
Ingrid Nordeide Kuiper

Effects of air pollution and
greenness on asthma and allergy
— over time and across
generations

2020

Thesis for the degree of Philosophiae Doctor (PhD)
University of Bergen, Norway



at the University of Bergen

Avhandling for graden philosophiae doctor (ph.d )

ved Universitetet i Bergen

.

2017

Dato for disputas: 1111

Ingrid Nordeide Kuiper

Effects of air pollution and greenness on
asthma and allergy — over time and

across generations

Thesis for the degree of Philosophiae Doctor (PhD)

Date of defense: 17.12.2020



The material in this publication is covered by the provisions of the Copyright Act.

Print:	     Skipnes Kommunikasjon / University of Bergen

© Copyright Ingrid Nordeide Kuiper

Name:        Ingrid Nordeide Kuiper

Title: Effects of air pollution and greenness on asthma and allergy — over time and across
generations

Year:          2020



I 

Scientific environment 

The work in this thesis was conducted at the Department of Occupational Medicine at 

Haukeland University Hospital and the Department of Global Public Health and 

Primary Care at the University of Bergen (UiB). It was financed by Helse Vest. During 

the PhD-period I have been an affiliate member of the National Research School in 

Population-Based Epidemiology (EPINOR). 

Main supervisor: 

Associate Professor Ane Johannessen, PhD, Centre for International Health, 

Department of Global Public Health and Primary Care, University of Bergen, Bergen, 

Norway. 

Co-supervisors: 

Professor Cecilie Svanes, MD, PhD, Department of Occupational Medicine, 

Haukeland University Hospital, Bergen, Norway, and the Centre for International 

Health, Department of Global Public Health and Primary Care, University of Bergen, 

Bergen, Norway. 

Professor Thomas Halvorsen, MD, PhD, Department of Clinical Science, University 

of Bergen, Bergen, Norway, and Department of Pediatric and Adolescent Medicine, 

Haukeland University Hospital, Bergen, Norway. 



 II 

Acknowledgements 

The work of this thesis was carried out from 2017 to 2020 at the Department of 

Occupational Medicine at Haukeland University Hospital, the Institute of Global 

Health and Primary Care, and Centre for International Health, both at the University of 

Bergen. I am grateful for ‘Det Regionale Samarbeidsorganet’ at Helse Vest for funding 

my research. During these three years, I have been privileged to meet and work with 

many inspiring people. I want to express my gratitude to all of you for your valuable 

contributions to this work.  

First, I wish to express the greatest thanks to my main supervisor Ane Johannessen. 

Without your enthusiasm for environmental and respiratory epidemiology, and your 

confidence in my research skills, this work would not have been achieved. I could not 

have overcome the difficulties without your excellent supervision, your solution-

oriented thinking and your endless optimism. I deeply appreciate all the effort you have 

invested in me and my research.  

I am grateful to my co-supervisors Cecilie Svanes and Thomas Halvorsen; you both 

have an extreme passion and dedication for your work, which is very inspiring. Thank 

you Cecilie for believing in me and including me in your research group in the months 

before I started my ‘turnustjeneste’, and for sharing your excellent research knowledge. 

Thomas, I am grateful for your critical reading of my work and your useful comments. 

Thank you for your motivating and understanding words during the ups and downs of 

this work. 

Further, I would like to thank all my co-authors for thorough commenting on the papers 

and for fruitful discussions. I am grateful to Iana Markevych for your enthusiasm and 

expert knowledge on exposure assignment of air pollution and greenness. Also thank 

you, together with Achim Heinrich, for your hospitality during my stay in Munich and 

for sharing your insights and knowledge on environmental epidemiology. Further, a 

special thanks to Simone Accordini and Alessandro Marcon for sharing your excellent 

knowledge on statistics (although at times very incomprehensible). I am so grateful for 

you and your family’s generosity during my stays in Verona (and for the most delicious 



 III 

Italian food I have ever tasted). Roy Miodini Nilsen, thank you for sharing your 

excellent expertise in statistics and epidemiology, it has been of great value. Taran 

Neckelmann, thank you for your brilliant illustrations. 

A big thanks to the wonderful RHINESSA research group; Paco Gómez Real, Cecilie 

Svanes, Randi J Bertelsen, Ane Johannessen, Jorunn Kirkeleit, Svein Magne Skulstad, 

Kai Triebner, Marianne Lønnebotn, Toril M Knudsen, Hilde Kristin Vindenes, Oskar 

Jogi, Antonio Pérez, Eivind Aksnes Rebnord, Gro Tjalvin, Benedikte Svanes Sørbye, 

Vilde Marie Svanes Sørbye, Bente Sved Skottvoll, Ernst Omenaas, Marie Johanne 

Wåtevik and Trude Duelien Skorge. Thank you all for sharing your knowledge so 

openly and for all the fun memories. 

A special thanks to my PhD-colleagues with whom I have had so many amusing 

moments with travelling around Europe to courses and conferences. Marianne, I have 

truly appreciated your company at the office and when traveling, these years would not 

have been the same without you. Toril, you inspire me with your eagerness to learn 

new things in depth. Thank you for being so caring; Oskar, Hilde and Marie, thank you 

for all the fun and for making my time as a PhD-candidate so nice. Kathrine Pape, 

thank you for your friendship, support and enjoyable times with the ‘PhD & 

portvinsklubben’. 

I would like to thank all the fieldworkers: Hilda, Nina, Synnøve, Trine, Cathrine, Vilde, 

Katrine and Benedikte for the important and excellent job you have done. Thanks to 

all the participants in the RHINESSA study. Without you, this work would not be 

possible. 

To all my family and friends, both in Norway and in the Netherlands; I am so grateful 

for having you all in my life, and for the interest you show in me and my work. A 

special thanks to Lund, Kristin, Tomte, Lotte, Mari, Daphne, Christel, Kari, Stine and 

Sevre, for your support, cheering and caring.  



 IV 

Finally, I would like to thank my dear siblings and parents; Arjan and his family, thank 

you for all your support; Katrine, thank you for always being there for me; Karel and 

Eli, thank you for always believing in me and encouraging me to do what I want to do. 

Bergen, August 2020 



 V 

Contents 

 

Scientific environment .................................................................................................................................... I 

Acknowledgements........................................................................................................................................ II 

Contents ........................................................................................................................................................ V 

Abbreviations ............................................................................................................................................. VIII 

Thesis at a glance .......................................................................................................................................... XI 

Abstract ....................................................................................................................................................... XII 

List of Publications ....................................................................................................................................... XV 

1. Introduction ......................................................................................................................................... 1 

1.1 Asthma .................................................................................................................................................. 2 

1.2 Rhinitis ................................................................................................................................................... 3 

1.3 Lung function ......................................................................................................................................... 4 

1.4 Air pollution ........................................................................................................................................... 5 

1.5 Greenness ............................................................................................................................................ 15 

1.6 Epidemiology ....................................................................................................................................... 20 

1.7 Epigenetics and windows of susceptibility .......................................................................................... 20 

1.8 Generation studies .............................................................................................................................. 22 

2. Aims of thesis ..................................................................................................................................... 23 

2.1 Main objective ..................................................................................................................................... 23 

2.2 Specific objectives ................................................................................................................................ 23 

3. Material and Methods ....................................................................................................................... 24 

3.1 Data sources ........................................................................................................................................ 25 

3.2 Study-populations and design ............................................................................................................. 25 

3.3 Questionnaires .................................................................................................................................... 28 

3.4 Spirometry ........................................................................................................................................... 29 



 VI 

3.5 Exposure variables ............................................................................................................................... 29 

3.5.1 Air pollution assignment ........................................................................................................... 29 

3.5.2 Greenness assignment .............................................................................................................. 30 

3.6 Outcomes and covariates .................................................................................................................... 31 

3.7 Quality assurance ................................................................................................................................ 34 

3.8 Statistical analyses .............................................................................................................................. 35 

3.9 Ethical considerations .......................................................................................................................... 40 

4. Summary of main results.................................................................................................................... 42 

4.1 Paper I. Can intergenerational reports regarding asthma be used as a proxy in the absence of direct 

reports? .......................................................................................................................................................... 42 

4.2 Paper II. Is lifelong exposure to air pollution and greenness associated with asthma, rhinitis or lung 

function in adulthood? ................................................................................................................................... 43 

Paper III. Is preconception exposure to air pollution and greenness associated with future offspring asthma 

and rhinitis? ................................................................................................................................................... 46 

5. Discussion .......................................................................................................................................... 48 

5.1 Methodological considerations ........................................................................................................... 48 

5.1.1 Study design issues .................................................................................................................... 49 

5.1.2 Reliability ................................................................................................................................... 50 

5.1.3 Validity ...................................................................................................................................... 50 

5.1.4 Missing data bias ....................................................................................................................... 57 

5.1.5 Exposure measurement and assessment .................................................................................. 58 

5.2 Main findings and previous literature ................................................................................................. 59 

5.2.1 Asthma reports across generations .......................................................................................... 59 

5.2.2 Lung health after exposure to air pollution and greenness in one generation ......................... 61 

5.2.3 Lung health after exposure to air pollution and greenness across generations ....................... 65 

6. Conclusions ........................................................................................................................................ 67 

6.1 Asthma reports across generations ..................................................................................................... 67 

6.2 Lifetime exposure to air pollution and greenness ................................................................................ 67 

6.3 Preconception exposure to air pollution and greenness ...................................................................... 68 

7. Future perspectives ............................................................................................................................ 69 

8. References ......................................................................................................................................... 71 



 VII 

9. Appendices ........................................................................................................................................ 78 

10. Papers I-III .......................................................................................................................................... 79 

 



 VIII 

Abbreviations 

AirBase The European Air quality Database 

BC   Black carbon 

BMI  Body mass index 

CI  Confidence interval 

COPD  Chronic Obstructive Pulmonary Disease 

DAG  Directed Acyclic Graph 

DEHM Danish Eulerian Hemispheric Model 

DOHaD Developmental Origins of Health and Disease 

EEA  European Environment Agency 

ECRHS European Community Respiratory Health Survey 

ESCAPE European Studies of Cohorts for Air Pollution Effects 

EU  European Union 

FEV1  Forced expiratory volume in one second 

FVC  Forced vital capacity 

GIS  Geographic Information System 

GDPR  General Data Protection Regulation 

GLI  Global Lung Function Initiative 

ISAAC International Study of Asthma and Allergies in Childhood 

LLN  Lower limit of normal 



 IX 

LUR  Land-use regression 

MAR  Missing at random 

MCAR Missing completely at random 

MNAR Missing not at random 

NDVI  Normalized difference vegetation index 

NIR  Near-infrared light 

NO2  Nitrogen dioxide 

NPV  Negative Predictive Value 

O3  Ozone 

OLI  Operational Land Imager 

OR   Odds ratio 

PM2.5  Particulate matter with an aerodynamic diameter lower than 2.5 µm 

PM10  Particulate matter with an aerodynamic diameter lower than 10 µm 

PPV   Positive Predictive Value 

RED  Visible red light 

RHINE Respiratory Health in Northern Europe 

RHINESSA Respiratory Health in Northern Europe, Spain and Australia 

SD   Standard deviation 

TM  Thematic Mapper 

TRAP  Traffic related air pollution 



 X 

USGS  United States Geological Survey 

VOC  Volatile organic compound 

WHO  World Health Organization 



 XI 

Thesis at a glance 

 

Figure 1. Overview of the three papers included in the thesis: 1) Investigation of the 
agreement of asthma reports from questionnaires across generations in the 
RHINESSA study. 2) Longitudinal study with retrospective design of lifelong exposure 
to air pollution and greenness in relation to: asthma, asthma attack, rhinitis and lung 
function (the grey figures bottom left). 3) Longitudinal study with retrospective cross-
generational design of preconception exposure to air pollution and greenness in 
relation to: offspring asthma and rhinitis (the grey figures bottom right). Illustration by 
Taran Johanne Neckelmann. 
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Abstract 

Background: The prevalence of asthma and allergies have increased in the last 

decades, likely due to complex interaction of genes and environmental factors; 

however, causal pathways are still far from understood. Environmental factors like air 

pollution and greenness play a part, but the impact of relatively low levels of air 

pollution and greenness on the development of asthma and allergies throughout the 

lifespan and across generations has not been elucidated. When studying 

intergenerational risk factors, the use of reports on asthma across generations is 

essential. Before using such reports, however, it is important to validate them. 

Objectives: I) To determine the agreement between parental and offspring asthma 

reports in the Respiratory Health in Northern Europe, Spain and Australia 

(RHINESSA) generation study, and identify predictors of disagreement. II) To 

investigate the risk of adult asthma, rhinitis and low lung function after lifelong 

exposure to air pollution and greenness. III) To investigate the associations between 

parental childhood exposure to air pollution and greenness in relation to their future 

offspring asthma and rhinitis, and assess if the associations were direct effects or if they 

were mediated through parental asthma, pregnancy exposure to greenness/air pollution 

and offspring own exposure.   

Material and methods: I) Asthma reports from 6752 offspring and their 5907 parents 

from the RHINESSA study regarding themselves and each other were analysed. 

Cohen’s kappa, sensitivity, specificity, positive and negative predictive values (PPV 

and NPV) were calculated to determine agreement. The participant’s own answers 

regarding themselves were defined as the gold standard. Logistic regression analyses 

were performed to identify predictors for disagreement.  

