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A B S T R A C T   

In epidemiological studies, assessment of long term exposure to air pollution is often estimated using air 
pollution measurements at fixed monitoring stations, and interpolated to the residence of survey participants 
through Geographical Information Systems (GIS). However, obtaining georeferenced address data from national 
registries requires a long and cumbersome administrative procedure, since this kind of personal data is protected 
by privacy regulations. This paper aims to assess whether information collected in health interview surveys, 
including air pollution annoyance, could be used to build prediction models for assessing individual long term 
exposure to air pollution, removing the need for data on personal residence address. 

Analyses were carried out based on data from the Belgian Health Interview Survey (BHIS) 2013 linked to GIS- 
modelled air pollution exposure at the residence place of participants older than 15 years (n = 9347). First, 
univariate linear regressions were performed to assess the relationship between air pollution annoyance and 
modelled exposure to each air pollutant. Secondly, a multivariable linear regression was performed for each air 
pollutant based on a set of variables selected with elastic net cross-validation, including variables related to 
environmental annoyance, socio-economic and health status of participants. Finally, the performance of the 
models to classify individuals in three levels of exposure was assessed by means of a confusion matrix. 

Our results suggest a limited validity of self-reported air pollution annoyance as a direct proxy for air pollution 
exposure and a weak contribution of environmental annoyance variables in prediction models. Models using 
variables related to the socio-economic status, region, urban level and environmental annoyance allow to predict 
individual air pollution exposure with a percentage of error ranging from 8% to 18%. Although these models do 
not provide very accurate predictions in terms of absolute exposure to air pollution, they do allow to classify 
individuals in groups of relative exposure levels, ranking participants from low over medium to high air pollution 
exposure. This model represents a rapid assessment tool to identify groups within the BHIS participants un-
dergoing the highest levels of environmental stress.   
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1. Introduction 

The reliability of exposure assessment represents a key component 
and a challenging issue in the research of the health impact of pollution. 
Initial epidemiological studies on the adverse effects of environmental 
pollutants on health traditionally relied on population-level estimates of 
exposure, through measures collected at fixed monitoring sites (Dockery 
et al., 1993). Because aggregated data are not always representative of 
exposure to ambient pollutants at the residence address, an important 
limitation of these studies was the inaccuracy of personal exposure 
levels of study participants (Steenland et al., 1997; Brauer et al., 2002). 
Having an inaccurate estimate of actual exposure can and will reduce 
the power of the inferences derived from epidemiological studies 
(Özkaynak et al., 2013). 

To overcome this problem, air pollution models have been developed 
worldwide based on geographical analysis and a combination of 
satellite-derived, meteorological, and land-cover data, to estimate the 
level of air pollution exposure with high spatiotemporal accuracy (Di 
et al., 2016; Brokamp et al., 2019; Just et al., 2015) at any given loca-
tion. Different statistical methods - ranging from simple linear regression 
models to more complex machine learning techniques - were used to 
produce accurate predictions at locations where measurements were not 
available (Brokamp et al., 2017). Other approaches have also recently 
been developed to allow the assessment of individual exposure to air 
pollution, such as personal monitoring (Duncan et al., 2018; Haga et al., 
2021). This has the advantage of accurately assessing short-term expo-
sure to air pollution but it cannot be implemented in retrospective or 
large-scale studies, nor over longer time periods. 

Although more complex air quality models have the ability to 
improve the spatiotemporal resolution of exposure estimates, they may 
be data intensive, leading to a limited number of epidemiological studies 
applying these methods (Özkaynak et al., 2013). To obtain the inter-
polated air pollution estimates at the residence, researchers need the 
exact coordinates of the place of residence of the survey participants. 
This implies the processing of personal data and might generate long and 
cumbersome administrative procedures. 

The question then arises if anonymous data collected in health 
interview surveys, such as self-reported air pollution annoyance, could 
be used to build prediction models for assessing individual long term 
exposure to air pollution. If valid, this approach could represent a rapid 
and inexpensive exposure assessment tool applicable on fully anony-
mous data, that does not require geolocalizing study participants’ home 
addresses. 

The relationship between exposure to air pollution and annoyance is 
however not straightforward. Air pollution annoyance has been pro-
posed as an indicator to assess long term exposure to air pollution 
(Oglesby et al., 2000; Atari et al., 2009; Jacquemin et al., 2007; Piro 
et al., 2008). In these studies, it has been suggested to use population 
average scores, and not individual scores, for grading air quality within 
areas since several studies showed that individual factors, other than the 
actual level of exposure, may influence air pollution perception and that 
those variations may be levelled out on a population level scale (Hunter 
et al., 2004). Beyond the environment in which people live, social and 
psychological factors play an important role in air pollution perception 
(Rotko et al., 2002; Kim et al., 2012; Deguen et al., 2017). 

The association between an individual’s air pollution exposure and 
perception of air quality thus remains unclear (Reames and Bravo, 2019; 
Brody et al., 2004; Coi et al., 2016; Dons et al., 2018; Claeson et al., 
2013). Whereas several studies have examined to what extent 
self-reported air pollution annoyance could be used as a proxy to assess 
ambient air pollution exposure, to date no studies have explored the 
possibility to valorize other self-reported variables collected in popula-
tion surveys to assess individual long term exposure to air pollution. In 
the latter, air pollution exposure has been associated with several factors 
such as health status, socio-economic status and urban level; those fac-
tors could have a higher predictive power compared to air pollution 

annoyance to assess individual air pollution exposure (Dominski et al., 
2021; Fairburn et al., 2019). 

The objective of this paper is therefore threefold: 1) to assess the 
validity of air pollution annoyance as a proxy for individual long-term 
exposure to air pollution; 2) to explore the potential use of self- 
reported information on individual respondent’s characteristics 
collected in population surveys (including environmental annoyance, 
health status and socio-economic status) to predict individual long-term 
exposure to air pollution; and 3) to assess the relative added value of 
environmental annoyance indicators in prediction models compared to 
other individual characteristics. 

2. Materials and methods 

2.1. Study area 

The study area is the whole of Belgium, a small country situated in 
Western Europe. The country is divided in three regions: the Brussels 
Capital Region, the Flemish Region and the Walloon Region. Belgium 
has a surface area of 30,688 km2 and a population of 11.5 million in-
habitants (in 2013). 

2.2. Study population and data 

Data were extracted from the Belgian Health Interview Survey 
(BHIS) conducted in 2013. The BHIS is a national cross-sectional 
epidemiological survey carried out every five years by Sciensano, the 
Belgian Institute for Health, in partnership with Statbel, the Belgian 
statistical office. A stratified multistage, clustered sampling of the pop-
ulation was used. The survey covers socio-demographic characteristics, 
physical and mental health status, environmental annoyance and life-
style (Demarest et al., 2013). 

Only participants older than 15 years, who completed the entire set 
of questions, were included in the analysis. This represented 6497 par-
ticipants or 71% of the initial sample. The dataset was further enriched 
with objective measures of air pollution exposure, based on the 
geographical coordinates of the residential address of participants and 
processed using GIS. This data linkage at the individual level was done in 
partnership with Statbel, the national statistical institutes of Belgium. 
An application to the Sector Committee Statistics has been submitted 
and approved (see Decision STAT n◦02/2018 on January 19, 2018). 

2.3. Objective measurements of the environment 

2.3.1. Air pollution 
The annual average concentrations in 2013 (the year of BHIS 

participation) of particulate matters (PM2.5, PM10), black carbon (BC), 
Ozone (O3) and nitrogen dioxide (NO2) at the participant’s residence 
address were used as indicators of air quality. Exposure at the residential 
address of participants was obtained through the national monitoring 
system supervised by the Belgian interregional environment agency 
(IRCEL – CELINE). Concentrations of pollutants are assessed on a daily 
basis through a dense network of stations distributed all over the 
country. Residential exposure (μg/m3) to PM, BC and NO2 at the par-
ticipants’ residence was modelled at high resolution using a spatio-
temporal interpolation model (Janssen et al., 2008). This model 
included air pollution data from the Belgian fixed monitoring stations 
and CORINE Land Cover (CLC) information obtained by satellites in 
combination with a dispersion model including point and line sources 
(Janssen et al., 2008; Lefebvre and Vranckx, 2013; Lefebvre et al., 
2013). The overall model performance was assessed by leave-one-out 
cross-validation and was based on 34 monitoring points for PM2.5, 44 
for NO2 and 14 for BC. Out of all spatial and temporal variability, the 
model explained 78% for NO2 (Maiheu et al., 2013), 80% for PM2.5 
(Maiheu et al., 2013), and 74% for BC (Lefebvre et al., 2011). In addi-
tion, accuracy of the model to assess individual exposure was 
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demonstrated in a study comparing modelled PM2.5 and BC at the 
address of residence with internal exposure measured in urine (Saenen 
et al., 2017). All air pollution indicators were used as continuous vari-
ables. Maps of air pollution exposure (PM2.5 and BC) in Belgium are 
available in the appendices (Fig A. 1. and Fig A. 2.) 

2.3.1. Regional and urban level 
We used the urbanization level as it was defined in the BHIS: urban, 

suburban and rural level. The degree of urbanization was determined by 
morphological and functional characteristics of municipalities (full 
methodology described in 27) derived from census data. Brussels and 
other cities are grouped in the category “urban” (Merenne et al., 1997; 
Van Hecke et al., 2009). 

2.4. Self-reported participant characteristics 

2.4.1. Environmental annoyance 
The participants’ environmental annoyance was assessed at three 

different geographical levels: in the neighborhood, at the residence 
address (outdoors) and in the dwelling (indoors). The variables are listed 
in Table 1. 

The degree of annoyance in the neighborhood and in the dwelling 
was assessed through a four-point Likert scale (not at all a problem, 
minor problem, fairly big problem, very big problem). A five-point 
Likert scale (not at all a problem, slightly, moderately, very, 
extremely) was used to grade the level of annoyance at home. The de-
gree of annoyance in the dwelling was assessed through a four-point 
Likert scale (not at all a problem, minor problem, fairly big problem, 
very big problem). 

2.4.2. Indicators of socio-economic status 
To describe participants’ socio-economic status, we used the 

following indicators: “age”, “gender”, “household composition” (single 
with no children, single parent with child (ren), couple without child 
(ren), couple with child (ren), unknown), “highest educational level in the 
household” (no diploma or primary education, lower secondary, higher 
secondary, higher), “country of birth” (Belgian, non-Belgian-EU, non- 
Belgian non-EU), “civil status” (single, married or legally cohabitant, 
widow (er) and not remarried, divorced and not remarried), “reported 
household income”, “unemployment status” (yes vs no), “housing tenure” 
(owner, renter from a social housing association or living rent free, 
renter from an individual private landlord), “type of dwelling” 

(apartment or flat in a building with ten or more dwellings, apartment or 
flat in a building with three to nine dwellings, apartment or flat in a 
building with two dwellings, residential home for the elderly/institution 
for the elderly, room or furnished studio/others, semi-detached house, 
terraced house, detached house), and “ability to make ends meet with the 
household income (easily, rather easily, rather hard, hard, very hard). 

