
Journal Pre-proof

The mediating role of air pollutants in the association between
education and lung function among the elderly, the HAPIEE study

Consuelo Quispe-Haro, Daniel Szabó, Katarzyna Kordas,
Nadezda Capkova, Hynek Pikhart, Martin Bobak

PII: S0048-9697(24)04704-1

DOI: https://doi.org/10.1016/j.scitotenv.2024.174556

Reference: STOTEN 174556

To appear in: Science of the Total Environment

Received date: 5 April 2024

Revised date: 14 June 2024

Accepted date: 4 July 2024

Please cite this article as: C. Quispe-Haro, D. Szabó, K. Kordas, et al., The mediating
role of air pollutants in the association between education and lung function among
the elderly, the HAPIEE study, Science of the Total Environment (2023), https://doi.org/
10.1016/j.scitotenv.2024.174556

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2024 Published by Elsevier B.V.

https://doi.org/10.1016/j.scitotenv.2024.174556
https://doi.org/10.1016/j.scitotenv.2024.174556
https://doi.org/10.1016/j.scitotenv.2024.174556


Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

The mediating role of air pollutants in the association between education and 

lung function among the elderly, the HAPIEE study. 

Consuelo Quispe-Haroa, Daniel Szabóa, Katarzyna Kordasb, Nadezda Capkovac, 

Hynek Pikharta,d, Martin Bobaka,d. 

a RECETOX, Faculty of Science, Masaryk University, Kotlarska 2, Brno, Czech 

Republic 

b Department of Epidemiology and Environmental Health, University at Buffalo, Buffalo 

NY, USA 

c National Institute of Public Health, Prague, Czech Republic  

d Research Department of Epidemiology and Public Health, University College London, 

London, UK 

 

Correspondence to 

Professor Hynek Pikhart, Research Department of Epidemiology and Public Health, 

UCL. London, UK.; h.pikhat@ucl.ac.uk   



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

Abstract 

Background: Chronic exposure to air pollutants harms human health, and at a 

geographical level, concentrations of air pollutants are often associated with 

socioeconomic disadvantage.  

Objectives: The aim of this study was to investigate the effects of educational 

attainment and air pollution on lung function in older adults, and whether air pollution 

may mediate the effect of education.  

Methods: The study included 6381 individuals (mean age 58.24 ±7.14 years) who 

participated in the Czech HAPPIE (Health, Alcohol, and Psychosocial Factors in 

Eastern Europe) study. Participants’ residential addresses were linked to air pollution 

data, including mean exposures to PM10 (particulate matter of aerodynamic diameter 

below 10 µm) and NO2 (nitrogen dioxide). We used path analysis to link educational 

attainment and air pollutants to a standardized measure of the Forced Expiratory 

Volume in the first second (FEV1).  

Results: Higher levels of participants’ education were associated with lower exposures 

to PM10 and NO2. Individuals with tertiary education had higher standardized FEV1 than 

individuals with primary education (88% vs 95%). Path analysis revealed a direct 

positive effect of education on FEV1, while about 12% of the relationship between 

education and lung function was mediated by PM10 and NO2.  

Conclusions: Education (typically completed at young ages) appeared to have a 

protective effect on lung function later in life, and a small part of this effect was 

mediated by air pollution.  

Keywords:  

socioeconomic factors, air pollution, lung function, respiratory health, environmental 

health 



Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof

1. Introduction 

Studying the associations between outdoor air pollutants and socioeconomic status 

(SES) is needed as both are important risk factors for numerous health conditions 

(Glymour et al., 2014; World Health Organization, 2021) including pulmonary outcomes 

(Orellano et al., 2020; Rocha et al., 2019). Studies in the United States (US) and 

Europe have reported higher levels of residential exposure to environmental pollutants, 

particularly PM2.5 (particulate matter of aerodynamic diameter below 2.5 µm), PM10 

(particulate matter of aerodynamic diameter below 10 µm), and NO2 (nitrogen dioxide) 

in people with lower SES (Clark et al., 2014; Hajat et al., 2015; Knobel et al., 2023). 