II) and III) Individual annual mean residential exposures to nitrogen dioxide (NO2), 

particulate matter (PM10 and PM2.5), black carbon (BC), ozone (O3) and greenness 

(normalized difference vegetation index (NDVI)) were calculated and averaged across 

the following susceptibility windows: Paper II (N = 3428): 0-10 years, 10-18 years, 
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from birth until age of diagnosis, lifetime and year before study participation. Paper III 

(N = 1106 parents, 1949 offspring): parents 0-18 years and offspring 0-10 years.  

In paper II, logistic regression was performed for the outcomes asthma attack, rhinitis 

and impaired lung function (below lower limit of normal (LLN: z-score <1.64 SD)), 

while conditional logistic regression with a matched case-control design was 

performed for asthma (ever/allergic/non-allergic). In paper III, logistic regression and 

mediation analyses were performed for the outcomes offspring asthma and rhinitis.  

Results: I) Agreement of parental reports of offspring early (<10 years) and late (>10 

years) onset asthma was good and moderate, respectively (Cohen’s kappa 0.72 and 

0.46). Agreement of offspring reports of maternal and paternal asthma was good 

(Cohen’s kappa 0.69 and 0.68). For both parents and offspring, the most common 

disagreement was to report no asthma in asthmatic relatives rather than to report asthma 

in non-asthmatic relatives. Current smokers (odds ratio (OR) 1.46 95% confidence 

interval (CI) 1.05, 2.02) and fathers (OR 1.31 95% CI 1.08, 1.59) were more likely to 

report offspring asthma incorrectly. Offspring wheeze was associated with reporting 

parental asthma incorrectly (OR 1.60 95% CI 1.21, 2.11). II) Exposures to NO2, PM10 

and O3 were associated with increased risk for asthma attacks (range ORs 1.29 to 2.25). 

Exposures to PM2.5 and O3 increased the risk for low lung function, in particular forced 

expiratory volume in one second (FEV1) (range ORs 2.65 to 4.21). Increased NDVI 

was associated with lower FEV1 and forced vital capacity (FVC) in all susceptibility 

windows (range ORs 1.39 to 1.74). III) Maternal exposures to PM2.5 and PM10 was 

associated with higher offspring asthma risk (OR 2.23 95% CI 1.32, 3.78; OR 2.27, 

95% CI 1.36, 3.80) and paternal high BC exposure was associated with lower offspring 

asthma risk (OR 0.31, 95% CI 0.11, 0.87). Risk for rhinitis increased for offspring of 

fathers with medium O3 exposure (OR 4.15, 95%CI 1.28, 13.50) and mothers with high 

PM10 exposure (OR 2.66, 95% CI 1.19, 5.91). The effect of maternal PM10 exposure 

on offspring asthma was direct, while it for rhinitis was mediated through exposures in 

pregnancy and offspring’s own exposures. Paternal O3 exposure had a direct effect on 

offspring rhinitis. 
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Conclusions: I) Agreement of self-reported asthma across generations in the 

RHINESSA study showed moderate to good agreement, although with some risk of 

under-report. II) Lifelong air pollution exposure was associated with asthma attacks, 

rhinitis and low lung function. Exposure to greenness was associated with low lung 

function. III) Parental air pollution exposures in their childhood were associated with 

increased risk of asthma and rhinitis in future offspring. 

Consequences: Exposure to air pollution and greenness impact numerous people. 

Further research is warranted to entirely understand the complex underlying 

interactions between air pollution and greenness and respiratory health. However, 

results from this PhD project suggest that existing air pollution limit values may be too 

high, and that exposures below the upper limit values may have harmful health effects. 

From a public health perspective, one should continuously strive for cleaner air, not 

only for today’s population, but also for the next generations. 



 XV 

List of Publications 

The thesis is based on the following three original papers: 

I. Kuiper IN, Svanes C, Benediktsdottir B, Bertelsen RJ, Bråbäck L, Dharmage 

SC, Holm M, Janson C, Jögi R, Malinovschi A, Matheson M, Moratalla JM, 

Real FG, Sánchez-Ramos JL, Schlünssen V, Timm S, Johannessen A. 

Agreement in reporting of asthma by parents or offspring – the RHINESSA 

generation study. BMC Pulmonary Medicine (2018) 18:122. 

II. Kuiper IN, Markevych I, Accordini S, Bertelsen RJ, Bråbäck L, Christensen 

JH, Forsberg B, Halvorsen T, Heinrich J, Hertel O, Hoek G, Holm M, de 

Hoogh K, Janson C, Malinovschi A, Marcon A, Nilsen RM, Sigsgaard T, 

Svanes C, Johannessen A. Lifelong exposure to air pollution and greenness 

in relation to asthma, rhinitis and lung function in adulthood. (Submitted to 

Env Int 23rd August 2020) 

III. Kuiper IN, Markevych I, Accordini S, Bertelsen RJ, Bråbäck L, Christensen 

JH, Forsberg B, Halvorsen T, Heinrich J, Hertel O, Hoek G, Holm M, de 

Hoogh K, Malinovschi A, Marcon A, Sigsgaard T, Svanes C, Johannessen 

A. Associations of preconception exposure to air pollution and greenness 

with offspring asthma and hay fever. Int. J. Environ. Res. Public Health 

2020, 17, 5828. 

 

Paper I and III are published with open access, distributed under the terms and conditions 

of the Creative Commons Attribution (CC BY) license 

(http://creativecommons.org/licenses/by/4.0/).





 1 

1. Introduction 

The prevalence of asthma and allergies have increased during the last decades (1, 2) 

and contributes to a heavy morbidity burden both for the individual and the society. An 

increasing amount of research regarding asthma and allergies has developed, and a 

complex interaction between individual susceptibility and environmental exposures 

has been identified (2-4). However, the causal pathways are still far from understood. 

From 2000 onwards, there was a growing interest in the importance of early life and 

prenatal risk factors for developing disease later in life, also known as the 

Developmental Origins of Health and Disease (DOHaD) hypothesis developed by 

Forsdahl and Barker twenty years earlier (3, 5, 6). Recently, research has emerged 

suggesting that also risk factors before conception may be of importance (3). 

As a consequence of the increasing interest in studying environmental risk factors for 

asthma and allergy, one of modern time biggest public health threats, air pollution, has 

also been studied in relation to these diseases. However, since most of the studies have 

focused on high air pollution levels and acute health effects, we know relatively little 

of long-term exposures and disease development, and nothing about inter-generational 

associations. Contrary to air pollution, another environmental exposure that during the 

last decade has received increasing interest is greenness, which has been suggested to 

have beneficial health effects.  

To summarize, there is a need to examine air pollution exposure in relation to asthma 

and allergies – as well as potential beneficial effects of greenness exposures. There is 

a need for increased knowledge about exposures in a truly long-term perspective; 

throughout the life-span and across generations. To accomplish knowledge also about 

inter-generational associations, we need to know if reports of asthma provided by 

relatives can be used in situations when reports from the generation of interest are not 

available.  

In the following sections brief introductions are provided of the outcomes, exposures 

and key terms used in this thesis. In addition, an overview of studies on air pollution 
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and greenness exposures in this field, existing before the initiation of this PhD project, 

has been included. 

1.1 Asthma 

Asthma is defined as a chronic inflammation of the airways, triggered by several 

different factors such as allergens, infections, physical activity and smoking. It is 

associated with airway hyper responsiveness and reversible airway obstruction that can 

lead to recurrent episodes of wheezing, breathlessness, chest tightness and coughing 

(7). Asthma affects all age groups, but often starts in childhood (7). During the first 

decade of life, asthma is more prevalent in boys, but after puberty it appears to be more 

prevalent in girls (8). These sex differences have been explained by boys having 

smaller airway size compared with girls of same height and weight and age (under 10 

years), which predisposes to increased airway reactivity (8). After decades with more 

asthma in women than men during adulthood, however, the sex differences in asthma 

burden narrows again in the fifth decade of life, suggesting that also sex hormones may 

play a role (9-11). Worldwide, asthma is among the most common chronic diseases in 

children, but also in adults it inflicts a heavy morbidity burden on society. It is 

estimated to affect more than 339 million people throughout the world (12). The 

prevalence in Norway is eight percent for adults and approximately 20 percent for 

children between two to ten years (13). Asthma is often categorized by phenotypes due 

to its heterogeneity. Phenotype is defined as “subtypes of the disease that have 

recognizable properties produced by interactions of the genotype and the environment” 

(8, 14). The phenotypes are often based on clinical and/or pathophysiological 

characteristics or age of onset. Non-allergic asthma and allergic asthma are two of the 

most common, the latter often starting in childhood and being associated with a positive 

family history of allergic diseases (7). Diagnosing asthma in young children is a 

challenge due to the varied and unspecific symptoms, and the absence of a gold 

standard diagnostic test (8). Guidelines are developed to help diagnose asthma in 

children based on symptoms, to avoid over and under treatment (7). However, for 

epidemiological studies there is no clear consensus of the definition of childhood 
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asthma. In fact, across 122 published studies, 60 different definitions of “childhood 

asthma” were used (9). Due to the challenges in diagnosis, there are also no standards 

for the age cut-off for early and late onset childhood asthma in epidemiological studies 

(9). Some studies have used cut-offs based on phenotypes; early onset transient (0-3 

years of age), early onset persistent (0-6 years of age) and late onset (4-6 years of age) 

(15), while others have used 0-3 years of age as early onset and 4-15 years of age as 

late onset asthma (16). In this thesis, the definition of asthma onset before 10 years of 

age is used for early onset and asthma onset after 10 years of age is used for late onset 

asthma. The cut-off of 10 years was chosen to capture pre-puberty asthma as early 

onset asthma.  

Due to the complexity and heterogeneity of asthma, the pathogenic mechanisms remain 

unclear and it is therefore still a “hot topic” in the field of epidemiological research. 

1.2 Rhinitis 

Rhinitis is characterised by one or more of the following symptoms: sneezing, runny 

nose (rhinorrhoea), stuffy nose (nasal congestion) and nasal itching (17) , and is 

associated with an inflammation of the mucous membrane. The most common 

classification is by aetiology; divided into allergic and non-allergic rhinitis. The 

mucosal inflammation in allergic rhinitis is caused by exposure to different allergens 

such as pollen, dust mites, moulds, animal allergens or occupational allergens, which 

initiate an IgE–mediated response (17). The characteristics of non-allergic rhinitis are 

periodic symptoms of rhinitis that are not caused by allergy, thus not IgE-dependent 

events, but are due to e.g. infections or underlying immunological pathology (17). In 

this thesis, the term rhinitis is used for allergic rhinitis, also commonly termed hay 

fever. An increased risk of allergic rhinitis is seen in persons with eczema or asthma. 

Up to 25 percent of school age children, 30 percent of adolescents and 23 percent of 

adults suffer from allergic rhinitis in Western Europe (18). The prevalence is, as for 

asthma, higher among boys until puberty, but more frequent in women than men after 

puberty (18, 19). The risk of developing asthma is higher in persons with allergic 

rhinitis (17). A study among 10-year old children in Norway found a high degree of 
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multimorbidity between asthma and allergic diseases, with up to 87 percent of the 

children with rhinitis also having asthma, atopic eczema or conjunctivitis (itchy/runny 

eyes) (20). Both uncontrolled asthma and persistent rhinitis can cause loss of work and 

school days and have a huge impact on the quality of life of the affected person. In 

addition it adds a substantial economic burden on society due to loss of workplace 

productivity and due to use of health services (17).  

1.3 Lung function 

Spirometry is an important lung function test in persons with respiratory symptoms. It 

measures the volume of exhaled air at different time points during a complete 

exhalation after maximal inhalation, recording among other variables the forced vital 

capacity (FVC) which represents the total exhaled volume; the forced expiratory 

volume in one second (FEV1) which represents the volume exhaled in the first second; 

and their ratio (FEV1/FVC) (21). The obtained patterns are important in differentiating 

obstructive airway diseases (e.g. chronic obstructive pulmonary disease (COPD) and 

asthma) from restrictive diseases (e.g. fibrotic lung disease). The ratio (FEV1/FVC) is 

reduced in obstructive airway disease, while restrictive airway disease is suggested by 

a reduced FVC in combination with a normal or increased ratio. Results obtained from 

spirometry are also commonly compared against reference values or predicted values. 

To calculate predicted normal values for adults, the following patient details are usually 

used: age, gender, height and ethnicity. Asthma is a reversible obstructive disease, thus 

spirometry usually shows normal values when the person is not experiencing an 

exacerbation (22). Spirometry performed during an exacerbation or asthma attack, 

usually shows a reduced FEV1/FVC ratio. Reversibility testing is often performed to 

diagnose asthma and to separate it from other causes of airflow obstruction (22). The 

test involves spirometry before and after a bronchodilator is given. The presence of 

reversibility, often defined by an improvement in FEV1 exceeding 12 %, is suggestive 

of asthma (22). 