2.4.3. Indicators related to health status 
We used the following binary indicators: chronic/handicap condi-

tion, asthma, depression, chronic lung disease, allergies, cardiovascular 
disease, high blood pressure and diabetes. For each disease, the infor-
mation was obtained through the following question: “In the last 12 
months, did you suffer from …“. In addition, ordinal variables were used 
to describe the number of chronic diseases (0,1,2,>3) and the body mass 
index (BMI) (underweight (<18.5), normal (18.5–24.9), overweight 
(25–29.9), obese (≥30)). 

2.5. Statistical analyses 

The optimal transformation to obtain normality was applied for 
variables related to air pollution exposure. The NO2 exposure was 
transformed on the squared root scale and BC on the inverse scale. PM2.5 
and PM10 were used on the normal scale. Data included in the analysis 
were complete-cases (n = 6497). 

Univariate linear regressions were performed to assess the relation-
ship between air pollution annoyance and the modelled exposure to 
each air pollutant individually. Univariate linear regressions were also 
performed between each selected BHIS variable and each air pollutant 
exposure. 

A multivariable linear regression was performed for each air 
pollutant based on a set of variables selected with elastic net cross- 
validation (Engebretsen and Bohlin, 2019), among which BHIS vari-
ables related to environmental annoyance, socio-economic status, 
geographical region and health status of participants. 

The sample was randomly separated in a training (70%) and a test 
dataset (30%). To assess the accuracy of each predictive model, three 
statistics were computed: 1) the R-squared; 2) the root mean squared 
error (RMSE), which represents the average distance of the observed y 
values from the estimated Y values; and 3) the coefficient of variation, 
calculated by dividing the RMSE by the mean of the air pollution 
exposure. 

Based on the predicted and actual values of air pollution exposure, 
the accuracy of the predictive models to classify participants in three 
groups of exposure (based on the tertiles of the actual exposure) was 
assessed by means of a confusion matrix. A confusion matrix is a specific 
table layout that allows visualization of the performance of an algorithm 
where each row represents the instances in an actual class and each 
column represents the instances in a predicted class, or vice versa. The 
Kappa coefficient was used to assess the degree of agreement between 
the two classification groups, taking into account the agreement by 
chance. 

Sensitivity, specificity, positive predictive value (PPV) and negative 
predictive value (NPV) were calculated for each model. 

In order to assess the added value of environmental annoyance to 
predict air pollution, additional predictive models were built: 1) once 
excluding variables related to the environmental annoyance in the 
elastic net; and 2) once including only variables related to the envi-
ronmental annoyance in the elastic net. Parameters of accuracy of each 
air pollutant model were compared in the three set-ups. Additionally, 
interactions were tested between each variable related to environmental 
annoyance and the region. 

Correct estimates were obtained by taking into account the survey 
weights, strata and clusters relative to the sample design. All analyses 
were performed using the statistical software R, version 3.6.3 (R 
Development Core Team, 2006). 

Table 1 
Variables related to environmental annoyance.  

Domain Indicator 

In the neighborhood Lack of access to parks or recreational public places 
Speed of traffic 
Volume of traffic 
Vandalism 
Accumulation of rubbish 

At home Noise from road traffic 
Noise from train/tube or tram traffic 
Noise from airplane traffic 
Noise from factory 
Noise from the neighbourhoods 
Noise from all sources 
Bad smell from industry 
Bad smell from sewer/waste/manure 
Bad smell from all sources 
Bad smell from industry 
Bad smell from sewer/waste/manure 
Air pollution 
Vibrations from all traffic 
At least one annoyance at home 

In the dwelling Humidity 
Unable to keep the household warm 
At least one problem related to the dwelling  
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3. Results 

3.1. Data description 

In 2013, 25% of the Belgian residents declared to be annoyed by at 
least one environmental nuisance in the neighborhood, 27% by a 
nuisance at home and 12% by a problem related to the dwelling. Among 
the nuisance at home, air pollution annoyance affected 16% of the 
Belgian citizens (from slightly to extremely). 

The medians of the annual mean exposure to PM2.5, PM10, NO2 and 
BC were respectively 14.74 μg/m3 (95% CI: 13.56–16.94), 21.29 μg/m3 

(95% CI: 19.54–23.77), 21.48 μg/m3 (95% CI: 16.48–30.53) and 1.35 
μg/m3 (95% CI: 1.12–1.83). 

Summary statistics of all the variables considered in the analysis are 
displayed in the appendices (Table A. 1.) 

3.2. Validity of air pollution annoyance to assess long-term exposure to 
air pollution 

The distribution of air pollution exposure according to the level of air 
pollution annoyance is displayed in Fig. 1. There is a slight gradient in 
the median exposure along the levels of annoyance. Surprisingly, the 
individuals reporting to be extremely annoyed did not have the highest 
median exposure of PM2.5 and PM10. Trends are equal for BC and NO2 

but less noticeable. 
In univariate regressions, the proportion of the variability of the air 

pollution annoyance that could be predicted by the objective exposure 
to air pollution varied between 2% (for PM2.5) and 5% for (NO2). 

The most important contributors to air pollution exposure are the 
region (R2 varies between 39% for PM10 and 63% for PM2.5), urbanity 
(R2 varies between 33% for PM2.5 and 56% for NO2), the type of 
dwelling (R2 varies between 25% for PM2.5 and 35% for NO2), and the 
country of birth (R2 varies between 5% for PM2.5 and 15% for NO2). 

The R2 of the univariate regressions between PM2.5 exposure and 
each selected BHIS variable related to environmental annoyance, socio- 
economic status, health status and geographical location are displayed 
in Fig. 2. Coefficients of all univariate regressions for PM2.5, PM10, NO2 
and BC are available in the appendices (Tab A. 2, Tab A. 3 and Tab A. 4). 

3.3. Use of self-reported information on individual characteristics to 
predict individual long-term exposure to air pollution 

In multivariable analysis, the set of BHIS variables selected by the 
elastic net cross-validation is essentially the same for the PM2.5, PM10 
and NO2 models. For BC, environmental variables retained in the model 
are predominantly related to road traffic annoyance. Coefficients of the 
multivariable regression models are displayed in Table 2. 

The proportion of the variability of the air pollution exposure 

Fig. 1. Distribution of air pollution exposure according to the level of air pollution annoyance (NO2: Nitrogen dioxide, BC: Black Carbon, PM2.5: Particulate Matter 
<2.5 μm, PM10: Particulate Matter <10 μm). 
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explained by the predictive models vary between 60% (for PM10) and 
75% (for PM2.5 and NO2). The performance of the predictive models is 
good and is visualized in the plots of the predicted versus actual values 
of air pollution exposure (Fig. 3.). Observations are well distributed 
around the lines, indicating a high level of agreement between predicted 
and actual values. Prediction errors (coefficient of variation) vary be-
tween 8% for PM2.5 and 18% for BC. Models tend to slightly over-
estimate the exposure for the least exposed respondents. We observe that 
most of the Belgian residents are exposed to PM2.5 levels above the WHO 
exposure guideline. 

The performance of the model to classify individuals in three levels 
of exposure, based on the tertiles of the actual values of exposure, is 
illustrated by the means of confusion matrix in Fig. 4. 

The prediction accuracy of the models varied between 70% (for BC) 
and 76% (for PM2.5) and the Kappa coefficient between 0.55 (for BC) 
and 0.64 (for NO2) showing a fair to good agreement between the two 
classification groups. 

Values of the validity parameters indicated a higher performance of 
the models to detect highly exposed respondents (included in the third 
tertile). 

3.4. Added value of variables related to environmental annoyance in 
prediction models 

In Fig. 5., the parameters of model accuracy of each air pollutant 
model are compared in different set-ups: 1) with all selected BHIS var-
iables, 2) excluding the variables related to environmental annoyance, 
3) with only the variables related to environmental annoyance included 
in the elastic net. Models 1) and 2) show similar levels of performance in 
terms of prediction error (CV) and coefficient of determination (R2). By 
contrast, the model including only variables related to environmental 
annoyance is much less performant. 

In Fig. 6., the performance of each air pollutant model to classify 
individuals in three levels of exposure are compared in each set-up. 

4. Discussion 

4.1. Main findings 

We investigated the associations between environmental annoyance 
and individual characteristics and their related objective measure of air 
pollution (PM2.5, PM10, BC, O3 NO2). In Belgium, a considerable pro-
portion (16%) of residents reported to be annoyed by air pollution. 
Although participants were more likely to be annoyed when air pollu-
tion concentrations were higher, data on air pollution annoyance was 

Fig. 2. Proportion of the variability of PM2.5 exposure predicted by each selected Belgian Health Interview Survey variable (pb = problem).  
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Table 2 
Coefficients of the multivariable regression models for each air pollutant.  