However, some European studies found that more deprived groups could be less 

exposed to air pollutants in urban-rural comparisons, or areas devoted to different 

economic activities (Fairburn et al., 2019; Padilla et al., 2014; Richardson et al., 2013)  

So far, SES's role in the now widely accepted relationship between air pollution and 

lung function is not fully understood (Hajat et al., 2021). While SES indicators have 

been proposed to be potential confounders as well as effect modifiers of the 

association between air pollution and health outcomes (Hajat et al., 2015), it is also 

possible that air pollution may partly mediate the effects of SES on health (Hajat et al., 

2021). Higher educational attainment (as a proxy for SES) may affect the ease (or lack 

of it) with which individuals choose to live in more (or less) desirable areas (Deluca et 

al., 2019); these areas might be different in terms of air pollution as well (Wang and 

Guo, 2023). Furthermore, in as much as educational attainment is related to 

employment opportunities and income (Glymour et al., 2014), less educated individuals 

may seek jobs in areas or cities that concentrate polluting industries, thus contributing 

to higher lifetime air pollution exposures. For example, Padilla et al. (2014) found that 

the Port of Marseille concentrates poor employees exposed to high levels of NO2 from 

steel and petrochemical industries.  
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SES comprises several dimensions, including income, education, wealth status, and 

job position; however, education has been among the most widely used in 

epidemiological research. The vast majority of studies indicate that better-educated 

individuals fare better concerning health outcomes but also exposure to health risk 

factors, including air pollution (Cutler and Lleras-Muney, 2010; Donkin, 2014; Hamad et 

al., 2018). Researchers have investigated the mechanisms underlying the association 

between education and health, finding evidence for indirect and direct effects. 

Educational attainment is a powerful predictor of adulthood characteristics, including 

income and job position, personal control, social support, and health behaviors, which 

are in turn social determinants of health, indicating an indirect effect on health (Ross 

and Mirowsky, 2010). Additionally, evidence suggests that individuals with lower SES 

are more exposed to poorer housing conditions and environmental hazards in their 

neighborhoods (Evans and Kantrowitz, 2002). Conversely, other researchers argue 

that education has a more direct impact on health, claiming that it remains a robust 

predictor of longevity even after controlling for other SES covariates (Baker et al., 

2011), and that compulsory schooling laws have shown to be beneficial in reducing 

mortality, smoking, and obesity (Hamad et al., 2018). Thus, education may influence 

health both directly and indirectly, serving as a fundamental factor that underlies other 

SES dimensions.  

To our knowledge, the hypothesis that educational attainment drives pulmonary 

outcomes partly through air pollution exposure (mediator) has not been previously 

investigated. 

Using individual data from a cohort study of Czech older adults from seven small-mid 

size cities linked with long-term exposures to outdoor air pollutants we aim to 

investigate (1) the social (educational) gradient of exposure to PM10 and NO2 and, (2) 

the association between exposure to air pollutants and lung functions; (3) the 
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educational gradient in lung function; (4) and the potential mediation effect of air 

pollution in the association between educational attainment and lung function.   

2. Methods 

2.1. Population 

We used the baseline survey of the Czech Health, Alcohol, and Psychosocial Factors 

in Eastern Europe (HAPIEE) cohort study conducted from 2002 to 2005. A population-

based urban random sample of older adults was invited to participate in a short 

physical examination and provide data on health, risk factors, and socioeconomic 

conditions. Individuals provided their consent to participate. Data were collected by 

trained personnel. The examination included anthropometric measurements and a 

spirometry test. A published protocol provides further details (Peasey et al., 2006). A 

total of 8,835 individuals provided demographic and health data, but only 6,763 

individuals underwent the spirometry test. Of them, 27 had missing values on height 

and 260 had missing geocodes. Additionally, 119 individuals had missing information 

on smoking behavior and 47 on education. The analytical sample encompassed 6,381 

individuals with complete information. Listwise deletion was conducted for missing 

values as the parameters did not differ from the final sample (Supplement A).  

2.2. Lung function 

Lung function was assessed by trained personnel and standardized protocol using a 

Micro-Medical Microplus spirometer. The assessment of lung function was conducted 

in a sitting position on three to eight occasions. The output includes but is not limited to 

the Forced Vital Capacity (FVC) and the Forced Expiratory Volume in the first second 

(FEV1). For this study, the maximum value of FEV1 was chosen according to 

reproducibility and repeatability criteria (Graham et al., 2019). The predicted values of 

FEV1 were derived using age and height as primary predictors, stratified by sex, using 

published equations  (Kuster et al., 2008). These predicted values were then compared 
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to observed values calculating the ratio of each participant’s maximum value of FEV1 

to their individual predicted value of FEV1. This ratio was multiplied by 100 for easier 

interpretation as a percentage difference from the expected FEV1. In consequence, 

100% standardized FEV1 is considered the optimal reference value. 

