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A B S T R A C T   

Introduction: Air pollution health risk assessments have traditionally used single-pollutant effect estimates for one 
proxy ambient air pollutant such as PM2.5. Two-pollutant effect estimates, i.e. adjusted for another correlated 
pollutant, theoretically enable the aggregation of pollutant-specific health effects minimizing double-counting. 
Our study aimed at estimating the adult mortality in Switzerland in 2019 attributable to PM2.5 from a single- 
pollutant effect estimate and to the sum of PM2.5 and NO2 from two-pollutant estimates; comparing the re-
sults with those from alternative global, European and Swiss effect estimates. 
Methods: For the single-pollutant approach, we used a PM2.5 summary estimate of European cohorts from the 
project ELAPSE, recommended by the European Respiratory Society and International Society for Environmental 
Epidemiology (ERS-ISEE). To derive the two-pollutant effect estimates, we applied ELAPSE-based conversion 
factors to ERS-ISEE PM2.5 and NO2 single-pollutant effect estimates. Additionally, we used World Health Or-
ganization 2021 Air Quality Guidelines as counterfactual scenario, exposure model data from 2019 and Swiss 
lifetables. 
Results: The single-pollutant effect estimate for PM2.5 (1.118 [1.060; 1.179] per 10 μg/m3) resulted in 2240 
deaths (21,593 years of life lost). Using our derived two-pollutant effect estimates (1.023 [1.012; 1.035] per 10 
μg/m3 PM2.5 adjusted for NO2 and 1.040 [1.023; 1.058] per 10 μg/m3 NO2 adjusted for PM2.5), we found 1977 
deaths (19,071 years of life lost) attributable to PM2.5 and NO2 together (23% from PM2.5). Deaths using 
alternative effect estimates ranged from 1042 to 5059. 
Discussion: Estimated premature mortality attributable to PM2.5 alone was higher than to both PM2.5 and NO2 
combined. Furthermore, the proportion of deaths from PM2.5 was lower than from NO2 in the two-pollutant 
approach. These seemingly paradoxical results, also found in some alternative estimates, are due to statistical 
imprecisions of underlying correction methods. Therefore, using two-pollutant effect estimates can lead to 
interpretation challenges in terms of causality.   

1. Introduction 

Air pollution health risk assessments (AP-HRAs) provide a method-
ology to quantify health effects attributable to exposure to ambient air 
pollution in entire populations (WHO 2016b). The following four main 
input data are used in AP-HRAs: a) population exposure to pollution, b) 
counterfactual scenario (i.e. the minimum concentration from where the 
health burden is quantified), c) concentration-response function 
expressed as an effect estimate per an increment in concentration and d) 

baseline health data (i.e. incidence in the area of study) (Castro et al., 
2022). 

Effect estimates are key input data in AP-HRAs and can be classified 
as single-pollutant (without adjustment for other pollutant) or two- 
pollutant (both mutually adjusted) depending on the number of pol-
lutants involved. To date, many studies quantifying deaths attributable 
to air pollution used a proxy pollutant such as particulate matter with a 
diameter of 2.5 μm or smaller (PM2.5) to quantify the burden of air 
pollution (e.g. ETC/ACM 2016; Khomenko et al., 2021; Murray et al., 
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2020; WHO, 2016a). PM2.5 is a mixture of solid and liquid air pollutant 
components and has one of the largest evidence bases for health effects 
compared with other air pollutants (US EPA, 2019). This makes PM2.5 an 
appropriate indicator of long-term exposure to air pollution in AP-HRAs. 
Although it is well established that air pollutants other than PM2.5 have 
also health effects, summing up the burden for various pollutants would 
result in partial double counting, if they are correlated and the tradi-
tional single-pollutant effect estimates are used, i.e. if study results are 
not mutually adjusted for them (WHO 2013). To account for effects from 
pollutants other than PM2.5, some international AP-HRAs (e.g. 
ETC/ACM 2016; Khomenko et al., 2021) have considered two indicators 
of long-term exposure to air pollution: PM2.5 and nitrogen dioxide 
(NO2). However, the resulting mortality burden was presented sepa-
rately and not directly added to prevent from the above mentioned 
double-counting. 

Two-pollutant effect estimates are considered to show the effect of 
one pollutant independent from a second by adjusting for the effect of 
the latter pollutant in the statistical analysis. Therefore, two-pollutant 
effect estimates, in theory, may enable the quantification of the mor-
tality attributable to each air pollutant separately, while minimizing the 
risk of double-counting of health effects. The WHO project HRAPIE, 
which provided recommendations on the use of effect estimates for AP- 
HRAs in 2013, already highlighted these benefits (WHO 2013). This is 
particularly useful in a context where burden of air pollution is related to 
specific air pollution sources, like in assessments of transport external-
ities (ARE, 2014). On the other hand, it was also acknowledged that 
two-pollutant effect estimates involve risks of bias for one of the two 
pollutants, in case of exposure measurement errors and high underlying 
correlations producing variance inflation (WHO 2013). Two-pollutant 
effect estimates have thus been rarely used in AP-HRAs. The work of 
the British Committee on the Medical Effects of Air Pollutants 
(COMEAP) is an exception, adding health effects of PM2.5 and NO2 with 
two-pollutant effect estimates (COMEAP, 2018; Gowers et al., 2020). 

The choice of the appropriate effect estimate among new available 
single- and two-pollutant effect estimates is challenging. In 2013, the 
WHO project HRAPIE recommended using the single-pollutant effect 
estimate from the work of Hoek et al. (2013) for long-term adult mor-
tality attributable to PM2.5. After HRAPIE, new single-pollutant and 
two-pollutant effect estimates from meta-analyses (Chen and Hoek, 
2020; Pope et al., 2020) and from large European studies (Beelen et al., 
2014; Stafoggia et al., 2022; Strak et al., 2021) have been published. 
Large European studies such as ESCAPE (European Study of Cohorts for 
Air Pollution Effects) (Beelen et al., 2014) and more recently ELAPSE 
(Effects of Low-Level Air Pollution: A Study in Europe) (Stafoggia et al., 
2022; Strak et al., 2021) included cohorts exclusively located in Europe. 
The European Respiratory Society (ERS) and the International Society 
for Environmental Epidemiology (ISEE) jointly recommended in 2022 
the use of ELAPSE effect estimates for Europe (Brunekreef et al., 2022; 
Hoffmann et al., 2022), because “ELAPSE is the largest study in Europe 
by far, designed specifically to address the effects of exposure to low 
levels of air pollution—below current EU air quality limit values—and 
represents the latest and most relevant data for Europe” (Hoffmann 
et al., 2022). 