ENVIRONMENTAL 
ANNOYANCE 

PM2.5 PM10 NO2 (√ x) BC (1/x) 

coefficient 
[95% CI] 

coefficient 
[95% CI] 

coefficient 
[95% CI] 

coefficient 
[95% CI] 

Lack of access to parks or other green or recreational public places 
Minor problem (vs not 

at all) 
0.11 
[-0.07; 
0.29] 

0.23 
[-0.12; 
0.57] 

0.09* 
[0.01; 
0.16]  

Fairly big problem 0.05 
[-0.19; 
0.28] 

0.13 
[-0.22; 
0.48] 

0.03 
[-0.05; 0.1]  

Very big problem 0.56** 
[0.2; 0.91] 

0.72** 
[0.2; 1.23] 

0.23*** 
[0.09; 
0.37]  

Accumulation of rubbish 
Minor problem (vs not 

at all) 
0.1 [-0.07; 
0.27] 

0.45** 
[0.14; 
0.76] 

0.04 
[-0.03; 0.1] 

− 0.02 
[-0.04; 0] 

Fairly big problem − 0.01 
[-0.24; 
0.23] 

0.2 [-0.31; 
0.71] 

0.07 
[-0.05; 
0.18] 

− 0.04* 
[-0.07;- 
0.01] 

Very big problem 0.02 
[-0.38; 
0.43] 

0.33 
[-0.47; 
1.13] 

0.12 [-0.2; 
0.43] 

− 0.06 
[-0.15; 
0.03] 

Vandalism, graffiti or deliberate damage of property 
Minor problem (vs not 

at all) 
0.11 
[-0.04; 
0.26] 

0.13 
[-0.14; 
0.41] 

0.06 [0; 
0.13] 

− 0.03** 
[-0.05;- 
0.01] 

Fairly big problem 0.19* 
[0.01; 
0.37] 

0.31 
[-0.04; 
0.66] 

0.09 [0; 
0.19] 

− 0.01 
[-0.04; 
0.02] 

Very big problem 0.29 
[-0.05; 
0.63] 

0.52 
[-0.01; 
1.05] 

0.08 
[-0.07; 
0.23] 

− 0.04 
[-0.09; 
0.01] 

Volume of traffic 
Minor problem (vs not 

at all)    
− 0.02 
[-0.03; 0] 

Fairly big problem    − 0.02 
[-0.05; 0] 

Very big problem    − 0.01 
[-0.04; 
0.03] 

Noise from road traffic 
Slightly (vs not at all)    − 0.01 

[-0.03; 
0.01] 

Moderately    − 0.03 
[-0.06; 0] 

Very    − 0.04* 
[-0.07;- 
0.01] 

Extremely    − 0.06* 
[-0.11;- 
0.01] 

Noise from train traffic 
Slightly (vs not at all) 0.18 

[-0.02; 
0.38] 

0.35 
[-0.02; 
0.73] 

0.08 [0; 
0.16]  

Moderately 0.18 
[-0.12; 
0.47] 

0.64** 
[0.17; 
1.12] 

0.14* [0; 
0.28]  

Very 0.3 [-0.01; 
0.61] 

0.56 
[-0.21; 
1.34] 

0.1 [-0.11; 
0.31]  

Extremely − 0.08 [-1; 
0.85] 

1.17 
[-0.08; 
2.42] 

− 0.11 
[-0.5; 0.27]  

Noise from airplane 
Slightly (vs not at all) − 0.1 

[-0.27; 
0.06] 

− 0.24 
[-0.51; 
0.03] 

0.02 
[-0.05; 
0.09]  

Moderately − 0.55*** 
[-0.81;- 
0.29] 

− 0.43* 
[-0.83;- 
0.03] 

− 0.09 
[-0.2; 0.01]  

Very − 0.66*** 
[-1;-0.32] 

− 1.22*** 
[-1.95;-0.5]   

Table 2 (continued ) 

ENVIRONMENTAL 
ANNOYANCE 

PM2.5 PM10 NO2 (√ x) BC (1/x) 

coefficient 
[95% CI] 

coefficient 
[95% CI] 

coefficient 
[95% CI] 

coefficient 
[95% CI] 

− 0.1* 
[-0.2;- 
0.01] 

Extremely − 0.6 
[-1.29; 
0.09] 

− 0.21 
[-0.81; 
0.38] 

− 0.03 
[-0.24; 
0.17]  

Noise from neighbors (voices, dogs, children) 
Slightly (vs not at all) − 0.02 

[-0.17; 
0.13] 

0.05 
[-0.23; 
0.34] 

− 0.01 
[-0.08; 
0.05]  

Moderately − 0.04 
[-0.27; 
0.19] 

0.1 [-0.32; 
0.51] 

0.01 
[-0.09; 
0.11]  

Very − 0.02 
[-0.33; 
0.29] 

0.13 
[-0.37; 
0.63] 

− 0.01 
[-0.14; 
0.13]  

Extremely 0.01 
[-0.34; 
0.36] 

0.08 
[-0.53; 0.7] 

0.03 
[-0.13; 0.2]  

Noise from all 
sources 

0.1 [-0.05; 
0.26] 

0.02 
[-0.29; 
0.33] 

0.02 
[-0.05; 
0.09] 

0.02 [0; 
0.03] 

Vibrations from road, train, airplane traffic or factory 
Slightly (vs not at all) 0.15* 

[0.01; 
0.28] 

0.36 [0.08; 
0.64] 

0.07* 
[0.01; 
0.13]  

Moderately 0.22* 
[0.02; 
0.42] 

0.34 
[-0.03; 0.7] 

0.07 
[-0.01; 
0.15]  

Very 0.39** 
[0.14; 
0.63] 

0.92 [0.45; 
1.39] 

0.16** 
[0.06; 
0.27]  

Extremely 0.51* 
[0.02; 
1.01] 

0.33 
[-0.62; 
1.29] 

0.19* 
[0.01; 
0.36]  

Socio-economic status 
Highest educational 

level in the 
household     

Higher secondary (vs 
higher) 

− 0.08 
[-0.21; 
0.05]  

− 0.08** 
[-0.14;- 
0.03]  

Lower secondary − 0.23** 
[-0.39;- 
0.07]  

− 0.09** 
[-0.16;- 
0.03]  

No diploma or 
primary education 

− 0.08 
[-0.25; 
0.08]  

− 0.06 
[-0.13; 
0.01]  

Housing tenure 
Renter from a social 

housing association 
or living rent free 
(vs owner) 

0.07 
[-0.14; 
0.29] 

0.26 [-0.1; 
0.61] 

− 0.03 
[-0.12; 
0.05] 

− 0.01 
[-0.03; 
0.02] 

Renter from an 
individual private 
landlord or social 

− 0.07 
[-0.21; 
0.08] 

− 0.26 
[-0.53; 
0.01] 

− 0.03 
[-0.09; 
0.04] 

− 0.04*** 
[-0.05;- 
0.02] 

Dwelling 
Apartment or flat in a 

building with ten or 
more dwellings (vs 
detached house) 

0.59*** 
[0.29; 
0.89] 

1.2*** 
[0.66; 
1.75] 

0.37*** 
[0.26; 
0.47]  

Apartment or flat in a 
building with three 
to nine dwellings 

0.63*** 
[0.39; 
0.87] 

1.26*** 
[0.88; 
1.64] 

0.46*** 
[0.33; 
0.59]  

Apartment or flat in a 
building with two 
dwellings 

0.23 
[-0.06; 
0.52] 

0.48 
[-0.13; 
1.09] 

0.26*** 
[0.15; 
0.37]  

Residential home for 
the elderly/ 
Institution for the 
elderly 

0.53 
[-0.04; 1.1] 

0.66 
[-0.68; 2] 

0.27* 
[0.06; 
0.48]  

Room or furnished 
studio/others 

1.67*** 
[0.83; 2.5]  

(continued on next page) 
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only weakly associated with individual air pollution exposure. Air 
pollution annoyance represents therefore a poor indicator of air pollu-
tion exposure. 

Our results suggested that other self-reported individual character-
istics from health interview surveys can be used to build prediction 
models to assess individual air pollution exposure. We demonstrate that 
models containing variables related to socio-economic status, region, 

urban level and environmental annoyance allowed to predict the 
measured air pollution exposure of the BHIS participants with a per-
centage of error ranging from 8% to 18%. Although these models do not 
provide a very accurate prediction, they do allow to classify individuals 
in groups of relative exposure levels (e.g. low, medium, or high expo-
sure). Survey participants who are exposed to high air pollution levels 
might constitute a high risk group in terms of public health. 

Indeed, a pilot project on the environmental burden of disease in 
Europe showed that among the environmental stressors, air pollution 
had the highest public health impact, followed by second-hand smoke 
and traffic noise (Hanninen and Knol, 2011), and that about 5% of the 
myocardial infarctions can be triggered by air pollution exposure 
(Nawrot et al., 2011). Exposure to air pollution can cause a variety of 
adverse health outcomes such as respiratory infections, lung cancer, 
heart disease and mental disorders (Power et al., 2015; Shah et al., 
2013). 

It has to be noted that our models are only valid for the Belgian 
population. Because the models are essentially relying on regional and 
socio-economic features and due to the limited contribution of the 
variables related to environmental annoyance, models are roughly 
transposable over long periods of time and will not be able to reflect an 
air pollution change over time. 

Nevertheless, the limited contribution of the variables related to the 
environmental annoyance in the air pollution prediction models does 
not necessarily make them irrelevant in health interview surveys. In fact, 
the perception of high air pollution may often be more deleterious to 
well-being and quality of life than the air pollution itself (Meertens and 
Swaen, 1997; Cohen and Manuck, 1995; McEwen, 2008; Orru et al., 
2018). Annoyance may indeed be considered as a stressor causing 
stress-related diseases (Amundsen et al., 2008; Pitchika et al., 2017). 
Although self-reported annoyance is not a good proxy for exposure, this 
indicator remains a useful complementary tool for health surveillance. 
Air pollution annoyance represents a key factor in public acceptance of 
environmental policy measures. The perception of air pollution and its 
health impact supports public understanding of the importance of 
environmental policies and increases their acceptability (Wallner et al., 
2003; Elliott et al., 1999; Egondi et al., 2013). Improving people’s 
perception of air pollution can thus increase the chances of success of 
preventive measures (Deguen et al., 2017). 

Other important findings from our study are that people can be very 
and even extremely annoyed by air pollution at exposure levels that lie 
below the current European Union (EU) air pollution quality guidelines 
values. This is in accordance with several previous European studies, 
emphasizing the need to reduce air pollution levels even further 
(Amundsen et al., 2008; Fernández-Somoano et al., 2015). 