2.3. Exposure to air pollution 

Air pollution (PM10 and NO2) concentrations between 2005 and 2008 were estimated by 

the Czech Hydrometeorological Institute (CHMI) on a 1 km x 1 km spatial grid. This 

estimation employed an empirical inverse distance weighting model, combining several 

data sources and models: (1) CHMI's Gaussian plume SYMOS'97 atmospheric 

dispersion model, using the national registry of point and line emission sources 

(Information System for Air Quality – ISKO), traffic-related air pollution data from a 

2005 national traffic intensity study, meteorological and digital terrain model data; (2) 

European Eulerian EMEP (50 km x 50 km) model, to estimate the secondary particle 

and resuspension concentrations for PM10; and (3) altitude data. The models are 

developed for urban and rural areas separately and merged into spatial maps based on 

population density grids (Ostatnická, 2008). 

The annual means of PM10 and NO2 in micrograms per cubic meter (µg/m3) were 

obtained from 2005 to 2008 and matched to the geocoded addresses of the 

participants. A missing value was assigned if the geographic address could not be 

retrieved. The 4-year mean concentrations were calculated and used as an 

approximation to the long-term exposure to PM10 and NO2. Given that interpreting the 

effect size of small unit changes in PM10 and NO2 can be less intuitive, we rescaled 

both by dividing it by 10. This transformation allows the model coefficients to represent 

the effect of a 10µg/m3 change in PM10 and NO2 concentrations, thereby facilitating a 

clearer understanding of the magnitude of the association of air pollutants and 

standardized FEV1.   
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2.4. Socioeconomic status 

Participants were asked about their highest level of education achieved. The responses 

were classified into four categories: (1) primary or incomplete, for those who completed 

a maximum of 9 years of education; (2) vocational, for those who had four additional 

years of training in a manual profession; (3) secondary, completed 13 years of 

education plus a matriculation exam; and (4) tertiary, for individuals with a university 

degree.  

For sensitivity analyses, two additional indicators of SES (deprivation and job as a 

miner) were used. Three questions were used to assess the level of deprivation: (1) Do 

you have difficulties in buying food? (2) Do you have difficulties buying clothes? (3) Do 

you have difficulties paying bills? Answers were formatted on a 4-point Likert scale 

from 0 (never) to 4 (always). The sum of the three questions ranged from 0 to 12 and 

were re-categorized as no deprivation (0), low level of deprivation (1-2), and high level 

of deprivation (3-12). A dummy variable identified whether participants worked as 

miners (1) or not (0) from free-text occupation descriptions.  

2.5. Covariates  

Age on the day of the health examination, sex, and smoking behavior were self-

reported. Participants were asked if they smoked and had to choose one of the 

following answers: (1) No, I have never smoked, (2) No, I smoked in the past, but I 

stopped, (3) Yes, occasionally, less than one cigarette, (4) Yes, regularly, at least one 

cigarette. These responses were recategorized as follows: (0) never smokers, (1) past 

and occasional smokers, (2) regular smokers. The body mass index (BMI) was 

introduced as a continuous variable derived from health examination on weight and 

height and expressed in kg/m2.  

2.6. Statistical Analysis 
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First, using linear regression, we estimated the association between the level of 

education and four-year average PM10 and NO2 levels. Multiple linear regressions were 

used to test the strength of the associations between education and the standardized 

FEV1 when controlled for covariates in successive models:  model 0 was adjusted for 

age and sex; model 1 additionally adjusted for body mass index (BMI) and smoking 

status; model 2 was further adjusted for outdoor air pollutants – PM10 and NO2. The 

strength of the association between air pollutants and standardized FEV1 was tested 

using a similar method but model 2 was adjusted for education instead. During the post 

hoc sensitivity analysis, we included additional indicators of SES (deprivation and job 

as a miner) to model 2, and to take into account different sources of exposure the 

results were separated by city category, i.e. presence of mining industry.  