ELAPSE provided two different sets of effect estimates in two pub-
lications: a) a pooled analysis of eight prospective cohorts (none of them 
in Switzerland), i.e. pooling cohort data into one single European cohort 
(Strak et al., 2021) and b) a meta-analysis of seven European adminis-
trative cohorts, including the Swiss National Cohort (contributing to 
15% of the study population) (Stafoggia et al., 2022). The prospective 
cohorts provided detailed data on individual lifestyle factors for con-
founding control, whereas the administrative cohorts mostly lacked 
adjustment for individual lifestyles, but provided large population 
samples with virtual no selection bias. Pros and cons of each ELAPSE 
effect estimate set have been broadly analyzed in a project research 
report (Brunekreef et al., 2021). Given the challenging choice between 
the two ELAPSE effect estimate sets, the ERS-ISEE effort recommended 

summary estimates (i.e. meta-analytic means) of both (Brunekreef et al., 
2022; Hoffmann et al., 2022), referred to here as the ERS-ISEE effect 
estimates. However, ERS-ISEE only provided summary estimates of 
long-term mortality attributable to PM2.5 and NO2 as single-pollutant 
effect estimates, not as two-pollutant effect estimates. The 
single-pollutant summary estimates recommended in the ERS-ISEE joint 
statement were based on the effect estimates from the pooled prospec-
tive European cohort, which were directly adjusted for individual life-
styles, and the effect estimates from the seven administrative cohorts, 
which were only indirectly adjusted for lifestyle being smoking and body 
mass index (BMI) (Brunekreef et al., 2021, Table 22). Such effect esti-
mates with indirect adjustment were not available for two-pollutant 
models in each single administrative cohort (only the result of the 
meta-analysis was available). 

The goal of our study is to quantify the long-term adult mortality 
(premature deaths and years of life lost) attributable to air pollution in 
Switzerland using: 1) a single-pollutant effect estimate for PM2.5 rec-
ommended in the joint statement of the ERS-ISSE, and 2) newly derived 
two-pollutant effect estimates for PM2.5 and NO2 based on ELAPSE 
cohort data, that can be used to add up the independent health impacts 
of pollutants. The results are to be compared with those when using 
alternative single-pollutant or two-pollutant effect estimates available in 
the literature. 

2. Methods 

2.1. General approach 

2.1.1. Scope of research 
The focus of our study in the frame of the project QHIAS (Quantifi-

cation of Health Impact of Air pollution in Switzerland) is on natural 
cause mortality among adults attributable to long-term exposure to 
PM2.5 and NO2 in Switzerland in 2019. Since our study focused on 
mortality leaving morbidity out of the quantification, we refer to this 
hereinafter as air pollution mortality risk assessment (AP-MRA). We 
quantified adult mortality (often referring to ages 30 and older) and not 
infant mortality because the former is much higher (ARE, 2014). 

PM2.5, NO2 and O3 are the air pollutants most frequently considered 
in AP-MRAs for Switzerland (Castro et al., 2022). For our study, PM2.5 
was selected as indicator of both primary and secondary pollution and 
NO2 as indicator of primary pollution from traffic. O3 was excluded 
because only short-term exposure to O3 shows a (likely) causality on 
natural-cause mortality (Vicedo-Cabrera et al., 2020), while long-term 
effects are less conclusive (Kutlar Joss et al., 2020). Only 
two-pollutant (i.e. not three-pollutant) effect estimates are available 
from ELAPSE. 

We chose 2019 as year of analysis because this was the most recent 
year before the SARS-CoV2-pandemic, which had an impact on unusual 
high baseline mortality data in 2020 and 2021 in Switzerland (FSO, 
2022b). 

Finally, we aimed at the assessment of mortality in terms of both 
premature deaths and years of life lost. 

2.1.2. Quantification of health impacts 
When applying a single-pollutant approach, only the single-pollutant 

effect estimate for PM2.5 was used as traditional main proxy for ambient 
air pollution. For the aggregation of premature deaths (and YLLs) 
applying a two-pollutant approach, we firstly calculated the health 
burden for PM2.5 with an effect estimate from a two-pollutant model 
adjusted for NO2 and vice versa (i.e. the health effects for NO2 using an 
effect estimate from a two-pollutant model adjusted for a pollutant 
PM2.5). Secondly, we summed both health impacts (Fig. 1). 

We applied a life table method for the quantification of health im-
pacts. Therefore, instead of a single value for the baseline health data, 
life tables, i.e. tables showing the probability of dying by age and sex, 
were used. Details on the life-table method and equations involved in the 
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calculation of the number of deaths and years of life lost can be found in 
Appendix A. 

2.2. Input data 

2.2.1. Population exposure 
We used population exposure data from the Swiss exposure model 

PolluMap (Künzle, 2021). This is a dispersion model with a resolution of 
100 m × 100 m. The company Meteotest provided the 
population-weighted annual mean concentrations for PM2.5 (8.3 μg/m3) 
and NO2 (16.32 μg/m3) in Switzerland in 2019 (Meteotest, 2022). The 
exposure data were not stratified by age group. 

2.2.2. Counterfactual scenario 
As counterfactual scenario, we used the values of the 2021 Air 

Quality Guidelines suggested by the WHO (WHO, 2021) for PM2.5 (5 
μg/m3) and for NO2 (10 μg/m3). These values reflect the lowest con-
centration with scientific evidence of health effects. Therefore, we 
assumed in our AP-MRA that no health effects occur below this con-
centration and subtracted the concentration of the counterfactual sce-
nario from the population exposure. 

2.2.3. Baseline health data 
The Swiss Federal Statistical Office provided the baseline health data 

as natural mortality and the life tables (FSO, 2022a). We utilized 
different data sets for males and females by age. We obtained the annual 
number of natural deaths by subtracting the number of non-natural 
deaths from the all-cause deaths. To avoid the bias of outlier years, we 
considered the average mortality of the ten-year period from 2009 to 
2019 and the average probability of dying from lifetables within the 
five-year period 2015–2019 for each sex and each age. The population 
data referred to the average at the end of 2018 and 2019. We considered 
adult people at the age of 30 or older, assuming that population younger 
than 30 is marginally affected by long-term mortality attributable to air 
pollution. 