The weak association found between individual air pollution 
annoyance and modelled exposure to air pollutants at the residence is 
consistent with findings reported in other studies (Oglesby et al., 2000; 
Piro et al., 2008; Deguen et al., 2017; Brody et al., 2004; Dons et al., 
2018; Fernández-Somoano et al., 2015; Pantavou et al., 2018; Heinrich 
et al., 2005; Sass et al., 2017; Carlsen et al., 2017). By examining the 
factors related to air pollution annoyance in six European countries, 
Rotko et al. found no association between NO2 exposure level and in-
dividual annoyance scores (Rotko et al., 2002). Forsberg et al. reached 
the same conclusion by looking at the association between individual 
exposure to sulfur dioxide (SO2) and self-reported annoyance (Forsberg 
et al., 1997). In the UK, Williams and Bird reported that the perception 
of air pollution exposure was not associated with air quality data for 
urban areas (Williams and Bird, 2003). By contrast, several studies have 
shown that at the population level the mean annoyance was more 
strongly associated with central measurements of air pollution (Oglesby 

Table 2 (continued ) 

ENVIRONMENTAL 
ANNOYANCE 

PM2.5 PM10 NO2 (√ x) BC (1/x) 

coefficient 
[95% CI] 

coefficient 
[95% CI] 

coefficient 
[95% CI] 

coefficient 
[95% CI] 

0.79** 
[0.27; 
1.32] 

0.36*** 
[0.22; 
0.51] 

Semi-detached 0.22** 
[0.07; 
0.38] 

0.51*** 
[0.22; 
0.79] 

0.1*** 
[0.04; 
0.16]  

Terraced house 0.45*** 
[0.3; 0.6] 

0.97*** 
[0.7; 1.25] 

0.25*** 
[0.19; 
0.31]  

Country of birth 
Non Belgian - non EU 

(vs Belgian) 
0.17* 
[0.01; 
0.33] 

0.33* 
[0.05; 
0.62] 

0.16*** 
[0.09; 
0.23] 

− 0.04*** 
[-0.06;- 
0.02] 

Non-Belgian - EU 0.11 
[-0.12; 
0.34] 

0.27 
[-0.09; 
0.64] 

0.04 
[-0.03; 
0.12] 

− 0.01 
[-0.03; 
0.01] 

Able to make ends meet with available household income 
Easily (vs very easy) 0.01 [-0.2; 

0.22] 
0.07 
[-0.34; 
0.49] 

0.02 
[-0.07; 0.1]  

Rather easily 0.27* 
[0.06; 
0.47] 

0.46* 
[0.05; 
0.86] 

0.06 
[-0.02; 
0.14]  

Rather hard 0.05 
[-0.17; 
0.27] 

0.06 
[-0.35; 
0.48] 

0 [-0.09; 
0.09]  

Hard 0.18 
[-0.06; 
0.41] 

0.32 
[-0.16; 0.8] 

0.09 [0; 
0.19]  

Very hard 0.2 [-0.04; 
0.44] 

0.31 
[-0.14; 
0.77] 

0.16** 
[0.06; 
0.27]  

Geographical region 
Region 
Brussels Region (vs 

Flemish Region) 
1.38*** 
[1.2; 1.56] 

− 0.39** 
[-0.7;-0.08] 

0.48*** 
[0.41; 
0.56] 

− 0.08*** 
[-0.1;-0.06] 

Walloon Region − 2*** 
[-2.12;- 
1.89] 

− 2.75*** 
[-2.95;- 
2.55] 

− 0.3*** 
[-0.34;- 
0.25] 

0.13*** 
[0.12; 
0.15] 

Urban level 
Sub-urban (vs rural) 0.48*** 

[0.34; 
0.63] 

0.85*** 
[0.58; 
1.12] 

0.34*** 
[0.28; 
0.39] 

− 0.08*** 
[-0.1;-0.07] 

Urban 1.53*** 
[1.38; 
1.67] 

2.76*** 
[2.49; 
3.03] 

0.91*** 
[0.85; 
0.97] 

− 0.24*** 
[-0.26;- 
0.23] 

MODEL 
VALIDATION: 
TRAINING DATA 
(R2/MSE/RMSE/ 
CV) 

0.75/1.54/ 
1.24/0.08 

0.60/4.86/ 
2.2/0.10 

0.75/0.22/ 
0.47/0.10 

0.66/0.02/ 
0.14/0.18 

MODEL ACCURACY: 
TEST DATA (R2/ 
MSPE/RMSPE/CV) 

0.74/1.56/ 
1.25/0.08 

0.60/4.71/ 
2.17/0.10 

0.73/0.23/ 
0.48/0.10 

0.66/0.02/ 
0.13/0.18 

N (Total/training/ 
test) 

6497/ 
4547/1950 

6497/ 
4547/1950 

6497/ 
4547/1950 

6497/ 
4547/1950 

* <0.05** < 0.01***<0.001. Results must be considered by column. 
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Fig. 3. Predictive versus actual values of the multivariable regression models of air pollution exposure. A: PM2.5, B: PM10, C: NO2, D: BC. Variables included were 
selected by elastic-net cross validation. All models include housing tenure, region, country of birth, accumulation of rubbish, noise from all sources and vandalism. 
Models A,B,C include lack of access to parks, noise from train traffic, noise from airplane, able to make ends meet with available household income, noise from 
neighbors, vibrations, kind of dwelling. Socio-economic status is included in model A and C. Traffic volume and noise from road traffic are included in model D. 

Fig. 4. Confusion matrix and parameters of accuracy for each air pollutant model.  
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Fig. 5. Coefficient of variation (CV) and coefficient of determination (R2) for each prediction model, for all air pollutants three models: 1) Model including all 
variables; 2) Model excluding environmental variables; 3) Model with only environmental variables. 

Fig. 6. Models accuracy to detect three levels of air pollution exposure: prediction accuracy and Kappa coefficient for all air pollutant three models: 1) Model 
including all variables 2) Model excluding environmental variables 3) Model with only environmental variables. 
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et al., 2000; Atari et al., 2009; Jacquemin et al., 2007; Piro et al., 2008; 
Rotko et al., 2002; Dons et al., 2018; Orru et al., 2018). 

The low or neutral relationship at the individual level can be 
explained by the fact that people’s perception of air quality is socially 
and cultural constructed (Wheeler and Ben-Shlomo, 2005; Bickerstaff, 
2004; Day, 2007; Wakefield et al., 2001). Annoyance can be modified 
both by personal factors such as age, gender, level of education and 
health status or by community level factors such as attitudes toward the 
exposure source (Oglesby et al., 2000; Jacquemin et al., 2007; Piro et al., 
2008; Kim et al., 2012; Deguen et al., 2017; Reames and Bravo, 2019; 
Brody et al., 2004; Forsberg et al., 1997; Bickerstaff, 2004; Howel et al., 
2003; Klæboe et al., 2000; Semenza et al., 2008; Kohlhuber et al., 2006). 
The weak association could also partially be explained by the fact that 
people highly annoyed by air pollution may choose to live further away 
from traffic and polluted areas. 

In our study, the variability of air pollution exposure that was 
explained by the annoyance scale was slightly higher for NO2 compared 
to the other pollutants. This suggest that participants were mainly 
annoyed by environmental factors related to traffic which is consistent 
with the results reported in other European studies (Méline et al., 2013; 
Lercher et al., 1995). 

4.2. Strengths and limitations 

Future studies might address some of the limitations of this study. 
Firstly, the limited range of the annoyance scale used in our study 

(five points-scale) is maybe not sufficient to grasp the variability of the 
perception related to air pollution exposure. In other studies, a 10 or 11- 
points scale was used (Oglesby et al., 2000; Jacquemin et al., 2007; 
Fernández-Somoano et al., 2015). Secondly, in our study the validity of 
the air pollution annoyance indicator was only tested at the individual 
level. The association between self-reported annoyance and air pollution 
exposure might have been stronger at the population level (such as the 
city level), as has been shown in previous studies (Oglesby et al., 2000; 
Atari et al., 2013). Thirdly, the use of annual mean estimates of partic-
ulate matter to estimate the association between air pollution exposure 
and annoyance should be questioned and may not be the most appro-
priate parameter. Indeed, in psychometric research the peak-end rule 
suggests that people tend to recall events by their highest point of in-
tensity or how they end (Tversky and Kahneman, 1974). The reason for 
this may be that human memory is biased toward extremes and not 
central tendencies. Further research might assess the accuracy of a 
peak-hour air pollution model compared to an annual average model. In 
addition, there are other air pollutants such as organic compounds, 
sulfur dioxide and carbon monoxide that we did not take into account 
and which might be reflected by air pollution annoyance. Finally, an 
important condition we were not able to take into account is the daily 
mobility of the participants, implying that residential exposure might 
not contribute most to personal exposure. For example, participants who 
work close to their home are more likely to have an accurate exposure 
assessment compared to those who work elsewhere (Jerrett et al., 2005). 

The main strength of this study lies in the novelty of the approach 
used to assess the validity of self-reported air pollution annoyance. 
While past studies have examined the determinants of air pollution 
annoyance above the accurate air pollution exposure, this research 
explored the potential use of the air pollution annoyance indicator to 
predict the objective individual air pollution exposure. Furthermore, 
this is the first study to explore the possibility to valorize and utilize 
other self-reported variables collected in population surveys to assess 

individual long term exposure to air pollution. 
Even if prediction models based on survey data do not represent a 

very accurate exposure assessment tool at the individual level, they have 
the advantage to allow a classification of the individuals in three levels 
of air pollution exposure with a good accuracy. The model specifically 
developed in this paper represents a quick and easy tool to select the 
most exposed groups, which would benefit most from environmental 
change in Belgium. Further analysis would be needed to validate these 
prediction models in the following BHIS waves. 

5. Conclusions 

The aim of this study was to assess the validity of air pollution 
annoyance, a questionnaire-based indicator, as a proxy for individual 
long-term exposure to air pollution and to explore the potential use of 
self-reported information on individual characteristics collected in 
population surveys to improve the prediction of individual exposure to 
air pollution. Our results suggest a limited validity of self-reported air 
pollution annoyance for assessing air pollution exposure directly and a 
weak contribution of environmental annoyance variables in prediction 
models. Other individual characteristics related to the socio-economic 
status and variables related to the urban level and regions appear to 
have a higher predictive power in the model. 
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Appendices.

Fig. A.1. Air pollution exposure in Belgium with regional boundaries indicated. Annual mean (2013) of BC (μg/m3).   