Finally, we used structural equation modeling (SEM) builder to perform a mediation 

analysis. The software output provided the coefficients of the hypothesized paths. We 

would refer to full mediation if the total direct effect is zero and to partial mediation if it 

is non-zero. The total direct effect is the coefficient of the path from education to the 

standardized FEV1. Two indirect effects were calculated: one through PM10 and one 

through NO2. To calculate the indirect effect through PM10, we multiply the coefficient of 

education on PM10 by the coefficient of PM10 on standardized FEV1. Identical 

computation was done with the coefficients through NO2. Both indirect effects were 

summed up to obtain the total indirect effect. To find the percentage mediated we 

divided the total indirect effect by the sum of total indirect and total direct effects. The 

model was adjusted for age, sex, smoking, and BMI. The analyses are based on 

individuals with complete information using Stata v 16.1, at 95% confidence intervals, 

and bootstrapping on 5000 resamples for SEM.  

3. Results 

The analytical sample included 6,381 individuals, of which 54% were females (Table 

1). The mean age was 58.24 ± 7.14 years. In the period 2005-2008, participants were 
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exposed to a mean of 33.68 ± 8.26µg/m3 of PM10, and 20.57 ± 9.26µg/m3 of NO2. 

Currently, the limit for annual exposure to PM10 is 15 µg/m3 and for NO2 is 10 µg/m3 

(World Health Organization, 2021). The mean of standardized FEV1 was 91.91 ± 

17.06. Features disaggregated by the level of education showed that tertiary education 

was more common among males compared to females, higher levels of PM10 were 

observed among individuals with lower education levels, and mining cities—Havirov 

and Karvina—had a higher proportion of individuals with low levels of education.  

3.1. Education and air pollution  

In age and sex adjusted linear regression analyses, PM10 exposure was strongly 

associated with education; specifically, persons with tertiary education had significantly 

lower exposures than those with primary or incomplete education, although the 

difference was small in absolute terms, about 4µg/m3 (Figure 1, left panel). A similar 

relationship was observed between NO2 and education: people at the highest level of 

education had lower exposure to NO2 (Figure 1, right panel). 

3.2. Determinants of lung function 

The simultaneous associations of PM10 and NO2 with the standardized FEV1 adjusted 

for multiple risk factors in ordered steps are presented in Table 2. When adjusted for 

age and sex (model 0), a 10µg/m3 increase in PM10 was associated with 1.78% (95% 

CI: -2.33 to -1.23) lower FEV1, while a 10µg/m3 increase in NO2 was not significantly 

related to FEV1 (0.29, 95% CI: -0.20 to 0.78). The introduction of BMI and smoking 

(model 1) and then education (model 2) explained part of the association between 

PM10 and FEV1. No changes in the association between NO2 and standardized FEV1 

were observed with the addition of covariates.  

After adjusting for multiple factors in successive linear regressions, a strong 

educational gradient was observed as individuals with higher levels of education had 

better lung function than those in an immediately inferior category (Table 3). In model 
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0, the regression coefficients showed that people with tertiary education had seven 

percentage points higher standardized FEV1 than people with primary or incomplete 

education. When BMI and smoking were included (model 1) in the regression analysis, 

the differences between the effect of the highest and the lowest education categories 

on FEV1 became smaller. However, there remained almost a five-point gap in 

standardized FEV1 between the lowest and highest education groups. Model 2, with air 

pollutants added, reduced the educational gradient by only an extra 0.51 points in 

standardized FEV1 compared to model 1.  

In sensitivity analyses, first, we tested for interactions between sex and level of 

education and found non-significant differences (Supplement B). Then, given the 

differences in educational attainment between Havirov and Karvina, cities historically 

devoted to the mining industry, compared to other cities (Supplement C), a separate 

analysis by city category of model 2 was considered (Supplement D). Finally, we tested 

the strength of the associations when other SES indicators were included. Table 4 

presents the regression coefficients for the association of educational attainment, 

deprivation, job as a miner, and air pollutants with standardized FEV1. Education had a 

strong positive association with standardized FEV1 in both groups of cities. In Havirov 

and Karvina, people with tertiary education had almost six percentage points higher 

standardized FEV1 than people with primary or incomplete education. PM10 had a 

stronger negative effect in the historically mining cities of Havirov and Karvina: a 

10µg/m3 increase in PM10 reduced the standardized FEV1 by five points, while in the 

non-mining cities, the reduction was not statistically significant. NO2 showed no 

significant associations with standardized FEV1. Additionally, in Havirov and Karvina 

people with the highest level of deprivation showed a 2.49% reduction in standardized 

FEV1 and miners lost 2.99% in standardized FEV1 (Table 4). Deprivation was not 

associated with lower lung function in non-mining cities.  