2.2.4. Effect estimates 

2.2.4.1. Our selected estimates. For the single-pollutant approach, we 
used the ERS-ISEE estimate, i.e. 1.118 [1.060; 1.179] per 10 μg/m3 

PM2.5, which is a summary estimate of the ELAPSE prospective and 
administrative cohorts. Regarding the two-pollutant approach, ERS- 
ISEE did not provide specific recommendation for effect estimates 
(Brunekreef et al., 2022; Hoffmann et al., 2022). We obtained the 

two-pollutant effect estimates by multiplying the ERS-ISEE single--
pollutant effect estimates for PM2.5 and NO2 by pollutant-specific con-
version factors. The resulting two-pollutant effects estimates were 1.023 
[1.012; 1.035] per 10 μg/m3 PM2.5 adjusted for NO2 and 1.040 [1.023; 
1.058] per 10 μg/m3 NO2 adjusted for PM2.5 (Table 2). 

The conversion factors were calculated as the ratio between single- 
pollutant and two-pollutant effect estimates from a same model, 
following the approach of the COMEAP in their AP-MRA for PM2.5 and 
NO2 (COMEAP, 2018). The single-pollutant and two-pollutant effect 
estimates used to obtain the conversion factor were the summary esti-
mates (i.e. meta-analytic means of the effect estimates) from the pro-
spective and administrative ELAPSE cohorts (Fig. 2). We used the 
analyses without indirect adjustment for lifestyles in the administrative 
cohorts since for these analyses both the single-pollutant and 
two-pollutant effect estimates were available at cohort level (Brunekreef 
et al., 2021; Additional material 3, table A 23). The models with indirect 
adjustment, which were used for the ERS-ISEE effect estimates, were 
only available for single-pollutant. 

To pool the summary estimates, we carried out a random effects 
meta-analysis with generic inverse variance. We treated the seven 
administrative cohorts (Stafoggia et al., 2022) individually, while we 
treated the eight prospective cohorts included in the pooled European 
cohort (Strak et al., 2021) as one single cohort, like in the original 
publication and the joint statement of the ERS-ISEE (Brunekreef et al., 
2022; Hoffmann et al., 2022). 

2.2.4.2. Alternative effect estimates for the comparison. Beyond the effect 
estimates that we selected for our study, other single-pollutant and two- 
pollutant effect estimates from the literature might be alternatively used 
for an AP-MRA for Switzerland. We compared the resulting mortality of 
the AP-MRA using our selected effect estimates with the alternatives. 
Table 1 shows the effect estimates that we included in the comparison. 
We mainly considered effect estimates for Europe. Exceptionally, we 
also considered the global estimate of Hoek et al. (2013) because it was 
recommended by the WHO project HRAPIE and the ELAPSE 
country-specific effect estimates for Switzerland from the Swiss 
administrative cohort (Stafoggia et al., 2022). 

Some effect estimates for PM2.5 and NO2 were originally expressed as 
per 5 μg/m3 increment, while others per 10 μg/m3. To obtain the effect 
estimates corresponding to any other increment in concentration, we 
assumed a log-linear shape of the concentration-response function, as 
recent AP-MRAs (e.g. Khomenko et al., 2021), applying Equation 1. 

Equation 1 Effect estimate after a change in the concentration 
increment. 

Fig. 1. Quantification of mortality attributable to PM2.5 alone (single-pollutant approach) and both PM2.5 and NO2 (two-pollutant approach).  

A. Castro et al.                                                                                                                                                                                                                                  



Environmental Research 231 (2023) 116029

4

2.3. Materials 

For the data analysis and visualization, we programmed in R lan-
guage (version 4.0.3) (R Core Team, 2020) using R Studio (version 
1.3.1093) (RStudio Team, 2020). Additionally, the following R packages 
were used: zoo (Zeileis and Grothendieck, 2005), meta (Balduzzi et al., 
2019) as well as tidyverse packages (Wickham et al., 2019) such as 
readxl (Wickham and Bryan, 2022), dplyr (Wickham et al., 2022), tidyr 
(Wickham and Girlich, 2022), purrr (Henry and Wickham, 2020), tibble 
(Müller and Wickham, 2022), stringr (Wickham, 2022) and ggplot2 
(Wickham, 2016). For the figures, we used a colorblind-friendly palette 
(Okabe and Ito, 2008). 

3. Results 

3.1. Using our selected effect estimates 

3.1.1. Single-pollutant approach 
Using the single-pollutant effect estimate for PM2.5 recommended in 

the joint statement of the ERS-ISEE, we found that 2240 premature 
deaths (21,593 years of life lost) among adults in Switzerland in 2019 
were attributable to PM2.5 (Table 3). 

3.1.2. Two-pollutant approach 
Applying the two-pollutant effect estimates resulted in a total of 

1977 premature deaths (19,071 years of life lost) among adults attrib-
utable to long-term ambient exposure to PM2.5 and NO2 in Switzerland 
in 2019 (Table 3). This is an 11.7% lower number attributable mortality 
than obtained from the single-pollutant approach (1977 vs. 2240 
deaths). Out of the total attributable mortality with the two-pollutant 
approach, 23% (461 deaths, 4.447 years of life lost) was attributable 
to PM2.5 and 77% (1516 deaths, 14,624 years of life lost) to NO2 
(Table 3). 

3.2. Using alternative effect estimates 

When using alternative single-pollutant and two-pollutant effect 
estimates, the quantified adult mortality for Switzerland in 2019 ranged 
from 1042 to 5059 premature deaths (Fig. 3). Thus, the 2040 deaths 
from the ERS-ISEE single-pollutant effect estimate for PM2.5 and the 
1977 deaths from our two-pollutant effect estimate for PM2.5 and NO2 
(called “QHIAS-AdjustingERS-ISEE” in Fig. 3) are within the range of the 
results using the alternative effect estimates. The two lowest attributable 
number of deaths were obtained when applying the single-pollutant 
effect estimate for PM2.5 from the Swiss administrative cohort of 
ELAPSE project (Stafoggia et al., 2022) (1042 deaths) and from the WHO 
project HRAPIE (Hoek et al., 2013) (1218 deaths). In contrast, the 
highest attributable number of premature deaths was reached when 
using the effect estimates from pooled European prospective cohort of 
ELAPSE (Strak et al., 2021); 5059 deaths with a two-pollutant approach 
and 4803 with a single-pollutant approach (Fig. 1). 