 5 

1.4 Air pollution 

“Pollution is the introduction of substances into the environment, resulting in 

deleterious effects of such a nature as to endanger human health, harm living resources 

and ecosystems.” (European Environment Agency) 

Air pollution is one of the greatest concerns of modern times, not only due to its impact 

on climate change but also because it affects entire populations and therefore poses a 

major public health threat. Throughout modern history, several episodes with 

extremely high levels of air pollution have been investigated in the field of 

environmental epidemiology. The London smog in 1952 is likely the most famous 

incident in Europe for its detrimental effects on deaths from respiratory- and 

cardiovascular related causes. It is estimated that the heavy pollution from coal burning 

in combination with unfortunate meteorological conditions, caused 4000 deaths among 

Londoners, and made tens of thousands suffering from acute respiratory illness. Ever 

since, there has been an increased interest among scientists of the possible harmful 

effects of high levels of air pollution on health. In addition, governments and politicians 

have since then been involved in regulating air pollution. The European Union (EU) 

started in the 1970s their work on developing measurement techniques and 

implementing several legislations and public health interventions to improve outdoor 

air quality. However, air pollution is still considered one of the most important 

environmental risk factors for health problems and disease worldwide (23). According 

to the World Health Organization (WHO), outdoor air pollution causes almost 500 000 

premature annual deaths across Europe, corresponding to a total of 500-2000 persons 

in Norway (23, 24). However, these high mortality numbers are only the tip of the 

iceberg if additionally also considering the effects of air pollution on morbidity. Figure 

2 is based on the pyramid of health effects in the ERS Report “Air Quality and Health” 

(25), and illustrates how a large proportion of a population exposed to air pollution will 

experience milder outcomes such as lung function decline and respiratory symptoms, 

while a smaller proportion of the population will experience more severe outcomes 
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such as hospital admissions and deaths. Nonetheless, even milder outcomes such as 

decreased lung function and increased respiratory symptoms impose a heavy burden 

on individuals and society.    

Several different pollutants are major factors causing health issues. In this thesis, the 

following pollutants were investigated: Particulate matter (PM) in two sizes, PM2.5 and 

PM10, nitrogen dioxide (NO2), black carbon (BC) and ozone (O3). PM contains a 

complex mixture of liquid and solid particles and is mostly a result of chemical 

reactions between different pollutants. The major components are sulphate, nitrates, 

ammonia, sodium chloride, BC, mineral dust and water (23). PM comprises particles 

of different sizes, referred to by the size of the particles aerodynamic diameter in 

micrometres (µm) after the abbreviation PM. Particles between 2.5 and 10 µm (PM10) 

are coarse particles, while particles less then 2.5 µm (PM2.5) are fine particles (26). 

PM10 causes harm as it enters the upper respiratory tract, while PM2.5 poses an even 

Figure 2. Pyramid of health effects caused by air pollution. (The figure is 
based on an illustration from the ERS Report “Air Quality and Health”, 2010, 
available online https://www.ersnet.org/images/stories/pdf/web-AQ2010-
ENG.pdf). 
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emergency department 
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Number of people affected 

Severity of 
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greater risk to human health as the smaller particles can penetrate the alveolar 

epithelium (27).  

O3 in the stratosphere protects against ultraviolet irradiation, while ground-level O3 is 

one of the major components of photochemical smog and has toxic effects on human 

health as it can penetrate deeply into the lungs. It is a gas formed from other pollutants 

such as NOx from vehicles, industry emissions and volatile organic compounds (VOCs) 

in reaction with sunlight (23). NO2 is a toxic gas mainly emitted by combustion 

processes from engines in vehicles and ships. It is the main source of nitrate aerosols, 

which is a major fraction of PM2.5 and O3. BC, also called soot, is a short-lived pollutant 

(days to weeks), and is as mentioned one of the major components of fine PM. The 

particles are formed from incomplete combustion of biomass and fossil fuels, e.g. 

diesel engines (23).  

Air pollution thus consists of gases and pollutants in various sizes that occur in a 

complex mixture. Correlation and chemical reactions between pollutants as well as 

seasonal patterns of the pollutants, makes the task of disentangling the separate effects 

of each pollutant in epidemiological studies extremely challenging.  

Table 1 gives an overview of selected studies regarding the associations between 

exposure to air pollution with asthma, lung function and rhinitis. The literature 

overview is based on a systematic search for relevant original publications up to the 

starting point of my PhD-project (July 2017). The following search-terms in PubMed 

were used: ((long-term exposure[Title/Abstract]) NOT ((short-term 

exposure[Title/Abstract])) AND (traffic[Title/Abstract]) AND (air 

pollution[Title/Abstract]) AND ((asthma[Title/Abstract]) OR (lung 

function[Title/Abstract]) OR (rhinitis[Title/Abstract]))) AND (("1950/01/01"[Date - 

Publication] : "2017/07/01"[Date - Publication])) AND (english[Filter]). Relevant 

papers not identified by the search terms, but identified from the reference lists of 

review papers were also included in the overview. Studies using different exposure 

metrics than our studies (NO2, PM2.5, PM10, BC or O3) were not included in the 
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overview. The Table is organised by childhood and adolescence outcomes (above the 

bold line) and adult outcomes (below the bold line).  

The twelve presented studies regarding childhood and adolescence outcomes are all 

cohort studies, mostly birth cohorts. Nine of the studies were conducted in Europe, two 

in Asia and one in the United States. Regarding the exposure calculations, a majority 

of the studies used cross-sectional measures based on the school/kindergarten 

addresses or residential addresses at birth or time of study participation/follow-up, 

while two of the studies had complete residential address histories from birth until 10 

years of age (28, 29). Several different asthma and rhinitis definitions were used, but 

all of them where parental reports and most of them were defined as physician-

diagnosed. Three of the studies used the validated International Study of Asthma and 

Allergies in Childhood (ISAAC) questionnaire (30-32). One study defined asthma as 

episodes of wheeze and the use of inhaled corticosteroids, without having a respiratory 

infection (33). Five of the selected studies investigated childhood lung function with 

spirometry, some of them including bronchodilator response (28, 32, 34-36). The 

exposure metrics varied, but the most commonly used were NO2/NOx and PM in 

different sizes. 

Seven studies examined the effects of air pollution on asthma and/or rhinitis. Five of 

them found associations with the outcomes. One study with three year exposure time 

based on the school addresses revealed an association between asthma in children aged 

9-11 years and several pollutants (PM10 and NOx), while allergic rhinitis was associated 

with PM10 (30). Another study looked at exposure during pregnancy and in early life 

based on kindergarten addresses for all the exposure periods, and found associations of 

allergic rhinitis in children aged 3-6 years with exposure to NO2 and PM10 during 

pregnancy and the first year of life (37). A Swedish study (33) calculated lifetime 

exposure based on residential, day care and school addresses registered from birth till 

12 years, and revealed possible associations between exposure to PM10 and NOx during 

the first year of life and asthma up to 12 years of age. A study of several European birth 

cohorts (38) found that the risk of incident asthma up to age 14-16 years increased with 

increasing exposure to NO2 and PM2.5 at the birth address, but no associations with 
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rhinoconjunctivitis was found. The last study regarding asthma (31), found associations 

of O3, CO and NOx with asthma. However, the exposure calculations were based on 

current exposure as a proxy of previous exposure because residential address history 

was not available. Consequently, the author’s conclusion on long-term effects of air 

pollution in this particular study is dubious. 

Two studies did not reveal any associations with asthma; one study had exposure 

calculations of NO2 till 10 years of age based on complete residential moving history 

(29), another study conducted in two areas in Germany looked at O3, NO2 and PM2.5 

exposure and asthma in 6-10 year old children (39). For rhinitis however, the German 

study revealed a protective effect of PM2.5 exposure in one of the areas (OR 0.83 95% 

CI 0.72, 0.96). 

The five cohorts regarding lung function examined different exposure metrics and 

different exposure times and the results were varying. Rice et al. (34), found that 

lifetime exposure (median exposure time 7.7 years) to PM2.5 and BC was associated 

with lower FVC. The same pattern was seen for FEV1, but no effect was revealed for 

ratio or bronchodilator response. Another study examined the effects of NO2 (32), and 

revealed associations with lower FVC and FEV1. It is worth mentioning that this study 

claims to investigate long-term exposure, however it is a cross-sectional study where 

the calculations are based on geocoded residential addresses at the time of study 

participation. Oftedal et al. (28) looked at 10 year exposure time and was the only study 

using complete residential address history for the exposure calculations. The study 

revealed an association of NO2, PM2.5 and PM10 with reduced expiratory flow variables, 

especially in girls. No effects were seen on the forced volumes. A decrease in lung 

function in children aged 6 to 8 years was seen in the study by Gehring et al. (36), 

looking at several European birth cohorts. This study used residential address at birth 

and follow-up and back-extrapolated exposure from the years 2008-2010 to the birth 

years 1994-1999. The last study (35) did not reveal any associations between air 

pollution exposure and reduced lung function in 15 year old children.  
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The seven last studies in Table 1 focused on adult outcomes. One of the studies is 

conducted in the United States, the rest are conducted in Europe where three of them 

are multi-centre studies consisting of multiple cohorts. Five studies looked at self-

reported asthma, one looked at self-reported physician-diagnosed rhinitis, and one 

investigated lung function. The assessed exposure metrics were NO2 or PM in different 

sizes, or a combination of these. 

Regarding asthma, all seven studies based their exposure calculations on the 

participant’s residential addresses. All of the selected studies found effects on self-

reported physician-diagnosed asthma, but the studies differed in exposure metrics. Two 

studies found association between PM2.5 exposure and asthma (40, 41). Two other 

studies revealed an effect of NO2 exposure (42, 43), while one study found a borderline 

significant effect on asthma (44). An association between exposure to PM10 and asthma 

was found in the two last studies (43, 45). An increased risk of rhinitis was revealed 

for proximity to major roads (300m), while regarding lung function, FEV1 was 

inversely related to NOx and PM10 in a multi-centre cohort study (46).  

The described selection of literature shows a large variety of included exposure metrics, 

definition of exposure time, methods of exposure calculations and outcome definitions. 

Furthermore, the overview reveals that no studies have so far studied continuous air 

pollution exposure for as much as 30 years. Although some studies claim to investigate 

lifelong exposure to air pollution (47), the scientific evidence is made up of several 

studies covering separate time windows rather than continuous lifetime exposure. To 

understand how air pollution exposure throughout the lifespan affects health, there is a 

need to follow subjects in the same cohort for a prolonged period of time. Furthermore, 

to our knowledge no studies have so far addressed the health effects on future offspring 

of parents’ air pollution exposure in the years preceding conception. Several studies 

have addressed the effects of air pollution exposure in utero on health outcomes in 

offspring (34, 48), but there is a need to fill the gap on possible damaging effects across 

generations.  
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1.5 Greenness 

Greenness is defined as all forms of vegetation, and during the latest years, there has 

been an increasing interest in the potential beneficial health effects of living in close 

proximity to green areas. However, the idea that green environments are beneficial for 

human health evolved already in the 1800s, when several organisations in London had 

a special interest in providing accessible open spaces and parks, which they referred to 

as the “lungs” in the city (49, 50). Also today, this view is supported by the WHO, 

saying that urban green spaces, such as parks and residential greenery can promote 

human health (51). 

The most common measure of vegetation is the Normalized Difference Vegetation 

Index (NDVI) that determines the density of green on a patch of land, based on satellite 

images (52, 53). The first reported studies using NDVI was in 1973 by Rouse et al. 

from the Remote Sensing Centre of Texas A&M University (52).  

Table 2 shows an overview of selected studies regarding the associations between 

greenness with asthma and rhinitis. The literature overview is based on a systematic 

search for relevant original publications up to the starting point of my PhD-project (July 

2017). The following search terms were used in PubMed: ((greenness[Title/Abstract]) 

AND ((asthma[Title/Abstract]) OR (lung function[Title/Abstract]) OR 

(rhinitis[Title/Abstract]))) AND (("1950/01/01"[Date - Publication] : 

"2017/07/01"[Date - Publication])) AND (english[Filter])). Relevant papers not 

identified by the search terms, but identified from the reference lists of review papers 

were also included in the overview. Only studies using NDVI as a metric to define 

greenness were included. All studies identified were regarding childhood and 

adolescent asthma and/or rhinitis outcomes. The studies presented include six cohorts 

and one cross-sectional study (Table 2). Two studies focused on rhinitis, two on both 

asthma and rhinitis, and three only on asthma. Four of the studies were conducted in 

Europe, two in Canada and one study was a multinational study (Europe, Canada, and 

United States). Regarding the exposure calculations, all of the studies used cross-
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sectional measures; at time of outcome measure, at birth or during pregnancy. Several 

different methods were used to classify asthma, the most common was parental report 

of physician diagnosis. Two of the studies (54, 55) used the validated ISAAC 

questionnaire, and in addition they required the use of asthma medication during the 

last 12 months to categorise participants as asthmatics. Two studies by Sbihi et al. (56, 

57) defined asthma by linking administrative records with children who had more than 

two physician visits during the last 12 months and/or one or more hospital admissions 

due to asthma. In one of the papers, asthma was defined by four trajectories (no asthma, 

transient asthma, late-onset chronic asthma and early-onset chronic asthma) (57). 

Regarding allergic rhinitis, most of the studies used parental reports of physician 

diagnosis or parental reports of rhinitis symptoms. 

The reported effects vary in the papers presented (Table 2). Four cohort studies 

investigated the outcome asthma (54, 56, 58). One of them found a decreased risk of 

asthma with increasing greenness exposure among pre-school children (0-5 years of 

age), while no effect was found for school aged children (6-10 years) (56). The same 

study population was investigated in another study regarding asthma trajectories (57), 

which revealed an increased risk of late onset chronic asthma (> 3 years) relative to 

non-asthma trajectory. The protective effect of greenness was strengthened after 

accounting for co-exposure to air pollutants (NO, NO2, PM2.5 and BC) and proximity 

to roads for the pre-school period. Another study conducted in several different areas 

in Spain investigated the effects of asthma and allergic rhinitis in children up to four 

years of age, did not reveal any associations in the overall study population (58). In 

region-specific analyses however, increased greenness was associated with an 

increased risk of asthma in the Euro-Siberian region, characterised by an Atlantic 

climate. The third cohort study was conducted in 4-6 year old children in Lithuania and 

showed that surrounding greenness in a 100m buffer size around the residential 

address, increased the risk of asthma (54). The fourth and last study regarding asthma, 

a cross-sectional study investigating children aged 9-12 years, did not find any 

associations with NDVI in neither of the included buffer zones (100m, 250m, 500m 

and 1000m) around the current home addresses (55). 
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Regarding rhinitis, four cohorts are presented in Table 2 (55, 58-60). Two of the studies 

did not reveal any associations of greenness with allergic rhinitis (55, 58). The two 

other studies, both by Fuertes et al. (59, 60), found heterogeneous results, depending 

on the study area. One study was performed in Germany, investigating the effects of 

mean NDVI in 500m residential buffer zones on allergic rhinitis in 3-10 year old 

children. Positive associations were observed for the urban area (GINA/LISA South 

area OR 1.16 95% CI 0.99, 1.36), while they were negative in the rural area 

(GINA/LISA Northern area OR 0.75 95% CI 0.60, 0.93), indicating a protective effect 

of greenness.  