Mediation analysis 
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Table 5 and Figure 3 display the effects of the proposed paths. All paths show 

statistically significant associations, except for the path from NO2 to standardized 

FEV1. Higher educational attainment was associated with less exposure to PM10 and 

less exposure to NO2. PM10 was negatively associated with the standardized FEV1, 

which means that higher levels of air pollution led to poorer lung function. The increase 

in 10µg/m3 of PM10 was associated with reduced standardized FEV1 by 1.32%. 

The coefficients from education were multiplied by the coefficients toward standardized 

FEV1 to obtain the indirect effects specific to each mediator (Table 6). We found 

significant indirect effects through PM10 (b=0.20, CI 95%: 0.11 to 0.29) but not for NO2 

(b=-0.03, -0.06 to 0.01). The total indirect effect through PM10 and NO2 accounts for 

12% of the total effect. 

4. Discussion 

In this Czech population-based urban study, most of our findings were consistent with 

the existing literature. First, exposure to higher levels of PM10 was associated with 

worse lung function (Doiron et al., 2019), and we confirmed educational gradients in 

exposure to air pollutants and lung function. Given these observations, we explored the 

potential mediation effect of air pollution between educational attainment and lung 

function. We found a partial mediation: around 12% of the total effect of educational 

attainment on lung function can be attributed to exposure to air pollution. This finding 

supports our hypothesis that the level of education could influence the degree of air 

pollution people are exposed to. Nevertheless, 88% of the effect of educational 

attainment on lung function remained unexplained by air pollutants.  

The educational gradient observed for air pollutants, for FEV1, and the partial 

mediation detected suggest that the level of attained education may at least partly 

determine exposure to outdoor air pollution later in life. The highest level of education 

is generally completed by early adulthood, thus other characteristics of SES could 
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better explain the association with air pollution exposure and lung function in late 

adulthood. However, in this sample of Czech individuals, education was a stronger 

socioeconomic predictor of long-term health outcomes. Furthermore, we have already 

described the association between social mobility and lung function elsewhere 

(Quispe-Haro et al., 2022). Given the cross-sectional design and lack of additional 

information, we were neither able to quantify the residential relocations during the life 

course of HAPPIE study participants, nor to test whether being born in a polluted or 

deprived area could lead to lower levels of attained education in our sample. Others 

have explored the associations between the migration of talented individuals, exposure 

to air pollutants, and socioeconomic conditions (Germani et al., 2021; Wang and Guo, 

2023). The reasons for voluntary or involuntary migration are complex and diverse. 

Individuals with any level of education migrate and consider not only housing quality 

and job opportunities but also family ties, costs, and familiarity (Deluca et al., 2019); 

hence longitudinal data is needed to analyze to what extent people consider the level 

of air pollution in the residential area and the posterior health consequences when 

relocating. 

Epidemiologists have focused on the effect modification by SES in the relationship 

between air pollution and pulmonary outcomes. A systematic review found weak 

evidence of effect modification of SES when evaluating the association between air 

pollution and asthma exacerbation in children (Rodriguez-Villamizar et al., 2016). For 

low-income adults, stronger harmful effects of air pollution on FEV1 and FVC were 

reported, when controlled by the level of education (Doiron et al., 2019). Barker et al. 

(2011) argue that the causal role of education on health has been questioned in part 

due to the lack of sophisticated statistical approaches to “control for wealth and other 

dimensions of socioeconomic status”.  In our sample, the educational gradient 

remained strong after stratifying the analysis between mining and non-mining cities and 

adding other SES indicators alongside education, such as working as a miner and level 
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of economic deprivation. In additional analyses, we rejected other probable 

mechanisms involved, including the interaction between education and sex explored in 

other studies (Forastiere et al., 2007; Hajat et al., 2021).  

As proposed by Hajat et al. (2021), economic constraints could force people of lower 

SES to live near roads or industrial areas where housing prices are affordable. 