It should be noted that not only our selected effect estimates resulted 
in higher number of premature deaths attributable to PM2.5 alone 
applying a single-pollutant approach than the number attributable to 
both PM2.5 and NO2 applying a two-pollutant approach. This pattern 
was also observed in some alternative effects estimates where the pair 
single-pollutant and two-pollutant estimates were available from the 
same model. The number of premature deaths applying a single- 
pollutant approach was 21.2% higher than the two-pollutant approach 
(2076 vs. 1713) when using the effect estimates based on the seven 
European administrative cohorts from ELAPSE (Stafoggia et al., 2022), 
and 3.7% (2706 vs. 2611) using the older project ESCAPE (Beelen et al., 
2014). On the contrary, in the case of the European prospective pooled 
cohort (Strak et al., 2021) and the Swiss administrative cohort (Sta-
foggia et al., 2022), both from ELAPSE, the two-pollutant approach 
resulted in a higher number of premature deaths than the 
single-pollutant approach. The confidence interval of the premature 
deaths from two-pollutant approaches was higher than the 
single-pollutant in all pairs. 

The individual contribution of each pollutant in two-pollutant 

Table 1 
Conversion of single-pollutant effect estimates into two-pollutant effect estimates for PM2.5 or NO2 using ELAPSE data. Conversion factors obtained from Figure A 1 to 
Figure A 4 (Appendix B).  

Single-pollutant effect estimates from ERS- 
ISEE a 

Calculation of conversion factors Derived two-pollutant effect 
estimates c 

Pollutant Effect estimate per 10 μg/m3 

[confidence interval] 
Mean single-pollutant effect 
estimate per 10 μg/m3 b 

Mean two-pollutant effect 
estimate per 10 μg/m3 b 

Adjusted 
for 

Conversion 
factor 

Effect estimate per 10 μg/m3 

[95% confidence interval]  

EE1P EECF1 EECF2  CF EE2P      

1 − EECF2

1 − EECF1  

(1-EE1P*CF)þ1 

PM2.5 1.118 [1.06; 1.179] 1.128 1.025 NO2 0.194 1.023 [1.012; 1.035] 
NO2 1.045 [1.026; 1.065] 1.049 1.043 PM2.5 0.889 1.040 [1.023; 1.058] 

Abbreviations: ELAPSE = Effects of Low-Level Air Pollution: A Study in Europe. ERS-ISEE: European Respiratory Society and International Society for Environmental 
Epidemiology. 

a Summary estimate of ELAPSE cohorts using models with indirect adjustment for lifestyles (Brunekreef et al., 2022; Hoffmann et al., 2022). 
b We obtained these values by means of a random effects meta-analysis among the ELAPSE models for the pooled European cohort with adjustment for lifestyles as 

well as for the seven administrative cohorts without adjustment for lifestyles (Brunekreef et al., 2021, Table 22) (see Appendix B). The estimates for PM2.5 were 
originally expressed as per 5 μg/m3 for PM2.5 and after the meta-analysis, we standardized the increment to 10 μg/m3 using Equation 1. 

c Two-pollutant ERS-ISEE obtained by adjusting the single-pollutant effect estimates for another pollutant following the approach of COMEAP (COMEAP, 2018). 

EE1 = eln(EE0)*
C1
C0

⃒
⃒
⃒
⃒
⃒
⃒
⃒

EE1 = Effect estimate for the target concentration increment C1.

EE0 = Effect estimate for the original concentration increment C0 as in literature.

C0 = Original concentration increment of the effect estimate (e.g. 10 or 5 μg/m3).
C1 = Target concentration increment.
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approaches varied across the alternative effect estimates considered in 
our study (Table 4). As for our selected two-pollutant effect estimates, 
the number of premature deaths attributable to PM2.5 was lower than to 
NO2 for the estimates from the European ELAPSE administrative cohorts 
of Stafoggia et al. (2022) (123 vs. 1,590, i.e. 7% of the total). In contrast, 
the deaths attributable to PM2.5 than to NO2 in the case of the effect 
estimates from the work of Beelen et al. (2014) (2338 vs. 273) and the 
ELAPSE prospective cohorts of Strak et al. (2021) (3177 vs. 1882). The 
two-pollutant effect estimate for PM2.5 adjusted for NO2 from the Swiss 
administrative cohort of the ELAPSE project was lower than 1, which 
resulted in a negative number of deaths that was compensated by the 
effect from NO2. This negative number is not to be interpreted as a 
beneficial health effect, but as a consequence of the inexactness of the 
effect estimate. 

The years of life lost attributable to PM2.5 alone and to both PM2.5 
and NO2 (single-pollutant and two-pollutant approach respectively) by 
alternative effect estimate are available in Figure A 5 and Table A 2 
(Appendix C). 

4. Discussion 

4.1. Main findings 

Using the single-pollutant ERS-ISSE effect estimate for PM2.5, which 
is based on European ELAPSE cohorts, we found 2240 premature deaths 
(21,593 years of life lost) attributable to PM2.5 in adults in Switzerland 
in 2019. Applying a two-pollutant approach, yielded an overall lower 
attributable mortality (1977 deaths, 19,071 years of life lost). Of the 
total mortality, 23% was attributable to PM2.5 and 77% to NO2, 
respectively. We derived the two-pollutant effect estimates by applying 
pollutant-specific conversion factors to the single-pollutant effect esti-
mates suggested in the joint statement of the ERS-ISEE, all of them from 
ELAPSE cohort data. 

The number of premature deaths obtained using our selected single- 
pollutant and two-pollutant effect estimates were within the range of 
these alternative results, which ranged between 1042 and 5059. Sur-
prisingly, using a single-pollutant effect estimate resulted in a higher 
number of premature deaths than summing the mortality attributable to 
PM2.5 and NO2 using two-pollutant effect estimates in our selected effect 
estimates and in some alternative effect estimates from the ELAPSE 
administrative cohorts. Furthermore, the proportion of deaths attribut-
able to PM2.5 was smaller than to NO2 in both our selected two-pollutant 
estimates and some alternatives from ELAPSE administrative cohorts. 

