallis test by ranks
with Dunn’s multiple comparisons test. Bonferroni correction for multiple tests was used to adjust significance
values.

livestock manure, while reducing agriculture field burning and promoting healthy diets low in processed meat
and rich in plant-based food will keep the food production environmentally sustainable®. Despite improvements
in wastewater management and pollution abatement technology, industry is still a significant source of pollutant
releases in Europe®. Further implementation of clean technologies, filters, and recovery of gas released during
fossil fuel production are recommended to optimize soil, water and air quality management®?. Public actions
and national robust policies could have a long-lasting impact on bringing down air pollution, as well as growing
human health and welfare.
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Our study has several limitations. First, important causes of death like chronic obstructive pulmonary disease,
dementias, diabetes and kidney disease were not individually addressed in the context of air pollution-related
morbidity and mortality. Second, DARR change and PMR change might not give a clear indication of the
country’s progress in certain conditions. A negative DARR change and/or PMR change might underestimate
the country’s progress since it could already have low DALY rates or aPM, 5 values. Third, estimates on levels of
aPM, 5 and ozone might be skewed given the smaller numbers and less well diversified locations of air quality
monitoring stations, as well as the spread of air pollution from other countries through changes in wind pattern
with temperature®**. Also, GBD study estimates of household air pollution include solid fuels used for cooking,
but not for heating. Fourth, availability of primary data is a major limitation of the GBD study and as such applies
here for mortality and morbidity estimates, along with other general limitations described in the GBD Study
2019%% Fifth, decomposing the total changes in mortality or DALY rates over time for each European country,
taking into account the contribution of population size change, age, cause specific-mortality rates (excluding the
effect of air pollution), and air pollution exposure was not performed which could have given the paper a deeper
understanding of the factors influencing them the most. Sixth, recommendations on how to reduce air pollution
might not be feasible for every country in the same way due to different dominant industries and economic power.
Finally, air pollution, as well as mortality and morbidity estimates for each country might not be representative
for all the country’s regions. Also, specific air pollution-related medical conditions might not be represented in
an equal manner in the whole population and certain subpopulations might be more or less affected. Even with
these limitations, our study provides a useful overview and analysis regarding the health effects of air pollution
in Europe using the most recent data available.

In conclusion, Europe made significant progress in decreasing aPM, 5 concentration, mortality and disease
burden attributable to air pollution in the last three decades. However, nearly 75% of Europeans still live in areas
where aPM, s concentration do not meet WHO AQG. Even though implementing air pollution reduction meas-
ures may be a significant challenge for some countries, with population growth and increased urbanization in
Europe, air quality should be prioritized for long term economic growth and improved overall population health.

Data availability

The dataset regarding overall, as well as ischemic heart disease (IHD), stroke, and tracheal, bronchus and lung
cancer-specific disability adjusted life years (DALYs), years of life lost (YLL) and mortality attributable to air
pollution for 43 European countries between 1990 and 2019 are available in the Global Burden of Disease 2019
repository which can be found on this web page: http://www.healthdata.org/gbd/2019. Socio-demographic index
for each country can be found in the same database. The dataset regarding concentrations of ambient particulate
matter less than 2.5 microns in size, ozone, and household air pollution from solid fuels were obtained from
State of Global Air 2020 which can be found on this web page: https://www.stateofglobalair.org/. The dataset
regarding the gross national income of each European country was obtained from the World Bank Classification
and can be found on this web page: https://data.worldbank.org/indicator/NY.GNP.PCAP.CD. Other data used
in this manuscript can be found within the reference section.
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