However, in Europe geographic heterogeneity of social conditions and air pollution 

have been described (Padilla et al., 2014; Stroh et al., 2005), suggesting that the 

environmental inequalities found might be specific for the studied area. In our data, 

low-educated individuals were exposed to higher levels of both PM10 and NO2. 

However, these results are inconsistent with previous ecological observations of the 

distribution of air pollutants in the Czech Republic (Branis and Linhartova, 2012), where 

higher levels of NO2 were associated with a higher proportion of citizens with university 

education. This may be explained, firstly, by the sample consisting solely of individuals 

living in urban areas and the vicinity of major road networks, generally predicting 

transport accessibility and mobility, that can be associated with higher SES scores, 

especially when compared to peripheral areas. Additionally, the discrepancy can be 

attributed to the spatial resolution used, which was 1x1 km, potentially leading to less 

precise estimates. Compared to PM10, NO2 has different distance-decay gradients, a 

predominant association with line sources (traffic-related air pollution), and thus higher 

variance within the grid cells associated more with area/volume sources with less 

spatial variability (McAdam et al., 2011). Thus, unlike PM10, the NO2 levels may instead 

indicate the urban economic centrality. Inaccuracies in the computation of air pollution 

exposure can lead to exposure misclassification (Lu, 2023). Consequently, if more 

precise estimates of air pollution were used, the proportion mediated by air pollutants 

(12%), though significant, might be slightly different. This is primarily because the effect 

size was driven by PM10 rather than NO2. We speculate that a more spatially precise 

measurement of NO2 could help improve our models.  
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Most evidence on the association of SES, air pollution exposure, and health outcomes 

comes from Western countries where income or job position could be more appropriate 

to describe their social standing. Western countries with high educational attainment 

have a limited variation in schooling which could explain the limited capacity of 

education to capture the health effects (Baker et al., 2011). On the contrary, the 

educational attainment in the Czech Republic might be a better indicator of the social 

hierarchy. Previous analyses of the HAPIEE study have demonstrated that education is 

the strongest socioeconomic predictor of health outcomes (Vandenheede et al., 2014),  

This study had several limitations that must be acknowledged. Firstly, a single indicator 

of SES was used in our mediation analysis, but other aspects of SES could 

independently predict health outcomes, such as control over one's own life and job, 

income, and the self-perception of position in the social hierarchy (Marmot, 2004; 

Theodossiou and Zangelidis, 2009). Moreover, the study did not account for the 

influence of time spent outdoors and commuting (Makri and Stilianakis, 2008), or the 

contribution of indoor air pollution on total exposure to air pollutants, which could have 

potential implications for the results. The cross-sectional nature of the data does not 

allow us to assess temporality, although – at least in relation to education – reverse 

causality is unlikely. Nevertheless, a long-term follow-up study would provide more 

robust evidence. 

Air pollution levels have improved in Western Europe in general as well as in the Czech 

Republic since the early 2000 (Shen et al., 2022), hence it is probable that participants’ 

lifetime exposure to outdoor pollution was substantially higher, therefore we could 

underestimate the contribution of air pollutants. The lack of consideration for residential 

mobility further adds to the study's limitations. We assumed that the level of education 

would affect adults in terms of job opportunities and mobility, however, these 

speculations should be supported by evidence that will consider the conscious or 
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unconscious decisions of people in terms of career, income, family, housing and 

environmental expectations, and opportunities.  

To address these issues and enhance future research, incorporating critical concepts 

such as the social exposome perspective, life course analysis, and differential 

vulnerability would be valuable (Gudi-Mindermann et al., 2023). Additionally, 

considering time spent in various activities that influence exposure outside residence 

can provide more comprehensive insights into the intricate interactions between air 

pollutants, health effects, and socioeconomic factors. By acknowledging and rectifying 

these limitations, future studies can contribute significantly to the understanding and 

management of this crucial public health issue.  