To summarize the presented literature in Table 2, the evidence regarding the effects of 

greenness on asthma and allergies is limited and inconclusive. Some studies have 

investigated greenness and the effects on children and adolescents, but no studies have 

so far investigated long-term greenness exposure up to 30 years. In addition, there are 

no studies on inter-generational effects after parental preconception exposure to 

greenness.  
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1.6 Epidemiology 

The general definition of epidemiology is: “The study of distribution and determinants 

of disease frequency” (61). Epidemiological research is an important contributor for 

improving public health. Already more than 2000 years ago, Hippocrates introduced 

several epidemiological ideas that are considered the fundamentals of modern 

epidemiology today (62). The main idea was that disease causality can be explained by 

environmental factors. Since then, modern epidemiology has evolved enormously, in 

particular during the nineteenth and twentieth century, to consist of systematized 

principles and methods to discover causation between exposure and outcome (63). An 

important domain of epidemiology is the environmental epidemiology, which 

investigates the associations between external environmental factors and human 

diseases in population-based studies. One of the earliest studies in this field was 

published already in 1767, where Baker provided proof that lead poisoning was the 

cause of the Devonshire colic (63). He started with observations, as is often done in 

epidemiological research, of regional differences in disease rates, continued with 

examinations of symptoms and discovery of a suspected cause, and at last confirmed 

the association (63). Typical for environmental exposures is that it is largely 

involuntary. While some exposures like active tobacco smoke is a lifestyle choice, 

exposure to polluted air can be impossible to avoid and can affect entire populations. 

Consequently, it poses a major public health threat.  

1.7 Epigenetics and windows of susceptibility 

Previous epidemiological studies have suggested that environmental exposures in utero 

and in early life play a role in development of disease later in life (5, 6), and that these 

effects can even be passed on to the next generation through epigenetic mechanisms. 

Environmental impact, beyond factors causing genetic alterations, appears to be 

transferred across generations through epigenetic phenomena, altering gene expression 

rather than the nucleotides in the DNA double helix itself. Epigenetic features include 

DNA methylation, histone modification, and non-coding RNA (64, 65). These 
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modified gene expressions often affect the health status within the individual. Although 

asthma and allergic diseases are among the most common non-communicable 

childhood diseases (7), the pathogenesis is still not understood, but both genetic 

susceptibility and environmental exposures are known to be involved. Consequently, 

the interest in the role of epigenetic mechanisms in the disease development has been 

increasing, since it links gene regulation to environmental exposures and 

developmental trajectories (65).  

Which exact windows of susceptibility in early life that influence the development of 

asthma and allergies are not known. Epigenetic mechanisms are also potentially 

transferred across generations. Increasing evidence suggests that the preconception 

environment may influence health in the next generation (Figure 3) (64, 66). Previous 

studies have discovered associations between parental and grandparental smoking prior 

to conception and increased risk of asthma in their offspring, and also overweight onset 

in adolescent boys was associated with offspring asthma (66-69). However, results are 

inconclusive – e.g. parental occupational exposure was not clearly associated with 

offspring asthma (16). With regard to intergenerational effects of exposure to air 

Figure 3. Maternal, paternal and offspring lifeline and possible 
environmental influence on asthma and allergies in the offspring. (The 
figure is designed by F. Gómez Real and A. Villén used in Lønnebotn, M., 
et al. (2018). "Environmental Impact on Health across Generations: Policy 
Meets Biology. A Review of Animal and Human Models."  9(2): 42, under 
the terms and conditions of the Creative Commons Attribution (CC BY) 
license (http://creativecommons.org/licenses/by/4.0/. 
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pollution and greenness on asthma and allergic diseases, there is a knowledge gap with 

no human studies, to our knowledge. The role of preconception exposures for asthma 

and allergies is far from clear (66, 67, 70, 71), and there is a large need for generation 

studies in this field, to investigate parental risk factors and offspring outcomes. 

1.8 Generation studies 

The increasing interest in epigenetics and intergenerational risk factors, requires 

detailed information on more than one generation. In humans, in whom generations 

span decades, this represents a major challenge. Cross-generational research studies 

can contribute to identify risk factors and particular susceptibility windows that may 

predispose for disease. Multi-generational data may be of particular importance in 

identifying susceptible windows with impact not only on the exposed generation but 

also on their future children. Such research is highly relevant to give a knowledge basis 

to efficiently improve public health potentially across generations. However, due to 

lack of optimal multi-generation data, it is sometimes necessary to use reports across 

generations. For this purpose, it is of great importance to know if data reported on 

behalf of family members are reliable. So far, validity of intergenerational reports, 

especially with regard to asthma, is poorly investigated. 

Literature review completed August 2020. 
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2. Aims of thesis 

2.1 Main objective 

The overall aim of this thesis was to investigate how air pollution and greenness affects 

lung health over time and across generations. We hypothesised that there is an 

association of air pollution exposure and poorer lung health due to an inflammatory 

response in the airways, and that this response takes on a chronic expression over time 

and also across generations, possibly through epigenetic mechanisms. On the other 

hand, we hypothesized that there is an association of greenness exposure and improved 

lung health. Data from the Respiratory Health in Northern Europe, Spain and Australia 

(RHINESSA) generation study provided data to study this, and to ensure high data 

quality in papers II and III, an additional aim was to investigate the agreement of 

asthma reports by offspring and parents in the RHINESSA generation study. 

2.2 Specific objectives 

Paper I. To investigate agreement between parental and offspring reports of asthma 

regarding themselves and each other (offspring versus parents and parents versus 

offspring), compared to their own report. In addition, we wanted to identify predictors 

for discrepant answers.  

Paper II. To examine lifelong exposure to air pollution and greenness in association 

with respiratory health (asthma, rhinitis and lung function) in adulthood, and especially 

investigate whether susceptibility windows during childhood and adolescence are 

predisposing for respiratory diseases later in life.  

Paper III. To explore associations between parental childhood exposures of greenness 

and air pollution in relation to their future offspring’s asthma and allergies, in areas 

with relatively low levels of air pollution – and also to assess if observed associations 

were direct or mediated by other factors. 
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3. Material and Methods 

Table 3. Overview of material and methods used in the three papers in the 
thesis. 

 Paper I Paper II Paper III 

Aims To investigate the agreement of 

asthma reports between parents 

and offspring.  

To investigate the association of 

lifelong exposure to air pollution and 

greenness and adult asthma, rhinitis 

and lung function.  

 

To investigate the association 

between parental childhood exposure 

to air pollution and greenness and 

asthma and rhinitis in their offspring. 

Design Multigeneration cohort study Cohort study 

National registry data used to 

retrospectively determine exposure 

Two-generation data from cohort 

study 

Data source RHINE/ECRHS and 

RHINESSA 

RHINESSA 

Exposure data sources:  

Air pollution: AirBase, ESCAPE 

Greenness (NDVI): satellite images from USGS 

Study 

population 

5907 parents from 

RHINE/ECRHS and  

6752 offspring from RHINESSA 

Participants from the Norwegian and Swedish RHINESSA centres born after 

1975: 

3428 participants (555 with clinical 

data) 

1106 parents and their 1949 offspring 

Exposures Main exposures: asthma reports  

 

Secondary exposures: Smoking 

status, education level, 

respiratory symptoms, 

comorbidities 

 

Study centre, sibling status 

Air pollutants (NO2, PM2.5, PM10, BC, O3) and NDVI 

 

Exposure in susceptibility windows: 

0-10 years, 10-18 years, lifetime (from 

birth until study participation) and one 

year before study participation 

Exposure in susceptibility windows:  

Parental 0-18 years 

Offspring 0-10 years 

Outcomes Agreement of reports across 

generations regarding physician 

diagnosed asthma and ever 

asthma 

Physician diagnosed asthma, allergic 

asthma, non-allergic asthma, rhinitis, 

asthma attack, lung function (<LLN 

FEV1, FVC and FEV1/FVC) 

Offspring early onset asthma and 

offspring rhinitis (as reported by 

parent) 

Covariates Same as the variables listed 

under “Secondary exposures” 

Parental education level and parental 

asthma 

 

Grandparental education level, 

grandparental asthma 

  

Potential mediators: parental asthma, 

offspring’s own pollution/greenness 

exposures, pollution/greenness 

exposure during pregnancy 

Statistics Logistic regression analyses  

Cohen’s kappa 

Sensitivity 

Specificity 

Positive and negative predictive 

values 

Logistic regression (asthma attack, 

rhinitis, <LLN lung function) 

(clustered by family and study centre) 

Conditional logistic regression 

(general asthma, allergic and non-

allergic asthma) in a matched case-

control dataset. 

Multilevel logistic regression 

analyses (clustered by family and 

study centre, stratified by parental 

sex) 

Mediation analyses 

Abbreviations: AirBase, The European air quality database; BC, black carbon; ECRHS, European Community 

Respiratory Health Survey; ESCAPE, European Study of Cohorts for Air Pollution Effects; FEV1, forced 

expiratory volume in one second; FVC, forced vital capacity; LLN, lower limit of normal; NDVI, normalized 

difference vegetation index; NO2, nitrogen dioxide; O3, ozone; PM2.5, particulate matter with an aerodynamic 

diameter lower than 2.5 µm; PM10, particulate matter with an aerodynamic diameter lower than 10 µm; RHINE, 

Respiratory Health in Northern Europe; RHINESSA, Respiratory Health in Northern Europe, Spain and 

Australia; USGS, United States Geological Survey. 
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3.1 Data sources 

This thesis is mainly based on survey data from the RHINESSA generation study, and 

enriched with data from the Respiratory Health in Northern Europe (RHINE) study and 

the European Community Respiratory Health Survey (ECRHS), all explained in more 

detail in paragraph 3.2 and Figure 4. Residential moving history was retrieved from the 

Norwegian and Swedish population registries for all participants, to use in the exposure 

assignments. Air pollution data were assigned through an already existing project: 

European Studies of Cohorts for Air Pollution Effects (ESCAPE), while greenness was 

assessed using NDVI (paragraph 3.3). 

3.2 Study-populations and design 

RHINESSA is a cohort dedicated to study asthma, allergy and lung health across 

generations and throughout the lifespan (Figure 4). The aim is to understand and 

identify the part that particular susceptibility windows in early life plays for developing 

disease later in life. The RHINESSA study consists of offspring (mostly adult, but for 

some centres (Bergen, Tartu and Melbourne) also adolescents and children) of parents 

from two large cohort studies of respiratory health in adults: the ECRHS study (72) 

and the RHINE study (73). ECRHS is a population based longitudinal study that started 

in 1990 using both questionnaires and clinical examination in 29 centres in 14 countries 

(mostly European). ECRHS had clinical follow up 10 and 20 years after baseline, with 

a third follow-up planned in 2020/21. The RHINE study was a follow up of the first 

ECRHS questionnaire-stage using extensive postal questionnaires in two stages (2000 

and 2010) with a third follow-up planned for 2020/21. RHINE consists of seven 

Northern European centres (Reykjavik (Iceland), Bergen (Norway), Umea, Uppsala 

and Gothenburg (Sweden), Aarhus (Denmark) and Tartu (Estonia)). These centres and 

three centres from the ECRHS (Huelva and Albacete (Spain) and Melbourne 

(Australia)) form the 10 included centres in the RHINESSA generation study. All 

eligible offspring from participants in the seven RHINE centres and the 

Spanish/Australian ECRHS centres were invited to participate in the questionnaire part 

of RHINESSA, while offspring of participants from the ten centres who had taken part 
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in the clinical part of ECRHS were in addition invited to the clinical part of 

RHINESSA.  

2013-2015 

Stage II: 2000 

Stage III: 2010 

Stage I: 1990 

Questionnaires: participants in RHINE 

(seven centres from five Northern 

European countries) and ECRHS (three 

centres from Spain and Australia) 

 

Clinical: participants in ECRHS from 

RHINE centres, Spain and Australia 

RHINESSA* 

Norway, Sweden, Iceland, Denmark, 

Estonia, Australia and Spain 

Questionnaires N = 21 659 (86%) 

Clinical N=6085 

Questionnaires N = 16 106 (75%) 

Clinical N=3769 

Questionnaires N = 11 441 (53%) 

Clinical N=2520 

Questionnaires 

N = 8814 (35%) 

(parents N = 6430) 

Subsample with clinical 

data N = 1394 (35%) 

(parents N = 1095) 

 

Figure 4. Flowchart of the RHINESSA study population. *The RHINESSA 
study population are offspring from participants from the Northern European 
RHINE centres (Norway, Sweden, Iceland, Denmark and Estonia) and the 
ECRHS centres in Australia and Spain. 
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The RHINESSA participants received questionnaires between 2013 and 2015, where 

they provided information regarding themselves, in addition to their parents and their 

offspring. The overall response rate for RHINESSA was 34.7%, see Table 4 for 

response rates per centre. A sub-sample was invited for clinical examination. The 

collection of information is still ongoing for the next generation. 