Fig. A.2. Air pollution exposure in Belgium with regional boundaries indicated. Annual mean (2013) of PM2.5 (μg/m3). 
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Tab A1 
Description of the sample population  

SOCIO-ECONOMIC FACTORS % [95% CI] * Median (IQR) 

Age 45 (39-63; ; ; )* 
Gender  

Man 48.23 [47.09–49.38] 
Woman 51.77 [50.62–52.91] 

Reported household income 1615 [1190–2230] 
Unemployment status 9.82 [8.65–11.12] 
Highest educational level in the household  

No diploma or primary education 9.67 [8.55–10.92] 
Lower secondary 13.7 [12.36–15.16] 
Higher secondary 33.86 [31.77–36.01] 
Higher 42.77 [40.58–45.00] 

Housing tenure 
Owner, co-owner or usufructuary 73.58 [71.79–75.30] 
Renter from an individual private landlord or society 20.64 [19.14–22.23] 
Renter from a social housing association or living rent free 5.78 [4.87–6.84] 

Dwelling 
Detached house 37.73 [35.55–39.96] 
Semi-detached 20.79 [19.05–22.64] 
Terraced house 18.95 [17.29–20.74] 
Apartment or flat in a building with two dwellings 2.67 [2.10–3.39] 
Apartment or flat in a building with three to nine dwellings 11.1 [9.97–12.34] 
Apartment or flat in a building with ten or more dwellings 7.61 [6.71–8.63] 
Room or furnished studio/others 0.84 [0.55–1.26] 
Residential home for the elderly/Institution for the elderly (care home, nursing home) 0.3 [0.16–0.56] 

Country of birth 
Belgian 85.97 [84.67–87.18] 
Non Belgian - EU 6.27 [5.47–7.18] 
Non-Belgian - non EU 7.75 [6.83–8.79] 

Household composition 
Single 19.87 [18.51–21.30] 
One parent with child (ren) 6.87 [5.96–7.92] 
Couple without child (ren 29.06 [27.09–31.10] 

Couple with child (ren) 36.61 [34.39–38.89] 
Other or unknown 7.59 [6.39–9.00] 
Civil status 

Single (never married) 23.67 [22.21–25.20] 
Married or legally cohabiting 58.29 [56.42–60.13] 
Widow (er) (not remarried) 7.69 [6.86–8.60] 
Divorced (not remarried) 10.35 [9.37–11.43] 

Able to make ends meet with available household income 
Very hard 5.81 [5.04–6.70] 
Hard 10 [8.85–11.28] 
Rather hard 17.26 [15.73–18.90] 
Rather easily 27.97 [26.02–30.02] 
Easily 27.87 [25.83–30.01] 
Very easily 11.09 [9.74–12.59] 

ENVIRONMENTAL ANNOYANCE 
In the neighborhood 
Environmental nuisance in the neighborhood: at least one of the listed conditions (fairly big to very big problem) 25.64 [23.95–27.40] 
Lack of access to parks or other green or recreational public places 

Not at all a problem 88.82 [87.55–89.98] 

(continued on next page) 
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Tab A1 (continued ) 

SOCIO-ECONOMIC FACTORS % [95% CI] * Median (IQR) 

Minor problem 5.79 [4.99–6.71] 
Fairly big problem 3.71 [3.02–4.54] 
Very big problem 1.68 [1.29–2.20] 

Accumulation of rubbish 
Not at all a problem 84.01 [82.56–85.36] 
Minor problem 9.04 [8.00–10.19] 

Fairly big problem 5.11 [4.39–5.94] 
Very big problem 1.84 [1.43–2.37] 

Vandalism, graffiti or deliberate damage of property 
Not at all a problem 84.23 [82.91–85.47] 
Minor problem 9.65 [8.67–10.73] 
Fairly big problem 4.18 [3.64–4.80] 
Very big problem 1.94 [1.53–2.44] 

Volume of traffic 
Not at all a problem 68.98 [67.08–70.81] 
Minor problem 17.04 [15.66–18.52] 
Fairly big problem 10.24 [9.20–11.38] 
Very big problem 3.74 [3.12–4.48] 

Speed of traffic 
Not at all a problem 66.17 [64.23–68.06] 
Minor problem 19.45 [17.95–21.05] 

Fairly big problem 10.37 [9.33–11.51] 
Very big problem 4.01 [3.29–4.88] 

At home 
Annoyance at home: at least one of the listed conditions 27.07 [25.38–28.83] 
Noise from road traffic 

Not at all 72.97 [71.21–74.67] 
Slightly 15.37 [14.07–16.77] 
Moderately 6.58 [5.73–7.56] 
Very 4.29 [3.62–5.07] 
Extremely 0.78 [0.53–1.14] 

Noise from train traffic 
Not at all 93.22 [92.20–94.12] 
Slightly 4.16 [3.45–5.01] 
Moderately 1.58 [1.19–2.08] 
Very 0.84 [0.60–1.18] 
Extremely 0.21 [0.09–0.46] 

Noise from airplane 
Not at all 89.61 [88.42–90.69] 
Slightly 6.26 [5.49–7.14] 
Moderately 2.73 [2.23–3.33] 
Very 1.19 [0.83–1.71] 
Extremely 0.21 [0.13–0.33] 

Noise from factory 
Not at all 94.48 [93.49–95.32] 
Slightly 3.43 [2.78–4.23] 
Moderately 1.12 [0.83–1.52] 
Very 0.62 [0.41–0.94] 
Extremely 0.35 [0.14–0.84] 

Noise from neighbors (voices, dogs, children) 
Not at all 85.18 [83.79–86.47] 
Slightly 8.47 [7.51–9.55] 
Moderately 3.53 [2.98–4.18] 
Very 2.09 [1.65–2.66] 
Extremely 0.72 [0.48–1.08] 

Noise from all sources 20.33 [18.82–21.93] 
Air pollution annoyance 

Not at all 84.1 [82.69–85.41] 
Slightly 8.91 [7.92–10.01] 
Moderately 4.44 [3.80–5.17] 
Very 2.22 [1.76–2.78] 
Extremely 0.34 [0.20–0.56] 

Bad smell from industry 

(continued on next page) 
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Tab A1 (continued ) 

SOCIO-ECONOMIC FACTORS % [95% CI] * Median (IQR) 

Not at all 91.06 [89.89–92.10] 
Slightly 5.25 [4.49–6.13] 
Moderately 2.23 [1.78–2.78] 
Very 1.17 [0.79–1.72] 
Extremely 0.3 [0.15–0.61] 

Bad smell from sewer, waste, manure … 
Not at all 85.52 [84.09–86.84] 
Slightly 9.27 [8.20–10.47] 
Moderately 3.49 [2.93–4.15] 
Very 1.53 [1.14–2.05] 
Extremely 0.18 [0.08–0.39] 

Bad smell from all sources (Yes/No) 7.31 [6.40–8.34] 
vibrations from road, train, airplane traffic or factory 

Not at all 79.38 [77.76–80.91] 
Slightly 11.01 [9.95–12.17] 
Moderately 5.81 [4.98–6.75] 
Very 3.08 [2.55–3.72] 
Extremely 0.72 [0.48–1.07] 

Problems related to the dwelling: at least one of the listed conditions 11.57 [10.28–13.00] 
Humidity or mold problems 

Not at all a problem 82.24 [80.52–83.84] 
Minor problem 12.5 [11.14–14.00] 
Fairly big problem 3.76 [3.01–4.69] 
Very big problem 1.5 [1.06–2.11] 

Unable to keep home warm in the winter 
Not at all a problem 85.99 [84.50–87.35] 
Minor problem 7.76 [6.74–8.91] 
Fairly big problem 3.62 [2.92–4.48] 
Very big problem 2.64 [2.06–3.37] 

HEALTH STATUS 
Reported depression in the past 12 months 7.19 [6.33–8.15] 
BMI 

Underweight (<18,5) 2.61 [2.14–3.18] 
Normal (; ; ; ) 47.79 [46.07–49.51] 
Overweight () 35.44 [33.85–37.06] 
Obese (30+) 14.16 [13.00–15.41] 
Asthma 4.46 [3.82–5.20] 

Respiratory problems 4.25 [3.64–4.96] 
One or more longstanding illnesses, chronic conditions or handicaps 30.19 [28.61–31.82] 
Cardiovascular disease 3.92 [3.31–4.62] 
Number of chronic conditions (on total of 6) 

None 61.38 [59.61–63.12] 
1 24.13 [22.69–25.64] 
2 10.39 [9.40–11.47] 
3 or more 4.1 [3.50–4.79] 

High blood pressure 17.65 [16.32–19.06] 
Diabetes 5.53 [4.84–6.31] 
Allergies 15.33 [14.14–16.59] 
REGION 

Flemish Region 59.71 [58.49–60.92] 
Brussels’s Region 9.04 [8.63–9.47] 
Walloon Region 31.25 [30.13–32.39] 

URBAN LEVEL 
Urban 42.41 [40.36–44.49] 
Sub-urban 28.78 [26.83–30.82] 
Rural 28.81 [26.81–30.90] 

Modelled exposure to air pollution (μg/m3) 
PM2.5 14.74 (13.56–16.94)* 
PM10 21.29 (19.54–23.77)* 
NO2 21.48 (16.48–30.53)* 
BC 1.35 (1.12–1.83)*   
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Tab A2 
Univariate regressions between air pollution and each selected BHIS variable related environmental annoyance   

PM2.5 (natural scale) PM10 (natural scale) NO2 (squared root scale) BC (inverse scale) 

Environmental annoyance coefficient 
[95% CI] 

R2/MSPE/ 
RMSPE/CV 

coefficient 
[95% CI] 

R2/MSPE/ 
RMSPE/CV 

coefficient 
[95% CI] 

R2/MSPE/ 
RMSPE/CV 

Coefficient 
[95% CI] 

R2/MSPE/ 
RMSPE/CV 

Neighborhood: at least one 
condition 

0.53*** [0.37; 
0.69] 

0.02/5.9/2.4/ 
0.16 

0.63*** [0.35; 
0.9] 

0.01/12.29/ 
3.56/0.17 

0.36*** [0.29; 
0.44] 

0.05/0.86/ 
0.92/0.19 

− 0.07*** 
[-0.06;-0.08] 

0.03/0.05/ 
0.23/0.31 

Lack of access to parks  0.01/6/2.4/ 
0.16  

0.02/11.3/ 
3.36/0.16  

0.02/0.86/ 
0.94/0.20  

0.03/0.05/ 
0.23/0.31 

Minor problem (vs not at 
all) 

0.41** [0.11; 
0.71]  

0.88*** [0.38; 
1.38]  

0.26*** [0.11; 
0.4]  

− 0.04* [-0.08; 
0]  

Fairly big 0.67*** [0.31; 
1.02]  

0.9** [0.32; 
1.48]  

0.42*** [0.24; 
0.6]  

− 0.09*** 
[-0.13;-0.05]  

Very big 0.81** [0.3; 
1.33]  

0.96** [0.26; 
1.65]  

0.59*** [0.37; 
0.82]  

− 0.09** 
[-0.16;-0.02]  

Rubbish  0.08/5.6/2.3/ 
0.16  

0.06/11/3/ 
0.16  

0.11/0.75/ 
0.86/0.18  

0.09/0.05/ 
0.22/0.3 

Minor problem (vs not at 
all) 

0.8*** [0.54; 
1.06]  

1.35*** [0.96; 
1.73]  

0.37*** [0.26; 
0.49]  

− 0.09*** 
[-0.12;-0.06]  

Fairly big 1.48*** [1.15; 
1.82]  

2.22*** [1.65; 
2.78]  

0.78*** [0.66; 
0.91]  

− 0.18*** 
[-0.21;-0.15]  

Very big 1.99*** [1.44; 
2.54]  

2.62*** [1.92; 
3.32]  

1.1*** [0.93; 
1.27]  

− 0.25*** [-0.3;- 
0.2]  

Vandalism  0.06/5.7/2.4/ 
0.16  

0.06/11.6/ 
3.4/0.16  

0.12/0.75/ 
0.87/0.18  

0.1/0.05/ 
0.22/0.3 

Minor problem (vs not at 
all) 