5. Conclusion 

Individuals with lower educational attainment (representing lower SES) are likely to be 

exposed to worse air quality. We found evidence of a partial mediation effect of air 

pollution in the association of education and lung function. Higher levels of education 

showed both a protective direct effect on lung function and a protective effect on 

exposure to air pollutants. Higher spatial resolution of NO2 concentration data could 

help to capture the effects on lung function. Insights from other fields should be 

incorporated to understand better the relationship between an individual’s 

socioeconomic circumstances, mobility patterns, environmental exposures, and health. 
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Fig. 1. Linear regression coefficients of categories of attained education for exposure to 

PM10 and NO2. Coefficients and confidence intervals are adjusted for age and sex. 
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Figure 2. Mediation effects of PM10 and NO2 in relationship between education and 

standardized FEVI(%). *Statistically significant coefficients. Model adjusted for age, sex, BMI, 

and smoking behavior. Model fit: X2(9) = 177.337, p<0.001, CFI=0.775, RMSEA = 0.054, 90% CI 

RMSEA [0.047, 0.061]. 
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Table 1. Participants' characteristics by level of educational attainment (n=6381) 

Total 
Primary or 

incomplete 
Vocational Secondary Tertiary 

Age, mean (SD), 

years 

58.24 

(7.14) 
60.07 (7) 58.15 (7) 57.87 (7) 

57.86 

(7) 

Sex, n (%) 

   Male 2917 

(46) 
157 (6) 1292 (44) 944 (32) 524 (18) 

   Female 3464 

(54) 
615 (18) 1083 (31) 1420 (41) 346 (10) 

Smoking status, n (%) 

   Never  2848 

(45) 
367 (13) 957 (34) 1073 (38) 451 (16) 

   Past and occasional 2067 

(32) 
209 (10) 779 (38) 802 (39) 277 (13) 

   Regular 1466 

(23) 
196 (13) 639 (44) 489 (33) 142 (10) 

Education  

   Primary or 

incomplete 

772 

(12) 

    

   Vocational 2375 

(37) 

    

   Secondary 2364 

(37) 

    

   Tertiary 870 

(14) 

    

BMI, mean (SD), 28.23 29.60 (5) 28.74 (5) 27.68 (4) 27.13 
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kg/m2 (4.55) (4) 

Air pollutants, mean (SD), µg/m3 

   PM10 from 2005-08 
33.68 

(8.26) 
36.40 (10) 34.54 (9) 32.49 (7) 

32.16 

(7) 

   NO2 from 2005-08 
20.57 

(9.26) 
22.15 (9) 20.67 (9) 20.36 (9) 

19.42 

(10) 

aStandardized FEV1, 

mean (SD), % of 

predicted value 

91.91 

(17.06) 
88.46 (19) 90.87 (17) 92.87 (17) 

95.20 

(16) 

Cities, n (%) 

   Havirov 785 

(12) 
138 (18) 357 (45) 214 (27) 76 (10) 

   Hradec 732 

(11) 
50 (7) 235 (32) 315 (43) 132 (18) 

   Jihlava 657 

(10) 
78 (12) 264 (40) 244 (37) 71 (11) 

   Karvina 478 (7) 116 (24) 230 (48) 107 (23) 25 (5) 

   Kromeriz 1271 

(20) 
118 (9) 434 (34) 492 (49) 227 (18) 

   Liberec 876 

(14) 
70 (8) 287 (33) 377 (43) 

142  

(16) 

   Usti nad Labem 1582 

(25) 
202 (13) 568 (36) 615 (39) 197 (12) 

aOptimal value of standardized FEV1=100% 
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Table 2. Linear regression coefficients for the association of PM10 and NO2 with 

standardized FEV1(%) among Czech adults participating in the HAPPIE study. 

 Model 0 Model 1 Model 2 

 ba (95% CI) ba (95% CI) ba (95% CI) 

PM10 per 10 

µg/m3
 
 

-1.78 (-2.33 to -

1.23) 

-1.53 (-2.07 to -0.99) -1.33 (-1.87 to -0.78) 

NO2 per 10 

µg/m3 

0.29 (-0.20 to 0.78) 0.35 (-0.12 to 0.83) 0.36 (-0.12 to 0.84) 

AIC 54227.07 53909.11 53884.48 

BIC 54260.88 53963.21 53958.85 

LR test  χ2 (3) =323.95, 

p<0.001 

χ2 (3) =30.64, 

p<0.001 

Model 0: adjusted for age and sex. 

Model 1: as model 0 additionally adjusted for BMI and smoking status. 