Table 4. Response rates RHINESSA study per country. 

Country (centre)  Response rate % 

Denmark (Aarhus) 21.8  

Iceland (Reykjavik) 60.0  

Norway (Bergen) 39.4  

Sweden (Gothenburg, Umea, Uppsala) 36.9  

Estonia (Tartu) 29.1  

Spain (Huelva, Albacete)* 21.2  

Australia (Melbourne)* 25.4  

* The study population (offspring) were identified through parental contact. Offspring from the other centres were 

identified through register data.  

 

Data from RHINE/ECRHS and RHINESSA were used for paper I. For paper II only 

data from RHINESSA were used, including both questionnaire and spirometry data, 

while for paper III only RHINESSA questionnaire data were used. The number 

included (N) in paper I is lower than the total RHINESSA study population (Figure 5), 

as the data collection was still ongoing when the paper was published. For paper III, N 

is lower than in paper II due to the additional inclusion criteria “having children”. 
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Figure 5. Flowchart of the study populations included in the three papers in 
the thesis. 

3.3 Questionnaires 

Analyses in this thesis were based on the questionnaires from the RHINE study for the 

seven Northern European centres / the ECRHS study for the Australian and Spanish 

centres (Paper I) and the RHINESSA study (Papers I, II and III) (Appendix A and B). 

For all the RHINE centres, postal questionnaires were used. For the Spanish and 

Australian ECRHS centres, interview-based questionnaires were used. For 

RHINESSA, the questionnaires were web-based in Norway, while Sweden used postal 

questionnaires. The questionnaires included questions on respiratory symptoms and 

allergies, smoking habits, education and occupation, indoor environment, sleeping 

habits, body shape, general health and comorbidities. The participants also answered 

several questions concerning their grandparents, parents and children, e.g. where 

Paper I 

 

Norway and Sweden 

 

Born > 1975 

 

Questionnaires 

 

N = 3428 parents 

Spirometry 

 

N = 555 

RHINESSA 

 

Norway, Sweden, Iceland, Denmark, Estonia, Australia and Spain 

 

N = 8814 

 

 

Questionnaires 

 

N = 5907  

RHINE parents 

 

N = 6752 

RHINESSA offspring 

 

Norway and Sweden 

 

Born > 1975 

 

Questionnaires 

 

N = 1106 parents 

N = 1949 offspring 

Paper II Paper III 

Excluded 

 

Paper I: 1508 

offpsring without 

parental report of 

their birthyear 

 

Paper II: 1867 

(participants born < 

1975, without 

outcome 

information, without 

exposure data) 

 

Paper III: 4189 

(participants born < 

1975, without 

children or without 

complete residential 

history) 
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grandparents were raised, parental health and smoking habits, offspring asthma and 

allergies. 

3.4 Spirometry 

A sub-sample of the RHINESSA participants performed spirometry in the period 

between 2013 and 2015. The procedure was performed according to standardized 

protocols and performed by trained staff. The EasyOne Spirometer was used for the 

spirometry, lung function was measured by spirometry according to established 

guidelines (74). The equipment was calibrated every day before use. The participants 

performed up to eight manoeuvres until adequate flow volume loops were produced, 

while they were in a seated position wearing a nose clip. The reference values from 

Global Lung Function Initiative (GLI 2012) were used to calculate percentages of 

predicted values, normalized for height, age, sex and ethnicity (74). The lower limit of 

normal (LLN) FEV1, FVC and FEV1/FVC (75) were also calculated, defined as a z-

score <1.64 standard deviations (SD) (75), thus equal to the fifth percentile of a healthy 

non-smoking population. The LLN is recommended by the GLI as a cut-off for 

impaired lung function. Using the GLI software for calculating reference values and 

LLN cut-off enables us to interpret the results without bias caused by age, height, sex, 

and ethnicity (75).  

3.5 Exposure variables 

Air pollution and greenness were the primary exposures in paper II and III.  

3.5.1 Air pollution assignment 

We assigned annual mean concentrations for five different pollutants (NO2, PM2.5, 

PM10, BC, and O3) to each participant’s individual geocoded residential history (from 

1975-2015). The calculations were based on previous developed air pollution rasters 

and Western Europe-wide hybrid land use regression models (LURs) (Table 5) (76-

78). LURs combine predictor variables from geographic information systems (GIS) 

(i.e. roads, land use, altitude and meteorology) and routine monitoring of air pollution 
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with satellite derived and chemical transport model estimates (78, 79).  The routine air 

pollution monitoring data derives from AirBase; the European air quality database 

which is maintained by the European Environment Agency (EEA) (80). It consists of 

multi-annual time series of air quality measurement data and statistics for several air 

pollutants. Annual mean PM10 exposures were extracted for 2005 to 2007 from surfaces 

(100x100m) based on these Western Europe-wide hybrid LURs (76), while annual 

mean NO2, PM2.5, O3 and BC exposures were extracted for 2010 (77, 78). An overview 

of the models used for the different pollutants can be found in Table 3. For each year 

from 1990 to 2015 we back-and-forth-extrapolated the air pollution concentrations 

from the LUR-models using the ratio method. This was done with the procedure from 

the ESCAPE study (81) which is based on the Danish Eulerian Hemispheric Model 

(DEHM) (82). ESCAPE is a study designed to investigate the long-term effects on 

human health of exposures to air pollution in Europe. An additional aim is to develop 

a flexible methodology for assessment of long-term population exposures to air 

pollution (83). The ratio method used in the extrapolation process is explained in detail 

in Appendix C.  

Table 5. Overview of the models used to calculate air pollution exposures. 

  Air pollution measure Model-year and source 

 2007 2010 

Nitrogen dioxide (NO2) - de Hoogh et al 2016 (78) 

Particulate matter with an 

aerodynamic diameter lower 

than 2.5 µm (PM2.5) 

-  de Hoogh et al 2016 (78) 

Particulate matter with an 

aerodynamic diameter lower 

than 2.5 µm  (PM10) 

Vienneau et al 2013 (76) -  

Black Carbon (BC) -  de Hoogh et al 2018 (77) 

Ozone ( O3) -  de Hoogh et al 2018 (77) 

 

3.5.2 Greenness assignment 

The common indicator for green vegetation, NDVI, was used to assess greenness (84). 

NDVI refers to all vegetation including both structured green spaces in parks and 

unstructured vegetation such as forests. Estimates were derived from the cloud-free 
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Landsat 4-5 Thematic Mapper (TM) and 8 Operational Land Imager (OLI) satellite 

images (53) (Table 6). Calculations of NDVI are based on the knowledge that plants 

strongly absorb visible red light (RED) for use in photosynthesis while strongly 

reflecting near-infrared light (NIR) for cooling. The equation for NDVI is based on 

spectral reflectance measurements acquired in corresponding light wavelengths: NDVI 

= (NIR – RED) / (NIR + RED). NIR and RED wavelengths are ratios of the reflected 

over absorbed light. Their values range from 0 to +1, therefore NDVI values range 

from -1 to +1, with +1 indicating highly vegetated areas and -1 indicating water (52). 

For the four study areas included, satellite images were retrieved for approximately 

every five years from 1984 until 2014 during the most vegetation rich months (May, 

June, July), and NDVI maps were calculated with residential greenness defined as 

mean NDVI in a circular 100-m, 300-m, 500-m and 1000-m buffer around each 

participant’s residential address. The WHO recommends the 300-m buffer for main 

analyses as it corresponds to approximately five minutes walking distance (51). 

Additional distances are however recommended to provide more in-depth analyses, 

therefore sensitivity analyses were performed for the other buffer zones. 

Table 6. Landsat images used for NDVI calculations. 

Abbreviations: NDVI, normalized difference vegetation index; OLI, operational land imager; TM, thematic 

mapper. 

3.6 Outcomes and covariates 

Outcomes 

The outcome variable is the disease or health-related event of interest in a study. It is 

also often termed the dependent variable and defined as the variable measured in 

statistical modelling by changing the exposure or independent variable (63). The main 

 
Bergen, 201/18 Gothenburg, 

195/20 
Gothenburg, 

196/19 
Umea, 193/15 Umea, 193/16 Uppsala, 193/18 Uppsala, 193/19 

2014 18/06/201, 8OLI 27/08/2014, 8OLI 21/08/2015, 8OLI 12/07/2014, 8OLI 25/07/2013, 8OLI 10/06/2014, 8OLI 10/06/2014, 8OLI 

2009 03/07/2008, 5TM 26/06/2009, 5TM 01/06/2009, 5TM 28/06/2009, 5TM 28/06/2009, 5TM 28/06/2009, 5TM 28/06/2009, 5TM 

2004 06/07/2003, 5TM 07/06/2002, 5TM 14/06/2002, 5TM 17/06/2005, 5TM 03/07/2005, 5TM 14/07/2003, 5TM 14/07/2003, 5TM 

1999 03/06/1997, 5TM 17/06/2000, 5TM 08/06/2000, 5TM 20/07/1997, 5TM 
(194/15) 

13/07/1997, 5TM 17/06/1999, 5TM 17/06/1999, 5TM 

1994 29/07/1994, 5TM 30/06/1993, 5TM 24/06/1994, 5TM 05/07/1994, 5TM 05/07/1994, 5TM 05/07/1994, 5TM 05/07/1994, 5TM 

1989 13/06/1989, 5TM 05/07/1989, 5TM 29/08/1989, 5TM 21/06/1989, 5TM 21/06/1989, 5TM 07/07/1989, 5TM 07/07/1989, 5TM 

1984 18/06/1985, 5TM 27/06/1986, 5TM 02/06/1986, 5TM 26/06/1985, 5TM 26/06/1985, 5TM 09/07/1984, 5TM 09/07/1984, 5TM 



 32 

outcome in paper I was self-reported asthma. Reports regarding the participants’ own 

asthma was based on the question “Have you ever had asthma diagnosed by a doctor?”, 

labelled “physician diagnosed asthma. Reports regarding asthma in parents and 

offspring were labelled “ever asthma”. Reports regarding parental asthma were based 

on the question “Did your biological parents ever suffer from asthma?” with separate 

reports provided for mothers and fathers, and reports regarding asthma in offspring 

were based on the question “Please write the years when your children were born, and 

tick “yes” if they have had any of the following” with separate reports provided for 

“asthma before 10 years” and “asthma after 10 years”.  

The outcomes in paper II were physician diagnosed asthma, allergic asthma, non-

allergic asthma, rhinitis, asthma attack and LLN for FEV1, FVC and FEV1/FVC. 

Physician diagnosed asthma was defined as a positive answer to the question “Have 

you ever had asthma diagnosed by a doctor?”. Allergic and non-allergic asthma was 

based on this question and in addition the question regarding rhinitis: “Do you have 

any nasal allergies including rhinitis?”. The definition of asthma attack was based on 

the question: “Have you had an attack of asthma in the last 12 months?”. The lung 

function outcomes are described in detail in paragraph 3.4. 

In paper III, the outcomes were early onset asthma and rhinitis in the offspring reported 

by the parents. In this paper the term “hay fever” is used instead of rhinitis, the 

definition however is the same for both papers. The outcomes were defined as 

affirmative answers to the questions “For each of your biological children, please tick 

yes if they have had asthma before 10 years”, and “For each of your biological children 

please tick yes if they have had hay fever/rhinitis”, respectively. 

Susceptibility windows 

We investigated several susceptibility windows when looking at risk for disease later 

in life and in the next generation. The annual mean exposures were averaged across the 

following time windows in paper II; 0-10 years, 10-18 years, lifetime (from birth until 

study participation) and year before study participation. In paper III we investigated 
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one parental window and one offspring window: parental 0-18 years and offspring 0-

10 years.   

Covariates  

The multivariate analyses in this thesis were adjusted for several covariates to increase 

the accuracy of the results (63). Covariates are characteristics of the study population 

and can be either independent variables or confounders. A confounder is defined as 

having an association with both the exposure and the outcome, and not being in the 

causal pathway between the exposure and outcome in time (63, 85). Potential 

confounders were considered and discussed based on knowledge from previous 

literature and identified by using Directed Acyclic Graphs (DAGs) (86) (paper II and 

III). DAGs offers a unified framework for researchers to provide a systematic 

representation and analysis of causal inference in epidemiology (87). DAGitty has 

become an established web application (88) for creating and analysing DAGs 

containing graphical tools and automated algorithms specifying all minimal sufficient 

adjustment sets (87). A DAG is thus a presentation about the relationships between 

variables by acyclic graphs, i.e. not containing feedback loops (63). 