0.73*** [0.5; 
0.96]  

1.32*** [0.97; 
1.68]  

0.47*** [0.36; 
0.58]  

− 0.09*** 
[-0.12;-0.07]  

Fairly big 1.42*** [1.1; 
1.73]  

1.8*** [1.36; 
2.23]  

0.79*** [0.66; 
0.91]  

− 0.17*** [-0.2;- 
0.14]  

Very big 1.89*** [1.31; 
2.46]  

2.88*** [2.02; 
3.73]  

0.98*** [0.77; 
1.2]  

− 0.23*** 
[-0.28;-0.18]  

Volume of traffic  0.02/5.9/2.4/ 
0.16  

0.02/11.3/ 
3.36/0.16  

0.03/0.84/ 
0.92/0.19  

0.03/0.05/ 
0.23/0.31 

Minor problem (vs not at 
all) 

0.24** [0.07; 
0.41]  

0.88*** [0.38; 
1.38]  

0.11* [0.02; 
0.19]  

− 0.04*** 
[-0.06;-0.02]  

Fairly big 0.71*** [0.48; 
0.94]  

0.9** [0.32; 
1.48]  

0.33*** [0.23; 
0.43]  

− 0.08*** 
[-0.11;-0.05]  

Very big 0.76*** [0.41; 
1.1]  

0.96** [0.26; 
1.65]  

0.53*** [0.36; 
0.69]  

− 0.1*** [-0.15;- 
0.05]  

Speed of traffic  0.003/56/ 
2.5/0.17  

0.001/11.46/ 
3.38/0.16  

0.01/0.87/ 
0.93/0.20  

− 0.009/0.05/ 
0.23/0.31 

Minor problem (vs not at 
all) 

0.15 [0; 0.31]  0.26 [-0.03; 
0.55]  

0.09* [0.01; 
0.17]  

− 0.02* [-0.04; 
0]  

Fairly big 0.32* [0.07; 
0.56]  

0.17 [-0.22; 
0.56]  

0.1 [0; 0.2]  − 0.03 [-0.05; 0]  

Very big 0.3 [-0.05; 
0.65]  

0.48 [-0.11; 
1.08]  

0.34*** [0.19; 
0.5]  

− 0.03 [-0.08; 
0.03]  

At home: at least one 
condition 

0.62*** [0.47; 
0.78] 

0.03/5.9/2.4/ 
0.16 

0.76*** [0.5; 
1.02] 

0.02/12.2/ 
3.49/0.17 

0.33*** [0.26; 
0.4] 

0.04/0.84/ 
0.91/0.19 

− 0.06*** 
[-0.05;-0.07] 

0.03/0.05/ 
0.23/0.31 

Noise from road traffic  0.03/5.9/2.4/ 
0.16  

0.03/11.1/ 
3.33/0.16  

0.03/0.84/ 
0.92/0.19  

0.04/0.05/ 
0.23/0.31 

Slightly (vs not at all) 0.59*** [0.42; 
0.75]  

0.81*** [0.51; 
1.1]  

0.19*** [0.11; 
0.27]  

− 0.05*** 
[-0.07;-0.03]  

Moderately 0.88*** [0.58; 
1.17]  

1.04*** [0.52; 
1.56]  

0.31*** [0.18; 
0.44]  

− 0.06*** [-0.1;- 
0.03]  

Very 1.05*** [0.66; 
1.43]  

0.95*** [0.43; 
1.47]  

0.48*** [0.32; 
0.64]  

− 0.11*** 
[-0.14;-0.07]  

Extremely 0.47 [-0.07; 
1.01]  

0.5 [-0.21; 
1.21]  

0.42* [0.06; 
0.79]  

− 0.09 [-0.18; 0]  

Noise from train traffic  0.03/5.9/2.4/ 
0.16  

0.03/11.1/ 
3.33/0.16  

0.02/0.85/ 
0.92/0.19  

0.02/0.05/ 
0.23/0.31 

Slightly (vs not at all) 1.02*** [0.67; 
1.37]  

0.81*** [0.51; 
1.1]  

0.35*** [0.19; 
0.51]  

− 0.09*** 
[-0.13;-0.04]  

Moderately 1.52*** [1; 
2.04]  

1.04*** [0.52; 
1.56]  

0.68*** [0.38; 
0.97]  

− 0.17*** 
[-0.24;-0.09]  

Very 2.16*** [1.51; 
2.82]  

0.95*** [0.43; 
1.47]  

0.99*** [0.83; 
1.16]  

− 0.18*** 
[-0.24;-0.12]  

Extremely 1.26 [-0.82; 
3.34]  

0.5 [-0.21; 
1.21]  

1.02** [0.35; 
1.69]  

− 0.23*** 
[-0.33;-0.12]  

Noise from airplane  0.03/5.9/2.4/ 
0.16  

0.001/12.43/ 
3.52/0.17  

0.03/0.84/ 
0.92/0.19  

0.02/0.05/ 
0.23/0.31 

Slightly (vs not at all) 0.63*** [0.39; 
0.87]  

0.27 [-0.11; 
0.65]  

0.29*** [0.18; 
0.4]  

− 0.05*** 
[-0.07;-0.02]  

Moderately 0.78*** [0.34; 
1.22]  

0.42 [-0.09; 
0.92]  

0.41*** [0.18; 
0.64]  

− 0.06* [-0.11;- 
0.01]  

Very     

(continued on next page) 
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Tab A2 (continued )  

PM2.5 (natural scale) PM10 (natural scale) NO2 (squared root scale) BC (inverse scale) 

0.69* [0.11; 
1.27] 

0.27 [-0.41; 
0.96] 

0.49*** [0.26; 
0.73] 

− 0.09** 
[-0.15;-0.02] 

Extremely 1.63*** [0.84; 
2.41]  

1.27 [-0.02; 
2.56]  

0.52* [0.11; 
0.93]  

− 0.14* [-0.27;- 
0.01]  

Noise from factory  0.002/6/2.5/ 
0.17  

0.003/12.49/ 
3.53/0.17  

0.01/0.88/ 
0.94/0.20  

− 0.005/0.05/ 
0.23/0.32 

Slightly (vs not at all) 0.52** [0.14; 
0.9]  

0.89** [0.23; 
1.55]  

0.08 [-0.12; 
0.28]  

− 0.01 [-0.05; 
0.03]  

Moderately 0.53* [0.01; 
1.06]  

0.9 [-0.02; 
1.82]  

0.31** [0.11; 
0.52]  

− 0.05* [-0.1; 0]  

Very 1.45** [0.55; 
2.35]  

1.45** [0.41; 
2.49]  

0.52* [0.06; 
0.98]  

− 0.12* [-0.23;- 
0.01]  

Extremely − 0.13 [-1.45; 
1.18]  

0.06 [-2.77; 
2.89]  

0.07 [-0.69; 
0.82]  

0.01 [-0.08; 0.1]  

Noise from neighbors  0.04/5.9/2.4/ 
0.16  

0.04/11/ 
3.32/0.16  

0.04/0.83/ 
0.91/0.19  

0.02/0.05/ 
0.23/0.31 

Slightly (vs not at all a 
problem) 

0.65*** [0.43; 
0.87]  

0.9*** [0.53; 
1.27]  

0.4*** [0.29; 
0.51]  

− 0.07*** [-0.1;- 
0.04]  

Moderately 0.84*** [0.5; 
1.17]  

1.13*** [0.66; 
1.6]  

0.51*** [0.36; 
0.65]  

− 0.09*** 
[-0.13;-0.05]  

Very 1.66*** [1.23; 
2.09]  

2.28*** [1.68; 
2.87]  

0.8*** [0.6; 
1.01]  

− 0.21*** 
[-0.26;-0.15]  

Extremely 1.1* [0.22; 
1.98]  

1.23 [-0.64; 
3.1]  

0.55** [0.21; 
0.89]  

− 0.07*** 
[-0.15; 0.02]  

Noise from all sources 0.76*** [0.58; 
0.94] 

0.04/5.8/2.4/ 
0.16 

0.89*** [0.61; 
1.17] 

0.03/11.14/ 
3.34/0.16 

0.37*** [0.29; 
0.45] 

0.05/0.85/ 
0.93/0.19 

− 0.07*** 
[-0.09;-0.05] 

0.03/0.05/ 
0.23/0.31 

Air pollution annoyance  0.04/5.8/2.4/ 
0.16  

0.02/11/3.5/ 
0.16  

0.05/0.80/ 
0.90/0.19  

0.03/0.05/ 
0.23/0.31 

Slightly (vs not at all) 0.65*** [0.46; 
0.85]  

1.13*** [0.79; 
1.46]  

0.29*** [0.19; 
0.39]  

− 0.07*** [-0.1;- 
0.04]  

Moderately 0.67*** [0.35; 
0.98]  

1.02***[0.51; 
0.54]  

0.47*** [0.33; 
0.61]  

− 0.1*** [-0.14;- 
0.07]  

Very 1.21*** [0.77; 
1.65]  

2.17*** [1.48; 
2.86]  

0.76*** [0.58; 
0.94]  

− 0.17*** 
[-0.22;-0.11]  

Extremely 0.48 [-0.28; 
1.24]  

0.1 [-1.06; 
1.26]  

0.27 [-0.13; 
0.67]  

− 0.15*** 
[-0.23;-0.06]  

Bad smell from industry  0.002/6/2.5/ 
0.17  

0.01/12.50/ 
3.49/0.17  

0.01/0.88/ 
0.94/0.20  

− 0.005/0.05/ 
0.23/0.31 

Slightly (vs not at all) 0.54*** [0.25; 
0.82]  

1.16*** [0.64; 
1.67]  

0.12 [-0.03; 
0.27]  

− 0.03 [-0.06; 
0.01]  

Moderately 0.78*** [0.31; 
1.25]  

0.99** [0.25; 
1.73]  

0.21* [0.02; 
0.39]  

− 0.05* [-0.09; 
0]  

Very 0.44 [-0.17; 
1.05]  

0.68 [-0.24; 
1.61]  

0.31* [0.02; 
0.59]  

− 0.02 [-0.1; 
0.06]  

Extremely − 0.33 [-0.94; 
0.29]  

0.1 [-2.52; 
2.72]  

0.56 [-0.46; 
1.57]  

− 0.01 [-0.13; 
0.1]  

Bad smell from sewer, 
waste, manure …  

0.001/6/2.5/ 
0.17  

0.001/11.48/ 
3.39/0.16  

0.01/0.88/ 
0.94/0.20  

− 0.007/0.05/ 
0.23/0.32 

Slightly (vs not at all) − 0.16 [-0.4; 
0.07]  