4.2. Interpretation and implications 

A comparison of our results with other similar publications is limited 
because the two-pollutant approach, i.e. the aggregation of the health 
effects of PM2.5 and NO2 with the use of two-pollutant effect estimates 
mutually adjusted for both pollutants, has been rarely applied in AP- 
MRAs. An exception is the application of the two-pollutant approach 
undertaken by COMEAP (COMEAP, 2018; Gowers et al., 2020). 
COMEAP also derived the two-pollutant effect estimates from 
single-pollutant effect estimates, as we did, but converting robustly 
established single-pollutant effect estimates for PM2.5 and NO2 from 
Hoek et al. (2013) and from an ad-hoc meta-analysis (COMEAP, 2018), 
respectively. To calculate the conversion factor, the single-pollutant and 
two-pollutant effect estimates from the project ESCAPE (Beelen et al., 
2014), among other three non-European alternatives, were used. Our 
and COMEAP’s effect estimates for PM2.5 were quite similar, while the 
effect estimates for NO2 resulted in a much higher estimate in our case. 
Thus, the mean excess risk estimate of our derived effect estimates was 
58.2% lower than those from COMEAP for PM2.5 adjusted for NO2 
(0.023 vs. 0.053) and 3.6 times higher for NO2 adjusted for PM2.5 (0.040 
vs. 0.011). This can be explained by the percentage of reduction of 
conversion factors. Our conversion factors reduced the PM2.5 and NO2 

Table 2 
Effect estimates considered in the comparison including the ERS-ISEE and 
alternative estimates.  

Source Description Effect estimate standardized per 10 μg/ 
m3 [95% confidence interval] 

Single- 
pollutant 

Two-pollutant 

PM2.5 PM2.5 

adjusted 
for NO2 

NO2 

adjusted 
for PM2.5 

Selected effect estimates 
ERS-ISEE ( 

Brunekreef 
et al., 2022;  
Hoffmann 
et al., 2022) 

Summary (pooled) 
estimate of European 
ELAPSE prospective 
and administrative 
cohorts (the former 
adjusted for lifestyle, 
the latter indirectly 
adjusted for lifestyle). 

1.118 
[1.060; 
1.179]   

Our two- 
pollutant 
effect 
estimate 

After converting the 
single-pollutant ERS- 
ISEE estimates into 
two-pollutant 
estimates in the 
framework of the 
project QHIAS (see 
Section 2.2.4.1).  

1.023 
[1.012; 
1.035] 

1.040 
[1.023; 
1.058] 

Alternative effect estimates 
Beelen et al. 

(2014) 
Pooled effect analysis 
of the project ESCAPE 
across 22 European 
cohorts (including 
Switzerland). 

1.145 
[1.032; 
1.270] a 

1.124 
[0.955; 
1.322] a 

1.007 
[0.967; 
1.049] 

Chen and Hoek 
(2020) 

Subgroup results of 
meta-analysis of five 
European studies 
(including ESCAPE). 

1.070 
[1.030; 
1.110]   

Hoek et al. 
(2013) 

Global estimate from 
meta-analysis of 11 
studies (two in 
Europe, nine in North 
America). 
Recommended by the 
WHO project HRAPIE 
and used in STE-2010. 

1.062 
[1.040; 
1.083]   

Pope et al. 
(2020) 

Subgroup results of 
meta-analysis of 10 
European studies 
(including ESCAPE). 

1.120 
[1.060; 
1.190]   

Stafoggia et al. 
(2022) 

Seven European 
administrative 
cohorts (including 
Switzerland) without 
adjustment for 
lifestyle (except in 
England) from the 
project ELAPSE. 

1.109 
[1.042; 
1.177] a 

1.006 
[0.964; 
1.051] a 

1.042 
[1.020; 
1.065] 

Swiss administrative 
cohort without 
adjustment for 
lifestyle from the 
project ELAPSE. 

1.053 
[1.030; 
1.077] a 

0.984 
[0.956; 
1.010] a 

1.053 
[1.043; 
1.063] 

Strak et al. 
(2021) 

Eight European 
pooled prospective 
cohort adjusted for 
lifestyle from the 
project ELAPSE. 

1.277 
[1.223; 
1.334] a 

1.173 
[1.111; 
1.239] a 

1.050 
[1.031; 
1.070] 

Abbreviations: ELAPSE = Effects of Low-Level Air Pollution: A Study in Europe. 
ERS-ISEE: European Respiratory Society and International Society for Environ-
mental Epidemiology. ESCAPE = European Study of Cohorts for Air Pollution 
Effects. HRAPIE= Health risks of air pollution in Europe. QHIAS = Quantifica-
tion of Health Impact of Air Pollution in Switzerland. WHO = World Health 
Organization. 

a The effect estimate was originally expressed in the source as per 5 μg/m3. See 
the original values in Table A 1 (Appendix B). 
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single-pollutant effect estimates by 80.6% and 11.1% respectively, while 
the COMEAP’s conversion factors based on effect estimate of ESCAPE 
(Beelen et al., 2014) reduced them by 14% and 53%. Advances in 
modelling and exposure assessment together with the specific focus of 
ELAPSE on low-level air pollution as well as the lack of full adjustment 
for lifestyle of administrative cohorts may play a role in such differences 
in effect estimates. This shows that mutual adjustment can introduce 
substantial statistical variations, given the relatively low excess risks 
with relatively wide confidence intervals. 

In light of our resulting premature deaths, some pros and cons 

associated with the use of our derived two-pollutant effect estimates in 
AP-MRAs are pointed out below. Our derived two-pollutant effect esti-
mates resulted in a number of premature deaths that can be considered 
as moderate in comparison with other alternative effect estimates rele-
vant for Europe, regarding both single-pollutant and two-pollutant ap-
proaches. The fact that our derived effect estimates do not lead to 
relatively high attributable mortality is not itself an argument to use 
them, but it is indeed a sign that the effect estimates do not lead to 
outlier results that challenge communication, especially for policy 
making. Furthermore, our effect estimates enabled the inclusion of more 

Fig. 2. Conversion of single-pollutant into two-pollutant effect estimates.  

Table 3 
Number of premature deaths among adults in 2019 in Switzerland attributable to both PM2.5 and NO2 using our derived two-pollutant effect estimates converted from 
the ERS-ISEE single-pollutant effect estimates.  