Paper I aimed to identify predictors for discrepant asthma reports across generations 

and included a variety of covariates where every one of them was of interest and they 

were therefore all included as potential exposure variables rather than confounders: 

smoking status (never-, ex- or current smoker), education level (primary school, 

secondary school or college/university), respiratory symptoms (wheeze, wheeze with 

shortness of breath, awoken with tightness in chest, awoken with attack of cough in the 

past 12 months and currently taking medication) and comorbidities (hypertension, 

stroke, ischemic heart disease, diabetes mellitus, COPD and serious respiratory 

infections before the age of 5 years). In paper II, analysing associations of lifelong 

exposure to air pollution and greenness on adult asthma and allergies, the following 

covariates were evaluated as confounders: age, sex, gestational age at birth, childhood 

respiratory infections, occupational exposure to dust or gas, personal smoking and 

exposure to passive smoking during childhood, physical activity level, body mass index 

(BMI), birth weight, exposure to greenness/air pollution in childhood, parental 
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education level and parental asthma. Only parental education level and parental asthma 

were identified as relevant confounding variables using DAGs, as they were the only 

covariates associated with both the exposure and the outcome without lying in the 

causal pathway between them. DAGs were also made to identify confounders for the 

analyses in paper III, based on the following covariates: offspring greenness/air 

pollution exposure, offspring passive smoking, offspring birth weight, parental 

smoking before conception, parental education, parental asthma, grandparental 

education and grandparental asthma.  Grandparental education level and grandparental 

asthma and rhinitis are all associated with the exposure and outcomes but are not in the 

causal pathway between them and were consequently included in the analyses as 

confounders.  

3.7 Quality assurance  

All questionnaire data collected in the RHINESSA study, except the Swedish data, 

were recorded directly in the online software CheckWare by the participants 

themselves. The Swedish centres used postal questionnaires, where the participants 

registered their answers on paper, which was later recorded into a database by trained 

staff. Similar procedures with postal questionnaires were used for data collection in the 

seven Northern European centres in the RHINE study, while in the Spanish and 

Australian ECRHS centres, questionnaires were interview based and the participants’ 

answers were registered by trained fieldworkers. The database software used in all the 

data collection included certain integrated validation procedures, e.g. continuous 

variables had minimum and maximum values and the categorical variables had 

predefined answers. After registering the data using appropriate software, data were 

de-identified and encrypted and sent from the study centres to the coordinating centre 

in Bergen. There, inconsistency analyses were performed to detect possible recording 

errors, e.g. participants younger than 18 years who recorded having a completed 

university degree. In addition, manual controls were performed randomly to identify 

possible typing errors. Inconsistencies were documented and corrected to ensure that 

all data used in the analyses of this thesis have been thoroughly quality assured. For 
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RHINE/ECRHS and the Swedish RHINESSA centres, the faulty values in the 

databases were corrected through comparison with the original paper forms. For the 

Norwegian RHINESSA centres, the faulty values were inspected with regard to other 

information that the participants had provided. If possible to deduce the correct value 

based on this, it was corrected. If not possible to deduce the correct value, the faulty 

value was set to missing, e.g. completed education was set to missing for a participant 

aged 18 years who had ticked “completed university education”. 

3.8 Statistical analyses 

All analyses were performed using STATA versions 14.0-16.1 (Stata Statistical 

Software, Statacorp, College station, TX: StataCorp LLC) and R Studio version 3.5.1 

(R Studio, Inc., part of the R statistical software package, Development Core Team, 

Boston, MA) (89). 

A p-value < 0.05 was considered statistically significant and 95% confidence intervals 

(CIs) were calculated. 

Cohen’s kappa and validation 

In the study of agreement between parents’ and offspring’s asthma reports, Cohen’s 

kappa was used to investigate overall agreement. Kappa is a measure of the magnitude 

of interobserver variation and gives a numerical rating of the degree to which the 

agreement may have occurred by chance (90, 91). The difference in observed and 

expected agreement is given as Kappa, a value on a scale between -1 and 1, where 1 is 

perfect agreement and 0 indicates agreement as expected purely by chance. A value 

less than 0 is rare and indicates agreement less than chance but can occur due to 

potential systematic disagreement between observers. The following interpretation 

categories were used in paper I: poor agreement, <0.2; fair, 0.21–0.40; moderate, 0.41–

0.60; good, 0.61–0.80; and very good, 0.81–1.00 (91). The validity of a test can be 

addressed by calculating sensitivity, specificity and positive and negative predictive 

values (PPV and NPV). This was done in paper I using the participants’ own answers 

regarding themselves as the golden standard, referred to in the following as being 
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with/without the disease. Reports given about the other generation (reports about 

parent’s asthma and offspring’s asthma) are in the following referred to as 

positive/negative “test”. Sensitivity is the proportion of those with the disease who have 

a positive test and is calculated by dividing the number of persons with a positive test 

result by the number of persons with the disease [a/(a+c)], Figure 6) (63). Specificity 

is calculated by dividing the number of persons with negative test by the number of 

persons who do not have the disease [d/(b+d)], Figure 6). It describes the proportion of 

those without the disease who have a negative test (63). PPV and NPV were used to 

find the number of participants with a positive asthma report from their relative that 

reported asthma themselves, and the number of participants where their relative 

reported no asthma and they did the same themselves (92). PPV is calculated by 

dividing the number of true positive persons by the total number of persons with a 

positive test result [a/(a+b)], while NPV is calculated by dividing the number of true 

negative persons by the total of persons with a negative test [d/(c+d)], (Figure 6) (63). 

All the analyses in paper I were stratified by sex to investigate possible differences 

between mother and fathers and daughters and sons. 

 Disease No disease 

Positive test a b 

Negative test c d 

 

Figure 6. Calculation of sensitivity [a/(a+c)], specificity [d/(b+d)], PPV 
[a/(a+b)] and NPV [d/(c+d)]. 

 

Regression analyses 

In all three papers, regression analyses were used to estimate associations between the 

exposures of interest and the outcomes. In regression analyses, it is assumed that all 

observations are independent. In multi-centre studies, there may be certain 

dependencies within centres: for some characteristics participants from e.g. Reykjavik 
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in Iceland will be more similar to each other than they are to participants from Huelva 

in Spain. Furthermore, since all offspring of RHINE/ECRHS participants in ten study 

centres were invited to the RHINESSA study, some participants in RHINESSA are 

siblings. The siblings will have the same parental information and therefore not be 

independent of each other. In paper II and III family was therefore nested into the centre 

variable to a double cluster to account for both centre and sibling dependency. Odds 

ratios (ORs) with 95% confidence intervals were used to report the results from the 

logistic regression analyses. OR is a measure representing the odds of the occurrence 

of an outcome given a specific exposure divided by the odds of the occurrence of an 

outcome without that exposure, while the 95% CI gives an estimation of the precision 

of the OR (63, 93). ORs are calculated using two-by-two frequency tables: a = exposed 

with asthma, b = exposed without asthma, c = non-exposed with asthma, d = non-

exposed without asthma, were OR = ad/bc. An OR = 1 reflects that exposure does not 

affect the outcome. An OR greater than 1 and if the 95% CI does not include 1, implies 

that the exposure is associated with higher odds of the outcome; in our analyses 

corresponding to exposed participants having a higher odds of asthma compared to 

non-exposed and that the exposure is therefore considered a risk factor for the disease. 

Contrary, an OR lower than 1 indicates that the exposed have a lower odds of the 

outcome. 

In paper I, univariate logistic regression analyses were performed with each covariate 

as predictor and discrepant answers (yes/no) in parent-offspring pairs as outcome. The 

significant predictors from the univariate analyses were used in the multivariate logistic 

regression analyses, which in addition were adjusted for study centre and sibling status. 

Logistic regression is used to analyse binary dependent variables and were also used in 

paper II for the outcomes asthma attack, rhinitis and LLN FEV1, FVC and FEV1/FVC 

(defined as a Z-score <1.64 SD). The multivariate logistic regression analyses in paper 

II were multilevel analyses, i.e. clustered for family and centre as described earlier in 

this section. For the outcomes general asthma, allergic and non-allergic asthma 

conditional, however, logistic regression analyses were performed in a matched case-

control dataset. Conditional logistic regression is a specialized version of the logistic 

regression and has become standard for analysing matched case-control data. Matching 
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in our analyses were performed for participants with physician-diagnosed asthma who 

had also reported the age of diagnosis. Controls were sampled from the participants 

without asthma, and matched to the cases by study centre, sex and age at participation. 

For each case, we selected two controls per case and separate matched datasets were 

set up for asthma, allergic asthma and non-allergic asthma. By using matched case-

control data for these analyses we were able to examine exposure up to the time of 

diagnosis for the asthmatics compared with exposure up to the corresponding age for 

the matched controls.  

In paper III, we performed multilevel logistic regression analyses of associations 

between exposure to air pollution and greenness and the outcomes. As described 

earlier, multilevel logistic regression is used when the data are nested, i.e. the data of 

individuals are organized in more than one level and are therefore clustered (94). In 

our analyses, the data were clustered by family and study centre. 

Mediation analyses 

Mediating variables are in a causal sequence between an independent variable and a 

dependent variable (95), and the mechanism by which one variable transmits the effect 

on another through a mediator variable can be identified by mediation analyses. The 

mediator (M) can explain all or some of the observed relationship between the 

independent variable (X) and the dependent variable (Y) (Figure 7). Full mediation 

occurs if the effect of X on Y disappears after including the mediator (the effect of X 

on Y is only indirect), while if M accounts for only some of the relationship between 

X and Y it is called partial mediation, and some direct effect of X in Y still remains.  
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In paper III, we included the following potential mediators based on a priori hypothesis 

that they lie in the pathway between the exposures (air pollution and greenness) and 

the outcomes (offspring’s asthma and rhinitis): parental asthma, offspring’s own 

pollution and greenness exposures in early childhood, pollution and greenness 

exposure during pregnancy. Several requirements have to be fulfilled to run the 

mediation analyses: 1) significant associations from the multivariable analyses; 2) the 

exposure must be associated with the mediator; 3) the mediator must be associated with 

the outcome. The mediation tests revealed that the following mediators fulfilled these 

criteria’s: offspring’s own exposure and exposure during pregnancy, between maternal 

PM10 exposure and both offspring’s outcomes (asthma and rhinitis). In addition, for the 

paternal line, exposure during pregnancy (O3), was a potential mediator between 

paternal O3 exposure and offspring rhinitis. We used a simple counterfactual mediation 

method by Buis that decomposes the total effect of a categorical variable into direct 

and indirect effects, requiring a binary outcome, and that allows any distribution of the 

mediator (96, 97). The analyses were performed with the “ldecomp” command in Stata 

that produces three OR estimations for each exposure level: the total effect (direct and 

indirect paths combined), the direct path and the indirect path (through the mediator). 

To obtain the 95% CIs we performed bootstrapping with 1000 iterations.  

Indirect effect 

Direct effect 

M

YX

Figure 7. Simple mediation model: M, mediator; X 
independent variable; Y, dependent variable. 
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Multiple imputation for missing data 

Missing data are relatively common and usually unavoidable in epidemiological 

research. The problem of missing data is loss of information, with bias and possible 

erroneous scientific conclusions as a result (98). If assuming the data are missing at 

random, one approach to deal with this is multiple imputation. This method, replacing 

missing values by imputed values, is done by creating multiple datasets where the 

distribution of the observed data is used to estimate multiple values that reflect the 

uncertainty of the true value (98). In paper II this was done with Stata using the “mi 

impute mvn” procedure with 200 imputations (99) for the following covariates: 

parental education, parental asthma, air pollution exposures and greenness; and for the 

lung function, asthma attack and rhinitis analyses. The proportion of missing data 

ranged from 2% for parental education to 9% for NDVI during certain years in early 

childhood. The imputation model included the same variables as those contained in the 

final analytical models. For the matched-case control datasets, a multilevel approach 

was used with the mice-package in R where five values were imputed for each missing 

observation (100).  

3.9 Ethical considerations 

This thesis involves the use of data collected over more than 20 years. The RHINESSA 

study, as well as the parental studies RHINE and ECRHS were approved according to 

national legislations in each study centre by regional committees of medical research 

ethics (101). All data collection has complied with the principles of the Declaration of 

Helsinki, and all participants have provided written informed consent prior to 

participation. Their consents covered the collection of questionnaire data, the collection 

of clinical data for a sub-sample, and also the retrieval of data from national registries. 

The risk and inconveniences for participants has been minimal due to focus on 

questionnaire data and registry data, and only low-risk clinical examinations including 

lung function testing. Appropriate Data Protection measures have been taken to ensure 

safe storage of information. The regulation by EU law on data protection and privacy, 

the General Data Protection Regulation (GDPR) was not applicable for our studies, as 
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the studies were performed before the law was introduced (May 25th 2018). Data 

protection has however, been highly prioritized to avoid non-authorized access and 

misuse. The overall study database was stored on a designated research server at the 

Haukeland University Hospital, in accordance with hospital regulations for research 

(102). The server is developed by the IT department at the hospital for secure 

processing of sensitive personal data for research purposes. The storage system adheres 

to the “Norwegian Code of conduct for information security in the healthcare and care 

services sector” (103) and ensures that confidentiality, integrity, and availability are 

preserved when processing sensitive personal data. 
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4. Summary of main results 

4.1 Paper I. Can intergenerational reports regarding asthma 
be used as a proxy in the absence of direct reports? 

In this paper, we analysed the agreement between asthma reports by parents (N = 5907) 

and offspring (N = 6752) in the RHINESSA generation study. Figure 8 gives an 

overview of offspring early/late onset asthma as reported by the offspring themselves 

and the corresponding parent report (a and b), and paternal and maternal asthma as 

reported by the parents themselves and the corresponding offspring reports (c and d). 

Cohen’s kappa was calculated to find the overall agreement between asthma reports 

from offspring and parents. In this study, we found that intergenerational asthma 

reports show moderate to good agreement. For parental reports of offspring early onset 

asthma (<10 years of age) the agreement was good (Cohen’s kappa 0.72) while they 

were moderate for offspring late onset asthma (>10 years of age, Cohen’s kappa 0.46). 