− 0.39 [-0.8; 
0.02]  

− 0.08 [-0.2; 
0.03]  

0.03* [0; 0.05]  

Moderately 0.15 [-0.25; 
0.54]  

0.01 [-0.69; 
0.71]  

0.03 [-0.14; 
0.2]  

0 [-0.04; 0.04]  

Very 0.41 [-0.16; 
0.99]  

0.66 [-0.32; 
1.64]  

0.19 [-0.06; 
0.43]  

− 0.04 [-0.11; 
0.03]  

Extremely 1.09 [-0.17; 
2.35]  

2.67 [-0.33; 
5.67]  

0.92** [0.26; 
1.58]  

− 0.18 [-0.38; 
0.02]  

Bad smell from all sources 0.31* [0.03; 
0.59] 

0.002/6/2.5/ 
0.17 

0.4 [-0.08; 
0.89] 

0.001/11.48/ 
3.39/0.16 

0.14* [0.02; 
0.27] 

0.01/0.91/ 
0.95/0.20 

− 0.02 [-0.06; 
0.01] 

− 0.006/0.05/ 
0.23/0.32 

Vibrations  0.03/5.8/2.4/ 
0.16  

0.02/11.25/ 
3.35/0.17  

0.01/0.86/ 
0.93/0.20  

0.01/0.05/ 
0.23/0.31 

Slightly (vs not at all) 0.5*** [0.31; 
0.7]  

0.74*** [0.4; 
1.08]  

0.21*** [0.11; 
0.31]  

− 0.05*** 
[-0.08;-0.03]  

Moderately 0.7*** [0.42; 
0.98]  

0.65** [0.2; 
1.1]  

0.3*** [0.16; 
0.44]  

− 0.04* [-0.07; 
0]  

Very 0.58** [0.21; 
0.95]  

0.71** [0.19; 
1.24]  

0.36*** [0.19; 
0.52]  

− 0.06*** 
[-0.11;-0.02]  

Extremely − 0.06 [-0.82; 
0.69]  

0.69 [-0.92; 
2.3]  

0.32 [-0.16; 
0.8]  

− 0.04 [-0.15; 
0.06]  

Humidity/mold  0.006/6/ 
2.46/0.16  

0.001/11.43/ 
3.38/0.16  

0.004/0.87/ 
0.93/0.20  

− 0.001/0.05/ 
0.23/0.31 

Minor problem (vs not at 
all) 

0.17 [-0.04; 
0.38]  

0.19 [-0.18; 
0.56]  

0.08 [-0.02; 
0.17]  

− 0.01 [-0.04; 
0.01]  

(continued on next page) 
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Tab A.3 
Univariate regressions between air pollution and each selected BHIS variable related to the socio-economic status   

PM2.5 (natural scale) PM10 (natural scale) NO2 (squared root scale) BC (inverse scale) 

coefficient 
[95% CI] 

R2/MSPE/ 
RMSPE/CV 

coefficient 
[95% CI] 

R2/MSPE/ 
RMSPE/CV 

coefficient 
[95% CI] 

R2/MSPE/ 
RMSPE/CV 

coefficient [95% 
CI] 

R2/MSPE/ 
RMSPE/CV 

Age 0 [-0.01; 0] 0.001/6.08/ 
2.46/0.16 

− 0.01 [-0.01; 
0] 

0.001/11.45/ 
3.38/0.16 

0 [0; 0] 0.01/0.89/ 
0.94/0.20 

0.0006* 
[-0.00007;- 
0.000005] 

− 0.008/ 
0.05/0.23/ 
0.31 

Gender − 0.07 [-0.17; 
0.03] 

0.001/6.1/ 
2.47/0.16 

− 0.14 [-0.31; 
0.03] 

0.001/11.5/ 
3.39/0.16 

− 0.03 [-0.08; 
0.01] 

0.001/0.89/ 
0.94/0.20 

0.01 [-0.01; 0.02] − 0.008/ 
0.05/0.23/ 
0.32 

Reported household income 0 [0; 0] 0.001/6.1/ 
2.47/0.16 

0 [0; 0] 0.001/11.49/ 
3.39/0.16 

0 [0; 0] 0.001/0.89/ 
0.94/0.20 

0.0006* 
[-0.00007;- 
0.000005] 

0.001/0.05/ 
0.24/0.32 

Unemployment status − 0.02 [-0.24; 
0.21] 

0.01/5.84/ 
2.42/0.16 

− 0.1 [-0.47; 
0.27] 

0.001/11.51/ 
3.39/0.16 

0.07 [-0.05; 
0.18] 

0.001/0.89/ 
0.94/0.20 

− 0.03 [-0.02; 
0.04] 

− 0.004/ 
0.05/0.23/ 
0.32 

Highest educational level in the 
household  

0.003/6.04/ 
2.41/0.16  

0.001/11.51/ 
3.39/0.16  

0.001/0.88/ 
0.94/0.20  

− 0.008/ 
0.05/0.23/ 
0.32 

Higher secondary (vs higher) − 0.2* [-0.38;- 
0.01]  

− 0.21 [-0.51; 
0.1]  

− 0.08* 
[-0.16;-0.01]  

0.01 [-0.01; 0.03]  

Lower secondary − 0.39*** 
[-0.6;-0.17]  

− 0.56** 
[-0.91;-0.2]  

− 0.11* [-0.2;- 
0.01]  

0.02 [0; 0.05]  

No diploma/primary education − 0.27* 
[-0.53;-0.01]  

− 0.2 [-0.64; 
0.25]  

0 [-0.11; 0.12]  0.01 [-0.02; 0.04]  

Housing tenure  0.04/5.57/ 
2.36/0.16  

0.04/11.1/ 
3.33/0.16  

0.08/0.81/ 
0.9/0.19  

0.08/0.05/ 
0.22/0.3 

Renter from a social housing 
association (vs owner) 

0.61*** [0.32; 
0.9]  

0.85*** [0.38; 
1.31]  

0.25** 
[0.1–0.4]  

− 0.04* [-0.08; 0]  

Renter from an individual 
private landlord 

0.79*** [0.61; 
0.96]  

0.96*** [0.66; 
1.25]  

0.53*** 
[0.45–0.61]  

− 0.11*** [-0.13;- 
0.09]  

Dwelling  0.25/4.4/ 
2.10/0.14  

0.19/9.5/ 
3.07/0.15  

0.37/0.53/ 
0.73/0.15  

0.32/0.04/ 
0.19/0.26 

Apart.in a building with >10 
dwellings (vs detached 
house) 

2.31*** [1.98; 
2.64]  

3.11*** [2.58; 
3.63]  

1.26*** [1.16; 
1.36]  

− 0.28*** [-0.31;- 
0.26]  

Apart/in a building with 3–9 
dwellings 

2.14*** [1.9; 
2.37]  

2.82*** [2.46; 
3.18]  

1.11*** [1.01; 
1.21]  

− 0.27*** [-0.29;- 
0.25]  

Apart. In a building with two 
dwellings 

0.98*** [0.65; 
1.3]  

1.63*** [1.05; 
2.21]  

0.76*** [0.59; 
0.94]  

− 0.17*** [-0.22;- 
0.13]  

Residential home for the 
elderly 

1.52*** [0.47; 
2.57]  

2.52*** [0.79; 
4.26]  

0.7*** [0.44; 
0.97]  

− 0.15*** [-0.21;- 
0.09]  

Room/studio/Others 2.05*** [1.29; 
2.8]  

2.82*** [1.8; 
3.84]  

0.77*** [0.44; 
1.1]  

− 0.22*** [-0.32;- 
0.13]  

Semi-detached house 0.46*** [0.26; 
0.66]  

0.83*** [0.5; 
1.15]  

0.3*** [0.23; 
0.38]  

− 0.06*** [-0.08;- 
0.04]  

Terraced house 1.16*** [0.97; 
1.36]  

1.92*** [1.59; 
2.25]  

0.57*** [0.5; 
0.65]  

− 0.14*** [-0.16;- 
0.12]  

Country of birth  0.09/5.45/ 
2.33/0.16  

0.05/11.1/ 
3.3/0.16  

0.15/0.73/ 
0.85/0.18  

0.11/0.05/ 
0.22/0.3 

Non-Belgian (non EU)(vs 
Belgian) 

1.59*** [1.33; 
1.85]  

1.95*** [1.57; 
2.33]  

0.81*** [0.7; 
0.92]  

− 0.2*** [-0.22;- 
0.17]  

(continued on next page) 

Tab A2 (continued )  

PM2.5 (natural scale) PM10 (natural scale) NO2 (squared root scale) BC (inverse scale) 

Fairly big 0.53** [0.13; 
0.92]  

0.39 [-0.15; 
0.94]  

0.33 [0.16; 
0.49]  

− 0.05* [-0.09;- 
0.01]  

Very big 0.65* [0.05; 
1.25]  

1.13*** [0.49; 
1.76]  

0.47 [0.2; 
0.74]  

− 0.1** [-0.17;- 
0.04]  

Unable to keep home 
warm in the winter  

0.0003/6.08/ 
2.42/0.16  

0.001/11.43/ 
3.38/0.16  

0.002/0.88/ 
0.94/0.20  

0.002/0.05/ 
0.23/0.31 

Minor (vs not at all) 0.09 [-0.18; 
0.36]  

− 0.02 [-0.46; 
0.42]  

0.25*** [0.15; 
0.36]  

− 0.04* [-0.07;- 
0.01]  

Fairly big 0.51** [0.14; 
0.89]  

− 0.07 [-0.66; 
0.53]  

0.24* [0.05; 
0.44]  

− 0.05* [-0.09; 
0]  

Very big 0.2 [-0.11; 
0.51]  

− 0.13 [-0.62; 
0.35]  

0.01 [-0.14; 
0.16]  

− 0.03 [-0.09; 
0.03]  

At least one problem in 
the household 

0.52*** [0.3; 
0.73] 

0.01/5.86/ 
2.42/0.16 

0.36* [0.03; 
0.69] 

0.004/11.4/ 
3.38/0.16 

0.23*** [0.14; 
0.33] 

0.01/0.87/ 
0.93/0.20 

− 0.06*** 
[-0.09;-0.04] 

0.01/0.05/ 
0.23/0.31 

*<0.05 **0.01 ***0.001.  
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Tab A.4 
Univariate regressions between air pollution and each selected BHIS variable related to health status and geographical location   

PM2.5 (natural scale) PM10 (natural scale) NO2 (squared root scale) BC (inverse scale) 

Coefficient 
[95% CI] 

R2/MSPE/ 
RMSPE/CV 

Coefficient 
[95% CI] 

R2/MSPE/ 
RMSPE/CV 

Coefficient 
[95% CI] 