Approach Pollutant Effect estimate per 10 μg/m3 [95% confidence interval] Premature deaths Years of life lost 

By pollutant Total among pollutants By pollutant Total among pollutants 

Single-pollutant PM2.5 1.118 [1.060; 1.179] 2240 2240 21,593 21,593 
Two-pollutant PM2.5 1.055 [1.028; 1.084] 461 1977 4447 19,071 

NO2 1.040 [1.023; 1.058] 1516 14,624  

Fig. 3. Premature deaths among adults in 2019 in Switzerland attributable to PM2.5 alone (single-pollutant approach) or to the sum of PM2.5 and NO2 mutually 
adjusting health effects (two-pollutant approach) using different effect estimates. The confidence intervals show the mortality when using the lower and upper bound 
of the effect estimates. 
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than one pollutant in the AP-MRA adding health effects among pollut-
ants, since they are adjusted for other pollutants. This helps to under-
stand how much each air pollutant contributes to the total resulting 
mortality. To the extent that NO2 remains a marker more directly related 
to traffic emissions, this is of special relevance for studies on transport 
externalities such as the specific Swiss assessments (ARE, 2014). 

On the other hand, our two-pollutant approach led to results with 
challenges in interpretation. The higher number of premature deaths 
attributable to PM2.5 alone (single-pollutant approach) compared to the 
sum of deaths from both PM2.5 and NO2 (two-pollutant approach) may 
seem counterintuitive. Furthermore, the smaller proportion of prema-
ture deaths from PM2.5 than from NO2 (23.3% vs. 76.7%) in the two- 
pollutant approach may seem inconsistent with the idea that PM2.5 is 
the main criteria air pollutant, and therefore often used as single indi-
cator. Similar patterns were found in some of the alternative effect es-
timates from the ELAPSE administrative cohorts. 

Both seemingly paradoxical results, i.e. the higher number of deaths 
using the single-pollutant approach than the two-pollutant approach 
and the higher proportion of deaths attributable to NO2 than to PM2.5, 
have a common explanation: the two-pollutant PM2.5 effect estimate 
after adjusting for NO2 of the administrative cohorts of ELAPSE (Sta-
foggia et al., 2022) is very low (close to 1). The reason for this low value 
has been documented in the research report that extensively compared 
the ELAPSE effect estimate data sets, but the authors did not find “a clear 
explanation” for this attenuation (Brunekreef et al., 2021). They 
concluded that “because the correlation between PM2.5 and NO2 was 
moderate and the width of the CI [confidence interval] was only 
modestly increased in two-pollutant models, the reduction of the PM2.5 
HR [hazard ratio] cannot be interpreted as an artefact related to mul-
ti-collinearity”. A high correlation between air pollutants makes difficult 
to disentangle the effect of each pollutant separately. COMEAP recom-
mended to use the two-pollutant effect estimates only if there is low 
correlation (lower than 0.7) between PM2.5 and NO2 in the 
multi-pollutant studies. This is more or less the case in the ELAPSE 
pooled prospective cohort (0.2–0.77) (Strak et al., 2021) and in the 
administrative cohorts (0.51–0.86) (Stafoggia et al., 2022), but the 
upper bound exceed the boundary recommended by the COMEAP. 

The lower effect estimate for PM2.5 than for NO2 after mutually 
adjusting for each other has been also found in a publication that 

produced two-pollutant models for several air pollutants and noise in 
Switzerland extending the analysis of ELAPSE data (Vienneau et al., 
2023). The authors of the ELAPSE research report “did not interpret the 
reduction of the PM2.5 HR [hazard ratio] as implying that in the setting, 
particles had no effect, as adjustment for NO2 also adjusted for particles 
from the sources shared with NO2, including motorized traffic and other 
sources of fossil fuel combustion” (Brunekreef et al., 2021). This dem-
onstrates that prudent interpretation of the effect estimates in terms of 
causal effects is advised, which implies that the obtained results do not 
fit with the overall motivation for applying a two-pollutant approach, i. 
e. attributing health effects to specific pollution sources. 

In the case of the Swiss ELAPSE administrative cohort, the two- 
pollutant effect estimate for PM2.5 was lower than 1, which led to 
non-significant negative results. The smaller study population of this 
cohort compared to the estimate from the seven cohorts results in higher 
random variability and indicates that effect estimates should be derived 
from large database such as pooled analyses or meta-analyses. 

It should also be acknowledged that the use of our conversion factor 
to pass from single-pollutant to two-pollutant effect estimates was quite 
simplistic and assumed no overlapping or added effects. If this 
assumption is not hold, this might also be an explanation for the 
seemingly paradoxical results of our two-pollutant effect estimates and 
not only statistical variation. The application of different counterfac-
tuals for multiple pollutants adds an additional layer of complexity to 
the calculation contributing to change the proportion of each pollutant 
in the total assessment. 

With the above explanation in mind, it is important to not falsely 
communicate such AP-MRA results (especially for policy making) as 
evidence for PM2.5 to be irrelevant for health. Instead, it shows the 
methodological challenges in sorting out the specific contributions of 
interrelated pollutants to the overall burden of death. The difficulty of 
two-pollutant effect estimates is that the causal effects are implicitly 
disentangled based on the correlation of the pollutants. However, cor-
relation may be determined by several factors such as the accuracy of 
exposure modelling or correlation with other unmeasured air pollutants 
and risk factors, and thus not necessary directly represent causation. In 
Switzerland, PM2.5 is mainly a surrogate for background air pollution 
including long-range transported and secondary formed pollutants, 
whereas NO2 is a surrogate for primary air pollutants from combustion 
such as traffic or concrete industry. 

It is worth mentioning that the results of the AP-MRA are very sen-
sitive to small changes in input data and methods. Therefore, the deci-
sion on single-pollutant vs. two-pollutant approach and the choice of the 
effect estimate has to be carefully and transparently done to show the 
reasons behind a likely under- or overestimation of the attributable 
mortality. 

Beyond the choice of the effect estimate, the counterfactual scenario 
can also affect the result of AP-MRA. The authors of the 2021 WHO Air 
Quality Guidelines pointed out that “the available evidence cannot 
currently identify levels of exposure that are risk free […]” (WHO, 
2021), but they defined air quality guidelines level as the concentration 
at which “it is assumed that adverse health effects do not occur or are 
minimal below this concentration” (WHO, 2021). Some AP-MRAs (and 
AP-HRAs) with specific results for Switzerland did not consider any 
cut-off in the quantification (e.g. ETC/ACM 2016), while more 
commonly (e.g. ARE, 2014; Khomenko et al., 2021; Murray et al., 2020; 
WHO, 2016a) some kind of cut-off was applied (Castro et al., 2022). Our 
counterfactual scenario served as a cut-off. This approach can be 
considered as conservative, because if we had not apply the cut-off, the 
results of our AP-MRA would have been higher. 