Contrary, offspring reports of paternal and maternal asthma were both good (Cohen’s 
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Figure 8. Parent-reported offspring early onset 
asthma (a) and late onset (b) asthma as 
compared to offspring’s own report; and 
offspring-reported paternal (c) and maternal 
(d) asthma as compared to parents’ own 
report. 
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kappa 0.69 and 0.68). Fathers (OR 1.31; 95% CI 1.08, 1.59) and current smokers (OR 

1.46, 95% CI 1.05-2.02) were more likely to report offspring asthma incorrectly, while 

offspring wheeze was associated with reporting parental asthma incorrectly (OR 1.60; 

95% CI 1.21, 2.11). The specificity was high for all groups (0.96-0.99), while the 

sensitivity varied more ranging from 0.36-0.72. The negative predictive value was high 

for all groups (0.94-0.97) while the positive predictive value varied from 0.75 (maternal 

asthma) to 0.83 (early onset asthma).  

In paper I, we concluded that a moderate to good agreement was found between self-

reported asthma and asthma reported by family-members in the RHINESSA generation 

study, with some risk of under-reporting. Our results suggest that offspring asthma 

reported by parents and parental asthma reported by offspring may be used as a proxy 

in epidemiological studies in the absence of direct reports. 

4.2 Paper II. Is lifelong exposure to air pollution and 
greenness associated with asthma, rhinitis or lung 
function in adulthood? 

Paper II is a retrospective cohort study with the aim to study the associations between 

lifetime exposure to air pollution and greenness, with adult asthma (physician 

diagnosed asthma, allergic/non-allergic asthma, asthma attack last 12 months), current 

rhinitis and lung function (LLN FEV1, FVC and FEV1/FVC). We analysed 3428 

participants born after 1975 (mean age 28), from the Norwegian (Bergen) and Swedish 

(Umea, Uppsala, Gothenburg) centres in the RHINESSA study conducted from 2013 

to 2015. Individualized annual mean exposures of five different air pollutants (NO2, 

PM2.5, PM10, BC, and O3) and greenness (NDVI) were assigned to all participants. The 

assignments were based on geocoded residential address histories, retrieved from 

Norwegian and Swedish population registries. The exposures were averaged across the 

following susceptibility windows: 0-10 years, 10-18 years, birth until diagnosis (or 

corresponding age for non-asthmatics), birth until participation in the study (lifetime) 

and the year before study participation (adulthood). 



 44 

We analysed associations between the exposures and asthma attack, rhinitis and LLN 

lung function using logistic regression; and associations between the exposures and 

physician diagnosed asthma, allergic asthma and non-allergic asthma using conditional 

logistic regression on a matched case control dataset. 

No associations were observed between any of the exposures with physician diagnosed 

asthma or allergic asthma in the adjusted analyses. For non-allergic asthma, exposure 

to both BC and O3 (OR 0.92; 95% CI 0.85, 1.00 and OR 0.91; 95% CI 0.84, 1.00) were 

associated with lower risk of non-allergic asthma. Exposure to PM10 and O3 were 

associated with an increased risk of asthma attack last 12 months in all the susceptibility 

windows 0-10 years, 10-18 years and lifetime, while NO2 was an additional risk factor 

in the time window 10-18 years (Table 7). In the adjusted analyses, only exposure to 

NO2 from 10-18 years of age was associated with an increased risk of rhinitis. Exposure 

to PM2.5 and O3 in childhood and adolescence was associated with increased risk of 

low lung function, especially FEV1. In addition, exposure to NDVI in all susceptibility 

windows increased the risk of low FEV1 and FVC.  

Results from this paper indicate that lifelong exposure to air pollution and greenness 

increase the risk of poor respiratory health in adulthood. Our findings also suggest that 

exposure windows in childhood and adolescence may be independent risk factors for 

adverse lung health in adulthood.
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Paper III. Is preconception exposure to air pollution and 
greenness associated with future offspring asthma and 
rhinitis? 

In paper III, a two-generation analysis of a cohort study, we investigated if exposure to 

air pollution and greenness in parents’ childhood (N = 1106, mean age 35) affected 

offspring asthma and rhinitis (N = 1949, mean age 6). Additional analyses were 

performed to examine if effects were mediated through parental asthma, pregnancy 

exposure and offspring’s own early life exposure to greenness and air pollution. The 

residential exposures were assessed back in time, based on data from the Norwegian 

and Swedish population registries, land use regression models for air pollutants, and 

satellite images for greenness. 

Annual mean concentrations for NO2, PM2.5, PM10, BC, O3 and NDVI were assigned 

to all participants based on their geocoded residential address history. The exposures 

were averaged across the following time windows: 0-18 years of age for the parents 

and 0-10 years of age for the offspring.  

The risk of early onset asthma in offspring was higher after maternal medium exposure 

to PM2.5 and PM10 compared with low exposure (OR 2.15; 95% CI 1.28, 3.61, OR 2.19; 

95% CI 1.32, 3.64), while paternal high BC exposure was associated with lower early 

onset asthma risk in the offspring (OR 0.29; 95% CI 0.11, 0.80). Offspring had 

increased risk of rhinitis after paternal medium exposure to O3 (OR 3.30; 95% CI 1.16, 

9.40) and after maternal high PM10 exposure (OR 2.73; 95% CI 1.23, 6.08). No 

associations were found after exposure to NO2 or NDVI with any of the outcomes. 

Mediation analyses showed a direct effect of maternal PM10 exposure on offspring 

asthma, while the effect on offspring rhinitis was indirect through exposures in 

pregnancy and offspring’s own exposures. Paternal O3 exposure was not mediated 

through O3 exposure during pregnancy but had a direct and total effect on offspring 

rhinitis. 

Thus, this paper revealed that air pollution exposure in the childhood of mothers 

appeared to be a risk factor for early onset asthma (PM2.5 and PM10) and rhinitis (PM10) 
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in her future offspring. The effects on early onset asthma was direct, while the effect 

on rhinitis was mediated by exposures during pregnancy and offspring’s own 

childhood. Furthermore, exposure in father’s childhood was associated with higher risk 

of rhinitis (O3) in the offspring, not mediated by other factors. Our results suggest that 

long-term exposures to air pollution may have harmful effects even across generations.  
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5. Discussion 

In this chapter, the methodological strengths and limitations of the papers included in 

the thesis are discussed. Furthermore, the main findings of the papers are discussed and 

compared to existing knowledge in the field. 

5.1 Methodological considerations 

When investigating frequency of disease or the effect of selected exposures on disease 

occurrence in epidemiological studies, the aim is to obtain valid and precise estimates 

that are generalizable to target populations (61, 63). There are two key concepts in this 

regard: validity and reliability. Validity refers to if we measure what we intended to 

measure: to what extent are the results from our studies valid for the study population 

(internal validity) and to what extent are the results from our studies generalizable for 

a wider population (external validity). Reliability refers to the precision of a 

measurement, the extent to which results will be replicated if the test is repeated. A 

study designed to measure depression that actually asks about anxiety will for instance 

have low validity, the same applies for a study of a disease in the general population 

that only includes female participants above 60 years. A study of lung function with 

numerous fieldworkers who do not receive a standard training in how to perform 

spirometries, on the other hand, will most likely have low reliability. High reliability is 

a prerequisite for high validity, but validity may be low even if reliability is high. 

To achieve valid and precise estimates it is a goal to minimize measurement error in 

all stages of the study, from the study design through the data collection and in the 

analyses of the study results (61, 63). Errors can occur in each stage and be either 

systematic or random. Systematic errors are also termed bias and can be classified as 

confounding, selection and information bias (63). The remaining error after elimination 

of systematic error is called random error (61). Random error occurs by chance and is 

usually not considered a threat to the validity of a study. However, a large proportion 

of random errors may threaten the reliability of the estimates, indirectly also 
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threatening the validity. The goal in epidemiological studies is therefore high validity 

and high precision to assure correct estimations (63). 

5.1.1 Study design issues 

The data used in this thesis are based on the ECRHS, RHINE and RHINESSA studies, 

three large prospective cohort studies aiming to study respiratory health over time and 

across generations. In international multi-centre studies like ECRHS, RHINE and 

RHINESSA, there is a possibility that differences in methodology between centres and 

over time could influence the results. This challenge is hard to elude, however to 

minimize the chance of discrepancies between the centres, standardized protocols and 

questionnaires were used in all centres, as well as harmonized across the three studies. 

Provided they take measures to ensure minimal error in the data collection, large 

international multi-centre cohorts can contribute with valuable insight about exposure 

outcome associations, and also about health differences across the studied areas. The 

RHINESSA study includes 10 centres from seven countries (Denmark, Norway, 

Sweden, Iceland, Estonia, Spain and Australia), all of which were included in paper I. 

The diversity in the included countries in RHINESSA contributes to high potential 

generalizability of the results to a wider European/Australian population. A 

prerequisite is of course that the study population is representative for the target 

population. The RHINESSA study has a low response rate (35%), which may threaten 

its representativeness. For more details regarding this, see section 1.1.3 below.  

To analyse air pollution and greenness in this thesis, RHINESSA data from Norway 

and Sweden were enriched with registry data. A major strength of the Nordic countries 

is the possibility to retrieve additional information from national population registries. 

Complete geocoded residential moving history was retrieved for all the Swedish and 

Norwegian participants born after 1975, and used to calculate individualized exposures 

for analyses in paper II and III. Consequently, the exposure assessment was highly 

objective and not dependent on the participants’ memories.  
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5.1.2 Reliability 

Reliability refers to the consistency of measurements, or in other words the agreement 

between replicate measurements when a measurement is performed multiple times 

under the same conditions (104). In paper 2, impaired lung function was analysed by 

using data collected through spirometry testing. To accomplish good reliability, the 

spirometry testing in the RHINESSA study was performed according to the American 

Thoracic Society (ATS) criteria for repeatability and standardisation of spirometry (74, 

105), and both standard operating procedures and standardized equipment were used. 

The procedure was performed by trained personnel that followed detailed instructions 

to ensure measurements were performed in the same way in all participants. 

Furthermore, participants performed up to eight spirometry tests to accomplish 

acceptable and reproducible measures. An acceptable manoeuvre was defined as free 

from error, while a reproducible manoeuvre was defined as being without excessive 

variability from other manoeuvres. To achieve reproducibility, three acceptable 

manoeuvres were needed and the two highest values for FVC and FEV1 should not 

vary more than 200 millilitres from each other. At last, calibration checks on the 

equipment were performed daily according to recommended standards.  

5.1.3 Validity 

Validity is defined by the degree to which a method measures what it is intended to 

measure (63), and is divided into internal and external validity.  

Internal validity 

Internal validity refers to the degree the results from the study represent the truth in the 

study population, and is not influenced by methodological errors (63). Systematic 

errors distorting the internal validity are often categorized into selection bias, 

information bias and confounding. 

Selection bias is a systematic error from factors influencing study participation and 

from the methods used to select participants (61). Such error may distort the measured 

association between exposure and outcome, and affect estimates of disease occurrence 

such as prevalence. In ECRHS, the participants were selected randomly from available 
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population registers, with an overall response rate of 78% (72, 106). Paper I was based 

on data from both RHINE3 (second follow-up of ECRHS) and RHINESSA, with an 

overall response rate of 61% and 35%, respectively (107). Regarding the parent 

generation, RHINE had a loss to follow-up with response rate 86% in the initial stage 

(coinciding with the Northern European ECRHS1 response rate) and 61% in RHINE3 

(the data used in this thesis). More men than women were lost to follow-up, as well as 

those who were youngest at baseline (107).  

As the RHINESSA study population are offspring of the RHINE and ECRHS 

participants, they cannot be described as a random population sample. In paper I the 

RHINESSA study population was initially considered not to be skewed in any direction 

with respect to demographic characteristics such as sex, smoking habits and 

educational level compared to the general population in the same age range. However, 

for further inspection we compared the RHINESSA offspring population (age range 

18-50 years, data collected in the years 2013-2015) with corresponding detailed data 

from Statistics Norway for the Norwegian population (selected year 2014 to match the 

time of RHINESSA data collection). As shown in Table 8 below, smoking prevalence 

in RHINESSA was indeed representative for the wider Norwegian population, with a 

prevalence of 13% smokers in both RHINESSA (Bergen study centre) and in Norway. 

Distribution of sex and education, on the other hand, was skewed for the RHINESSA 

population – with an over-representation of female sex and higher education in 

RHINESSA compared with the Norwegian general population. 
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Table 8. Demographic characteristics of the RHINESSA study population 
(total) and the RHINESSA study population (Bergen) compared to numbers 
from Statistics Norway. 

 Study population 

all centres % 

Study population 

Norway % 

Statistics Norway 

%* 

Education    

Primary school  3.0 2.5 20.3 

Secondary school  37.9 36.3 39.9 

College/university 59.1 61.2 39.8 

Sex (female) 58,1 58,1 48,6 

Smokers 12,3 12,8 13,0 

* Numbers retrieved from Statistics Norway for the age range 20-49 years for education and sex, and 

age range 16-74 years for smoking prevalence. Numbers retrieved from RHINESSA for age range 18-

50 years. 

 

In other words, both the parent and offspring study populations have some degree of 

selection bias. However, since the aim of this PhD project was to elucidate exposure 

outcome associations and not present prevalence estimates for disease, this will 

fortunately not pose a large threat to the internal validity of our results.  A previous 

study investigating follow-up in RHINE found that even if prevalence estimates were 

somewhat affected by selection bias in the follow-up stages, exposure-outcome 

associations were mainly unaffected (107). Also a large Norwegian study of selection 

bias in the Norwegian Mother and Child Cohort Study reached the same conclusion: 

they found that even if a representative sample is important when the aim is to describe 

prevalence, it is not essential if the aim is to investigate risk associations (108).   