R2/MSPE/ 
RMSPE/CV 

Coefficient 
[95% CI] 

R2/MSPE/ 
RMSPE/CV 

Depression 0.04* [-0.19; 
0.28] 

0.001/5.84/ 
2.42/0.16 

0.07 [-0.36; 
0.51] 

0.001/11.49/ 
3.39/0.16 

0.07 [-0.05; 
0.18] 

0.001/0.87/ 
0.93/0.20 

− 0.01 [-0.03; 
0.02] 

− 0.007/0.05/ 
0.24/0.32 

BMI  0.001/5.84/ 
2.42/0.16  

0.001/11.45/ 
3.38/0.16  

0.001/0.87/ 
0.93/0.20  

− 0.006/0.05/ 
0.24/0.32 

Obese (vs normal) − 0.31** 
[-0.51;-0.12]  

− 0.34* [-0.66;- 
0.03]  

− 0.06 [-0.15; 
0.03]  

0 [-0.02; 0.02]  

Overweight − 0.13 [-0.27; 
0.01]  

− 0.09 [-0.33; 
0.16]  

− 0.04 [-0.1; 
0.02]  

0 [-0.02; 0.01]  

Underweight − 0.03 [-0.42; 
0.35]  

0.33 [-0.28; 
0.94]  

− 0.09 [-0.24; 
0.05]  

− 0.01 [-0.06; 
0.03]  

Asthma 0.06 [-0.4; 
0.53] 

0.001/5.84/ 
2.42/0.16 

0.33 [-0.47; 
1.12] 

0.001/11.48/ 
3.39/0.16 

0.09 [-0.08; 
0.25] 

0.001/0.87/ 
0.93/0.20 

− 0.02 [-0.06; 
0.02] 

− 0.006/0.05/ 
0.23/0.32 

Respiratory problems − 0.16 [-0.54; 
0.23] 

0.001/5.84/ 
2.42/0.16 

0.13 [-0.45; 
0.71] 

0.001/11.48/ 
3.39/0.16 

− 0.05 [-0.2; 
0.1] 

0.001/0.87/ 
0.93/0.20 

− 0.02 [-0.05; 
0.02] 

− 0.007/0.05/ 
0.23/0.32 

≥1 longstanding 
illnesses 

− 0.04 [-0.18; 
0.1] 

0.001/5.84/ 
2.42/0.16 

0.09 [-0.15; 
0.33] 

0.001/11.48/ 
3.39/0.16 

0 [-0.06; 0.06] 0.001/0.87/ 
0.93/0.20 

− 0.004 [-0.02; 
0.01] 

− 0.007/0.05/ 
0.23/0.32 

Cardiovascular disease 0.19 [-0.23; 
0.61] 

0.001/5.84/ 
2.42/0.16 

0.09 [-0.43; 
1.02] 

0.001/11.48/ 
3.39/0.16 

0.04 [-0.14; 
0.23] 

0.001/0.87/ 
0.93/0.20 

− 0.004 [-0.02; 
0.01] 

− 0.006/0.05/ 
0.23/0.32 

Number of chronic 
conditions  

0.001/5.84/ 
2.42/0.16  

0.006/11.37/ 
3.37/0.16  

0.001/0.87/ 
0.93/0.20  

0.001/0.05/ 
0.23/0.32 

(continued on next page) 

Tab A.3 (continued )  

PM2.5 (natural scale) PM10 (natural scale) NO2 (squared root scale) BC (inverse scale) 

coefficient 
[95% CI] 

R2/MSPE/ 
RMSPE/CV 

coefficient 
[95% CI] 

R2/MSPE/ 
RMSPE/CV 

coefficient 
[95% CI] 

R2/MSPE/ 
RMSPE/CV 

coefficient [95% 
CI] 

R2/MSPE/ 
RMSPE/CV 

Non-Belgian (EU) 0.54*** [0.19; 
0.89]  

0.69*** [0.17; 
1.21]  

0.44*** [0.29; 
0.6]  

− 0.06*** [-0.09;- 
0.02]  

Household composition  0.007/5.79/ 
2.41/0.16  

0.01/11.52/ 
3.39/0.16  

0.005/0.87/ 
0.93/0.20  

0.001/0.05/ 
0.23/0.32 

Couple without child (ren) (vs 
couple with children) 

0.08 [-0.12; 
0.27]  

0.27 [-0.07; 
0.6]  

0.06 [-0.02; 
0.14]  

− 0.02 [-0.04; 0]  

One parent with child (ren) 0.23 [-0.06; 
0.53]  

0.1 [-0.29; 
0.49]  

0.19** [0.06; 
0.33]  

− 0.04* [-0.07;- 
0.01]  

Other/unknown − 0.14 [-0.48; 
0.2]  

− 0.04 [-0.58; 
0.49]  

0.04 [-0.1; 
0.18]  

− 0.04* [-0.07; 0]  

Single 0.44*** [0.24; 
0.63]  

0.87*** [0.53; 
1.2]  

0.33*** [0.25; 
0.42]  

− 0.07*** [-0.09;- 
0.05]  

Civil status  0.008/5.82/ 
2.41/0.16  

0.02/11.42/ 
3.38/0.16  

0.02/0.88/ 
0.94/0.20  

− 0.005/ 
0.05/0.23/ 
0.32 

Divorced (vs married) 0.33** [0.12; 
0.54]  

0.55** [0.22; 
0.89]  

0.23*** [0.13; 
0.32]  

− 0.04*** [-0.07;- 
0.02]  

Single 0.29** [0.11; 
0.46]  

0.6*** [0.3; 
0.9]  

0.21*** [0.14; 
0.28]  

− 0.05*** [-0.07;- 
0.03]  

Widow (er) − 0.05 [-0.27; 
0.17]  

0.16 [-0.28; 
0.59]  

0.04 [-0.06; 
0.14]  

0 [-0.03; 0.02]  

Able to make ends meet with 
available household income  

0.003/5.81/ 
2.41/0.16  

0.005/11.38/ 
3.53/0.17  

0.03/0.83/ 
0.91/0.19  

0.02/0.05/ 
0.23/0.31 

easily (vs very easily) − 0.05 [-0.33; 
0.23]  

0.08 [-0.39; 
0.56]  

0.01 [-0.1; 
0.12]  

− 0.02 [-0.05; 
0.01]  

Rather easily − 0.08 [-0.35; 
0.19]  

0.16 [-0.31; 
0.63]  

− 0.02 [-0.12; 
0.08]  

0 [-0.03; 0.03]  

Rather hard − 0.16 [-0.44; 
0.12]  

− 0.05 [-0.54; 
0.43]  

0.06 [-0.06; 
0.17]  

− 0.02 [-0.05; 
0.02]  

hard 0.41* [0.08; 
0.74]  

0.35 [-0.22; 
0.91]  

0.34*** [0.2; 
0.48]  

− 0.07*** [-0.11;- 
0.03]  

Very hard 0.25 [-0.09; 
0.6]  

0.51 [-0.03; 
1.05]  

0.39*** [0.26; 
0.53]  

− 0.1*** [-0.14;- 
0.06]    
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Tab A.4 (continued )  

PM2.5 (natural scale) PM10 (natural scale) NO2 (squared root scale) BC (inverse scale) 

Coefficient 
[95% CI] 

R2/MSPE/ 
RMSPE/CV 

Coefficient 
[95% CI] 

R2/MSPE/ 
RMSPE/CV 

Coefficient 
[95% CI] 

R2/MSPE/ 
RMSPE/CV 

Coefficient 
[95% CI] 

R2/MSPE/ 
RMSPE/CV 

1 vs none − 0.17* [-0.33; 
0]  

− 0.19 [-0.47; 
0.09]  

− 0.08 [-0.15;- 
0.01]  

0.02* [0; 0.04]  

2 vs none − 0.04 [-0.26; 
0.17]  

0.12 [-0.26; 
0.51]  

− 0.05 [-0.15; 
0.05]  

0 [-0.02; 0.02]  

3 or more vs none − 0.13 [-0.46; 
0.2]  

0.02 [-0.56; 0.6]  0.05 [-0.08; 
0.17]  

− 0.02 [-0.06; 
0.02]  

High blood pressure − 0.09 [-0.25; 
0.07] 

0.001/5.84/ 
2.42/0.16 

− 0.15 [-0.42; 
0.13] 

0.001/11.48/ 
3.39/0.16 

− 0.06 [-0.13; 
0.01] 

0.001/0.87/ 
0.93/0.20 

0.003 [-0.02; 
0.01] 

− 0.006/0.05/ 
0.23/0.32 

Diabetes − 0.15 [-0.39; 
0.08] 

0.001/5.84/ 
2.42/0.16 

0.22 [-0.23; 
0.67] 

0.001/11.48/ 
3.39/0.16 

0.02 [-0.09; 
0.13] 

0.001/0.87/ 
0.93/0.20 

− 0.01 [-0.04; 
0.01] 

− 0.006/0.05/ 
0.23/0.32 

Allergies 0.18* [0; 0.36] 0.001/5.84/ 
2.42/0.16 

0.09 [-0.21; 
0.38] 

0.001/11.48/ 
3.39/0.16 

0.08 [-0.01; 
0.17] 

0.001/0.88/ 
0.94/0.20 

− 0.01 [-0.04; 
0.01] 

− 0.006/0.05/ 
0.23/0.32 

Region  0.63/2.20/ 
1.48/0.10  

0.39/7.16/ 
2.63/0.13  

0.53/0.40/ 
0.63/0.13  

0.44/0.03/ 
0.17/0.23 

Brussels’s Region (vs 
Flemish Region) 

2.71*** [2.59; 
2.83]  

2.11*** [1.91; 
2.31]  

1.31*** [1.26; 
1.37]  

− 0.26*** 
[-0.28;-0.25]  

Walloon Region − 1.88*** [-2;- 
1.75]  

− 2.42*** 
[-2.64;-2.19]  

− 0.22*** 
[-0.28;-0.15]  

0.11*** [0.1; 
0.13]  

Urban level  0.33/3.99/2/ 
0.13  

0.34/7.7/2.8/ 
0.13  

0.56/0.38/ 
0.61/0.13  

0.45/0.03/ 
0.17/0.23 

Sub-urban (vs rural) 1.22*** [1.06; 
1.38]  

1.91*** [1.63; 
2.19]  

0.46*** [0.4; 
0.52]  

− 0.13*** 
[-0.15;-0.11]  

Urban 2.35*** [2.19; 
2.51]  

3.55*** [3.28; 
3.81]  

1.25 [1.2; 1.3]  − 0.3*** [-0.32;- 
0.28]   
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