Model 2: as model 1 additionally adjusted for education. 

ab coefficient of -1 means that standardized FEV1 reduces by one percentage point per 

10 µg/m3 increase in air pollutant concentration. 
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Table 3. Linear association of educational attainment with standardized FEV1(%) 

among Czech adults participating in the HAPPIE study. 

 Model 0 Model 1 Model 2 

 ba (95% CI) ba (95% CI) ba (95% CI) 

Primary or 

incomplete 

0  0  0 

Vocational 3.00 (1.59 to 

4.41) 

2.41 (1.03 to 3.79) 2.17 (0.78 to 3.55) 

Secondary 4.61 (3.22 to 

6.00) 

3.19 (1.82 to 4.57) 2.71 (1.33 to 4.09) 

Tertiary 7.43 (5.76 to 

9.11) 

5.16 (3.49 to 6.82) 4.65 (2.97 to 6.32) 

AIC 54184.68 53903.66 53884.47 

BIC 54225.24 53964.51 53958.84 

LR test  χ2 (3) =287.01, 

p<0.001 

χ2 (2) =23.19, 

p<0.001 

Model 0: adjusted for age and sex. 

Model 1: as model 0 additionally adjusted for BMI and smoking status. 

Model 2: as model 1 additionally adjusted for PM10 and NO2.  

ab coefficient of -1 means that standardized FEV1 reduces by one percentage point per 

category of education compared to individuals with primary or incomplete education 
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Table 4: Multivariable linear association coefficients of variables included in model 2 plus other 

SES indicators (deprivation and job as miner) on Standardized FEV1. n=6187 

 Mining cities 

(Havirov and Karvina) 

Non-mining cities 

(Hradec, Jihlava, Kromeriz, Liberec, Usti 

nad Labem) 

 b 95% CI b  95% CI 

Education   

   Primary or 

incomplete 
Ref.  Ref.  

   Vocational 2.88 0.23 to 5.53 1.40 -0.30 to 3.11 

   Secondary 4.48 1.60 to 7.35 1.81 0.13 to 3.48 

   Tertiary 5.65 1.54 to 9.76 3.69 1.72 to 5.65 

Air pollutants  

   aPM10 per 10 µg/m3
  -4.98 -8.83 to -1.14 -1.16 -2.60 to 0.28 

   aNO2 per 10 µg/m3 1.08 -0.70 to 2.85 -0.28 -0.23 to 0.79 

Deprivation  

   No deprivation Ref.  Ref.  

   Low deprivation -1.84 -4.17 to 0.49 -0.80 -1.93 to 0.33 

   High deprivation -2.49 -4.73 to -0.24 -1.11 -2.27 to 0.06 

Miner, yes -2.99 -5.90 to -0.08   

aAverage concentration of air pollutants from 2005 to 2008 expressed in µg/m3. b coefficient of -1 

means that standardized FEV1 reduces by one percentage point per 10 µg/m3 increase in air 

pollutant concentration. 
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Table 5. Mediation effects of PM10 and NO2 in the relationship between educational 

attainment and standardized FEV1(%) among Czech adults participating in the 

HAPPIE study. 

Exposure Outcome b Standard error 95% CI 

Education 

Standardized FEV1(%) 1.34 0.250 0.85 to 1.83 

PM10, µg/m3 -0.15 0.011 -0.18 to -0.13 

NO2, µg/m3 -0.07 0.013 -0.10 to -0.05 

PM10 per 10 µg/m3
 

Standardized FEV1(%) 
-1.32 0.283 -1.87 to -0.76 

NO2 per 10 µg/m3 0.34 0.246 -0.14 to 0.83 

Model adjusted for age, sex, BMI, and smoking behavior. 
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Table 6. Bootstrapped indirect effects coefficients in the mediation analysis between 

education and standardized FEV1(%). 

 b Standard error 95% Confidence interval 

Total indirect effect 0.18 0.043 0.09 to 0.26 

   PM10, µg/m3 0.20 0.046 0.11 to 0.29 

   NO2, µg/m3 -0.03 0.019 -0.06 to 0.01 
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Highlights 

 We investigated lung function in older adults from seven Czech cities. 

 We noticed an educational gradient in lung function and exposure to air 

pollutants. 

 PM10 and NO2 partly mediated the association between education and lung 

function. 

 Educational attainment had direct and indirect association with lung function. 