4.3. Limitations 

We converted the ERS-ISEE single-pollutant effect estimates into 
two-pollutant effect estimates. The resulting two-pollutant effect esti-
mates did not fully preserve the adjustment for lifestyles of the ERS-ISEE 

Table 4 
Number of premature deaths among adults in Switzerland in 2019 attributable 
to both PM2.5 and NO2 using alternative two-pollutant effect estimates.  

Study Pollutant Effect estimate 
per 10 μg/m3 

[95% 
confidence 
interval] 

Resulting premature 
deaths 

By 
pollutant 

Total of 
summing 
deaths from 
PM2.5 and 
NO2 

Beelen et al. (2014) PM2.5 1.124 [0.955; 
1.322] 

2338 2611 

NO2 1.007 [0.967; 
1.049] 

273 

Stafoggia et al. 
(2022) – seven 
European 
administrative 
cohorts 

PM2.5 1.006 [0.964; 
1.051] 

123 1713 

NO2 1.042 [1.020; 
1.065] 

1590 

Stafoggia et al. 
(2022) – only 
Swiss 
administrative 
cohort 

PM2.5 0.984 [0.956; 
1.010] 

− 330 1660 

NO2 1.053 [1.043; 
1.063] 

1990 

Strak et al. (2021) PM2.5 1.173 [1.111; 
1.239] 

3177 5059 

NO2 1.050 [1.031; 
1.070] 

1882  
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because we had to use a conversion factor without such adjustment in 
the administrative ELAPSE cohorts. The models of the administrative 
cohorts were not adjusted for individual lifestyles, in contrast to those 
from ERS-ISEE, which were indirectly adjusted for lifestyle (including 
smoking and BMI). We used these non-adjusted models because no 
better alternative was available. Specifically, no two-pollutant effect 
estimate with indirect adjustment for each administrative cohorts were 
published in the ELAPSE study (Stafoggia et al., 2022) or in the research 
report (Brunekreef et al., 2021). 

Alternatively to NO2, black carbon (or elemental carbon) could have 
been used in combination with PM2.5 in our two-pollutant approach. 
However, two-pollutant AP-MRAs for this combination are scarce and 
exposure assessments for black/elemental carbon may also not be easily 
available (compared to NO2). 

According to the Integrated Science Assessment for O3 of the United 
States Environmental Protection Agency, the evidence of causality of 
exposure to O3 on natural mortality is suggestive but not sufficient (US 
EPA, 2020). The WHO project HRAPIE suggested to use O3 effects es-
timates for natural mortality only for short-term exposure (WHO 2013). 
There is strong agreement on the causal evidence of short-term health 
effects of O3 with suitable effect estimates (Vicedo-Cabrera et al., 2020). 
Since short-term exposure to O3 is not correlated to long-term exposure 
to PM2.5 or NO2, the former could have been included as an independent 
additional air pollutant in the AP-MRA, without the need of the more 
complicated double-counting corrections as done for PM2.5 and NO2. 
However, no daily spatial modelling data for O3 are currently available 
to derive the population-weighted exposure for Switzerland. If the evi-
dence of causality of long-term exposure to O3 on natural mortality in-
creases, long-term O3 effect estimates (also provided by ELAPSE) could 
be considered in future assessments. 

In contrast to the Global Burden of Disease (2019) study (Murray 
et al., 2020), which estimated mortality summing cause-specific mor-
tality, we estimated natural mortality. Moreover, this study used age 
specific effect estimates, unlike our considered all-ages effect estimates. 
For those reasons, we could not include the effect estimates from the 
Global Burden of Disease study in our comparison of effect estimate. 

4.4. Future research 

Given that we used the WHO Air Quality Guidelines 2021 as coun-
terfactual scenario, the results in our study also reflect the mortality that 
could have been avoided in Switzerland in 2019, if the air pollution 
exposure had not exceed the level of WHO Air Quality Guidelines. The 
monetarization of health benefits of reducing air pollution to WHO Air 
Quality Guidelines levels is of use for policy-making (Egerstrom et al., 
2023) and could be part of future Swiss research. 

The conversion of single-pollutant effect estimates into two-pollutant 
effect estimates was needed, because the ERS-ISEE effect estimates were 
available only as single-pollutant. The two-pollutant effect estimates 
with indirect adjustment for lifestyles for each ELAPSE administrative 
cohort were not available. If future publications provide new robust two- 
pollutant effect estimates for Europe, the above mentioned conversion 
would not be needed anymore. 

Future epidemiological studies might provide effect estimates from 
multi-pollutant models mutually adjusting for more than two pollutants. 
Such models might ideally take into account the “cocktail” effect, i.e. the 
combined effect as a result of the interaction of multiple air pollutants. 
However, as the example from ELAPSE showed, high correlations be-
tween pollutants such as NO2 and black/elemental carbon preclude 
having both in the same model (Strak et al., 2021). Alternatively, a 
different approach including the residuals of the linear regression using 
PM2.5 as independent variable and further pollutants as dependent 
variables could be applied (Yang et al., 2021). 

Source-specific AP-MRAs (e.g. assessments for transport external-
ities) may aim to quantify health impacts of each of the sources of 
pollution instead of relying on few pollutants. Carrying out source- 

specific AP-MRAs would enable concrete information on the contribu-
tion of each pollution source on the total health burden. This informa-
tion is of particular interest to design public policies for better air 
quality. However, the application of such source-specific approaches is 
not possible yet. Solid source-specific epidemiological and Swiss expo-
sure data are currently scarce. 

5. Conclusion 

In contrast to traditional single-pollutant effect estimates, two- 
pollutant effect estimates enable the quantification of health effects 
mutually attributable to various pollutants. In the last years, new 
mutually adjusted two-pollutant effect estimates that are relevant for 
Europe have been published. After deriving our two-pollutant effect 
estimates from the European cohorts of the project ELAPSE, we 
concluded that it is feasible to use them in AP-MRAs applying a two- 
pollutant approach for PM2.5 and NO2, i.e. summing the health effects 
of both pollutants adjusted for each other. However, we found that the 
two-pollutant approach lead to challenges in interpretation of the re-
sults, namely lower number of premature deaths for the two-pollutant 
than for single-pollutant approach and for PM2.5 than for NO2. There-
fore, we suggest to apply a two-pollutant approach for PM2.5 and NO2 
only if the AP-MRA has a strong focus on pollutant-specific or source- 
specific attributable mortality. Otherwise, a single-pollutant approach 
for PM2.5 provides more robust and internationally comparable results. 
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(Ed.), Bilthoven (The Netherlands): A Consortium of European Institutes under 
Contract of the European Environment Agency (EEA) : RIVM Aether CHMI CSIC 
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I., Sarmiento-Suárez, R., Sarrafzadegan, N., Sartorius, B., Sarveazad, A., Sathian, B., 
Sathish, T., Sattin, D., Saxena, S., Schaeffer, L.E., Schiavolin, S., Schlaich, M.P., 
Schmidt, M.I., Schutte, A.E., Schwebel, D.C., Schwendicke, F., Senbeta, A.M., 
Senthilkumaran, S., Sepanlou, S.G., Serdar, B., Serre, M.L., Shadid, J., Shafaat, O., 
Shahabi, S., Shaheen, A.A., Shaikh, M.A., Shalash, A.S., Shams-Beyranvand, M., 
Shamsizadeh, M., Sharafi, K., Sheikh, A., Sheikhtaheri, A., Shibuya, K., Shield, K.D., 
Shigematsu, M., Shin, J.I., Shin, M.-J., Shiri, R., Shirkoohi, R., Shuval, K., Siabani, S., 
Sierpinski, R., Sigfusdottir, I.D., Sigurvinsdottir, R., Silva, J.P., Simpson, K.E., 
Singh, J.A., Singh, P., Skiadaresi, E., Skou, S.T.S., Skryabin, V.Y., Smith, E.U.R., 
Soheili, A., Soltani, S., Soofi, M., Sorensen, R.J.D., Soriano, J.B., Sorrie, M.B., 
Soshnikov, S., Soyiri, I.N., Spencer, C.N., Spotin, A., Sreeramareddy, C.T., 
Srinivasan, V., Stanaway, J.D., Stein, C., Stein, D.J., Steiner, C., Stockfelt, L., 
Stokes, M.A., Straif, K., Stubbs, J.L., Sufiyan, M.a.B., Suleria, H.A.R., Suliankatchi 
Abdulkader, R., Sulo, G., Sultan, I., Szumowski, Ł., Tabarés-Seisdedos, R., Tabb, K. 
M., Tabuchi, T., Taherkhani, A., Tajdini, M., Takahashi, K., Takala, J.S., Tamiru, A. 
T., Taveira, N., Tehrani-Banihashemi, A., Temsah, M.-H., Tesema, G.A., Tessema, Z. 
T., Thurston, G.D., Titova, M.V., Tohidinik, H.R., Tonelli, M., Topor-Madry, R., 
Topouzis, F., Torre, A.E., Touvier, M., Tovani-Palone, M.R.R., Tran, B.X., 
Travillian, R., Tsatsakis, A., Tudor Car, L., Tyrovolas, S., Uddin, R., Umeokonkwo, C. 
D., Unnikrishnan, B., Upadhyay, E., Vacante, M., Valdez, P.R., van Donkelaar, A., 
Vasankari, T.J., Vasseghian, Y., Veisani, Y., Venketasubramanian, N., Violante, F.S., 
Vlassov, V., Vollset, S.E., Vos, T., Vukovic, R., Waheed, Y., Wallin, M.T., Wang, Y., 
Wang, Y.-P., Watson, A., Wei, J., Wei, M.Y.W., Weintraub, R.G., Weiss, J., 
Werdecker, A., West, J.J., Westerman, R., Whisnant, J.L., Whiteford, H.A., Wiens, K. 
E., Wolfe, C.D.A., Wozniak, S.S., Wu, A.-M., Wu, J., Wulf Hanson, S., Xu, G., Xu, R., 
Yadgir, S., Yahyazadeh Jabbari, S.H., Yamagishi, K., Yaminfirooz, M., Yano, Y., 
Yaya, S., Yazdi-Feyzabadi, V., Yeheyis, T.Y., Yilgwan, C.S., Yilma, M.T., Yip, P., 
Yonemoto, N., Younis, M.Z., Younker, T.P., Yousefi, B., Yousefi, Z., 
Yousefinezhadi, T., Yousuf, A.Y., Yu, C., Yusefzadeh, H., Zahirian Moghadam, T., 
Zamani, M., Zamanian, M., Zandian, H., Zastrozhin, M.S., Zhang, Y., Zhang, Z.-J., 
Zhao, J.T., Zhao, X.-J.G., Zhao, Y., Zhou, M., Ziapour, A., Zimsen, S.R.M., Brauer, M., 
Afshin, A., Lim, S.S., 2020. Global burden of 87 risk factors in 204 countries and 

territories, 1990-2019: a systematic analysis for the Global Burden of Disease Study 
2019. Lancet 396, 1223–1249. 

Okabe, M., Ito, K., 2008. Color Universal Design (CUD)- How to Make Figures and 
Presentations that Are Friendly to Colorblind People -. 

Pope, C.A., Coleman, N., Pond, Z.A., Burnett, R.T., 2020. Fine particulate air pollution 
and human mortality: 25+ years of cohort studies. Environ. Res. 183, 108924. 

R Core Team, 2020. A Language and Environment for Statistical Computing. R 
Foundation for Statistical Computing, Vienna, Austria.  

RStudio Team, 2020. RStudio: Integrated Development for R. RStudio. PBC, Boston, MA. 
URL.  

Stafoggia, M., Oftedal, B., Chen, J., Rodopoulou, S., Renzi, M., Atkinson, R.W., 
Bauwelinck, M., Klompmaker, J.O., Mehta, A., Vienneau, D., Andersen, Z.J., 
Bellander, T., Brandt, J., Cesaroni, G., de Hoogh, K., Fecht, D., Gulliver, J., 
Hertel, O., Hoffmann, B., Hvidtfeldt, U.A., Jöckel, K.-H., Jørgensen, J.T., 
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