Information bias is a systematic error that originates from the data collection or the 

classification of the exposure or outcome in a study (61, 63). It is often referred to as 

misclassification and can be further divided into differential or non-differential 

misclassification (61). 

Differential misclassification 

Misclassification in the exposure or outcome is differential if it is dependent of the 

other: if misclassification in the exposure is different for those with the disease and 

those without the disease – or if misclassification in the outcome is different for those 
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with the exposure and those without the exposure (61). Recall bias is a common type 

of differential misclassification that can lead to both an over- and underestimation of 

the exposure-outcome association. An example of recall bias is when for instance 

offspring asthma diagnosis is better recalled by the parents who have asthma diagnosis 

themselves, leading to an overestimation of the association between parental and 

offspring asthma. Also, a potential recall bias may be that subjects with well controlled 

asthma may not recall that they have a diagnosis of asthma (109). In paper I, the 

participants’ own answers regarding themselves were defined as gold standard, which 

may have resulted in either over-reporting or under-reporting of the asthma diagnosis 

and age of diagnosis if they do not remember correctly. Recall bias may be reduced if 

the questions used are formulated in such a manner that accurate recall is triggered, for 

instance “have a doctor ever told you that you have asthma?” will give more accurate 

recall than the question “have you ever had asthma?” (61). To ensure the data was not 

biased by recall, we could have compared our data to primary care records of the 

participants or to prescription registry data. Unfortunately, this information was not 

available in our study, but could serve as a basis for a future research project. 

If participants with an outcome (e.g. asthmatics) have thoughts regarding which 

exposures are harmful for their disease development and which are not, the risk of 

recall bias through over-reporting such exposures will be high (110). In papers II and 

III in this thesis, potential recall bias could be if participants with the outcome over-

reported higher exposure levels of air pollution compared with participants without the 

outcome. For this reason, we did not rely upon self-reported exposures in this study but 

collected objective data on air pollution and greenness exposures based on each 

participants’ residential addresses history. There is of course always a risk for recall 

bias also in the reporting of outcomes – which in our study was self-reported for asthma 

and rhinitis, but it is unlikely that misclassification of outcomes would be differential, 

i.e. dependent on the residential addresses. 
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Non-differential misclassification 

Misclassification in exposure and outcome is non-differential if it is independent of the 

other (61), if it affects equally exposed and non-exposed, or those with and without a 

disease. 

In paper I, we analysed agreement in parents’ reports of offspring asthma, and in 

offspring reports of parents’ asthma. The analyses were stratified by sex to see if 

misclassification of the outcome was dependent on differences between mothers and 

fathers, and between daughters and sons. In this respect, parental and offspring sex can 

be considered exposures. If sensitivity and/or specificity for disease classification do 

not vary by exposure category, misclassification is non-differential (111). In paper I, 

we did not find any discrepancy between specificity for neither daughters/sons nor 

mothers/fathers with regard to asthma report agreement. Also, sensitivity varied little 

between daughters and sons, indicating only non-differential misclassification for the 

offspring’s reports of parental asthma. However, for the parents, sensitivity was much 

higher for mothers than fathers, suggesting a presence of non-differential 

misclassification that was further confirmed in logistic regression analysis where 

fathers had a significant risk of misclassifying their offspring’s asthma status. 

In paper II, the outcomes allergic and non-allergic asthma were based on the questions 

regarding physician-diagnosed asthma and “Do you have any nasal allergies including 

rhinitis?”. A result of this outcome definition may be a non-differential 

misclassification where subjects with atopic asthma who are allergic to e.g. mites or 

animal hair but do not have rhinitis have been misclassified as non-allergic asthmatics. 

This kind of misclassification will however be non-differential since it is not dependent 

on how much air pollution and greenness exposure the misclassified subjects have been 

exposed to.  

Exposure assignments in paper II and III were done based on the participants’ 

residential addresses. Unfortunately, we were not able to account for time spent 

elsewhere due to lack of information on school/kindergarten/work addresses. Children 

spend 40-50% of their time at school/kindergarten and the rest of their time at home or 
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commuting. Levels of air pollution are usually lower at home than when commuting 

and children are often inside when they are at home (112). Consequently, it is plausible 

that the true exposures may be different from the exposures assigned in our study. 

However, the exposure calculations for the first years of life is likely to be correct due 

to the length of the maternity leave in both Sweden and Norway (29). In addition, most 

schools and kindergartens in Scandinavia are located nearby the home, further 

decreasing the chance of misclassification. Any remaining misclassification due to this 

issue will be non-differential since exposure misclassification is not dependent on 

whether or not the children have asthma. 

Confounding is when the association between exposure and outcome can be explained 

by a third factor (63). A confounder is defined as being associated with both the 

exposure and the outcome and not being in the causal pathway between the exposure 

and outcome in time (61, 63). To avoid incorrect conclusions, it is important to adjust 

for confounders in analyses. In epidemiological analyses, confounding can be 

controlled for through study design or through the analyses. In paper I, we performed 

exploratory analysis to identify risk factors for discrepant reports and potential 

confounding factors were therefore not evaluated. In paper II and III, potential 

confounders were identified through previous literature, and DAGs were used to 

determine minimal sufficient covariate adjustment set. In paper II, parental education 

and parental asthma were the only variables associated with both air 

pollution/greenness exposure and the respiratory outcomes, while in paper III 

grandparental education and grandparental asthma/rhinitis were identified as 

associated with both exposure and outcome and preceding them both in time. Education 

status was used as a proxy for socio-economic status, which may affect place of 

residence and consequently influence the air pollution and greenness exposures. 

External validity 

External validity is the generalizability of the results, and is the degree to which the 

results of a study apply to other populations (63). Requirements for high external 

validity are both high reliability and high internal validity, which consequently will 

lead to representability of other populations.  
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The main inclusion criteria in RHINESSA is that they must be offspring of the 

ECRHS/RHINE participants. As such, we cannot claim to have a sample of the general 

population in RHINESSA, and we cannot generalize results regarding prevalences to 

a general population. However, as outlined in the section on selection bias earlier in 

this thesis, exposure outcome associations may very well be valid for a general 

population even if prevalence estimates are not. We have no reason to believe that our 

results are only valid for subjects with parents who have participated in large health 

surveys. However, other characteristics of the study population are more important in 

this context and must be acknowledged with regard to generalizability. In paper I, we 

included adult offspring from all RHINESSA centres. This means that none of our 

results can be generalized to children below 18 years of age. Also, the parents’ age 

range yield restrictions for generalizability. No parents were older than 66 years. Thus, 

we cannot generalize our findings on parental recollection of offspring asthma status 

to older parents. It is possible that an 85-year-old person will have weaker recollection 

of details in his/her offspring’s health status than a 50-year-old person.  

In papers II and III, participants from centres other than the Norwegian and Swedish 

RHINESSA centres and participants born before 1975 were excluded due to non-

availability of address information. Both Norway and Sweden have well organized 

population registers where information can easily be extracted, but for the Swedish 

participants address information was only available from 1975 onwards. Although also 

some other countries, like Denmark and Iceland, have well-functioning population 

registries with detailed address information, data from these centres were unfortunately 

not available at the time of analyses. The Norwegian and Swedish participants included 

in the analyses of paper II and III form a relatively homogeneous study population with 

similar air pollution exposure levels. Consequently, we must refrain from generalising 

our results to other populations than Nordic populations with similar levels of air 

pollution exposures. Inclusion of all the 10 RHINESSA centres would have contributed 

to greater diversity and have given the opportunity to compare regions with different 

air pollution levels, i.e. high O3 levels in Australia and Spain versus low levels in the 

Nordic countries.   
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5.1.4 Missing data bias 

It is a frequent challenge in epidemiological studies that some participants lack 

information on some of the study variables (63). If not accounting appropriately for 

missing data in analyses, this may lead to bias and loss of precision (98). Unless the 

missing data are random, a highly selected study population is formed and selection 

bias is introduced. And even if the missing data are random, complete case analyses 

where participants with missing data are excluded will decrease the study population 

size and may lead to insufficient power. 

Missing data are usually classified into three different categories (63, 98): Missing 

completely at random (MCAR), missing at random (MAR) and missing not at random 

(MNAR). MCAR is when the probability of missing values is totally independent of 

both observed and unobserved values: when the missing data are missing purely by 

chance. An example may be that questionnaires have been lost in the mail, or that a 

small sample of a study population cannot be weighed because the fieldworker’s 

weight ran out of batteries. A variable is MAR if other variables in the dataset can be 

used to predict the missing on that variable, for instance can gender predict missingness 

of weight if men are more likely than women to report their weight. In this example, 

weight would be MAR. At last, MNAR is if the missing depends on unobserved and 

not observed data. In our studies, this could be the case if all smoking mothers had 

missing on the smoking questions because they were afraid their smoking reports 

would reveal they were exposing their children to passive smoking – or if all 

participants with only compulsory schooling refrained from answering the question 

about educational level.  

Complete case analyses can be an appropriate choice in some situations and give 

unbiased estimates if the variables are MCAR or if the proportion of missing data is 

very low (98, 113). In papers I and III, our study populations were sufficiently large to 

run compete case analyses without it negatively affecting power. In paper II, the study 

population for the clinical analyses with lung function was small, and we decided to 

perform analyses with imputation rather than complete case analyses to avoid 

unnecessary deletion of observations. Multiple imputation is a commonly used 
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approach to deal with missing data, where the purpose is to create several different 

plausible imputed data sets and combining them to create values that accounts for the 

uncertainty of the missing values (63, 98). We imputed using multivariate normal 

regression in Stata, under the assumption that the missing was MAR. We chose to 

impute with MAR as assumption to ensure appropriate handling of the missingness.  If 

missing was MCAR, both complete case analysis and multiple imputation are valid, 

while with MAR multiple imputation is valid. In other words, MCAR implies MAR, 

but MAR does not imply MCAR. 

5.1.5 Exposure measurement and assessment 

One of the main concerns in environmental studies is the measurement and assessment 

of exposures, since the quality of this is a critical factor for the study validity (63). 

Paper II and III in this thesis are unique with regard to the exposure assessment, which 

was based on complete individual geocoded residential moving history retrieved from 

population registers. This forms an exclusive source to unbiased exposure data in the 

Nordic countries, covering an impressing long time span. However, there are some 

issues of uncertainty concerning the calculations and the back-extrapolation of both air 

pollution and greenness. To estimate concentrations of the air pollutants for papers II 

and III, extrapolation formulas from LUR models were used. The exact accuracy of the 

assignments for our study centres is not known, even if validation studies from the 

ESCAPE project have shown that the model has satisfactory overall accuracy (78, 114). 

Furthermore, the LUR models do not encompass detailed exposure data on other 

sources of air pollution than traffic-related pollution, for instance pollution from 

residential wood combustion is not accounted for. Both traffic and wood combustion 

are primary sources of NO2 and PM and due to the strong correlation it can be hard to 

disentangle the independent effect of each of them. In papers II and III, results cannot 

be generalized to other sources of air pollution than traffic, and total exposures will 

presumably be underestimated. 
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5.2 Main findings and previous literature 

5.2.1 Asthma reports across generations 

To the best of our knowledge, no previous studies have addressed the agreement of 

generational reports on each other’s asthma status. Our findings suggest that offspring 

asthma status reported by parents and vice versa may be used as a proxy in the absence 

of direct reports. However, the agreement of parental reports of offspring early onset 

asthma was substantially higher than the agreement of parental reports of late onset 

asthma (Cohen’s kappa 0.72 and 0.46, respectively), which makes it debatable if 

parental reports of offspring late onset asthma may be used as a proxy. For the analyses 

in paper III, parental reports of offspring early onset asthma were used as outcome to 

ensure a high validity. Offspring rhinitis was the second outcome in paper III. Rhinitis 

was not included in the agreement analyses in paper I due to lack of information on 

offspring reported parental rhinitis. However, we do have information on parent-

reported offspring rhinitis. For further inspection, we have now performed additional 

agreement analyses comparing these parental reports of offspring rhinitis to offspring’s 

own rhinitis reports, following the same methodology as in paper I (Table 9).   

Table 9. Parameter estimates (95% CI) for Cohen's kappa, sensitivity, 
specificity, PPV and NPV for parental reported offspring rhinitis. N = 4067 
parents from RHINE/ECRHS and 5513 adult offspring from RHINESSA. 

1Agreement: when both parents and offspring answered the same (yes/yes or no/no). 2Disagreement: when 

parents and offspring answered differently (yes/no or no/yes). 

  

Agreement for parent-reported offspring rhinitis is lower than what was shown for 

early onset asthma in paper I a similar kappa statistic was found for mothers (Cohen’s 

kappa 0.53 for both), while the agreement of paternal reported rhinitis was notably 

better than for late onset asthma (Cohen’s kappa 0.50 and 0.36, respectively). In 

addition, the overall parental agreement appeared to be somewhat better for rhinitis 

than late onset asthma (Cohen’s kappa 0.52 versus 0.46). Cohen’s kappa for parent-

reported offspring rhinitis shows a moderate agreement, which indicates that parental 

reports can be used as a proxy in the absence of direct offspring reports – but should 

 Agreement1 

N (%) 

Disagreement2 

N (%) 

Cohen’s 

kappa 

Sensitivity (95% 

CI) 

Specificity (95% 

CI) 

PPV (95% CI) NPV (95% CI) 

Both parents 4507 (82) 1006 (18) 0.52 0.80 (0.77, 0.82) 0.82 (0.81, 0.83) 0.53 (0.50, 0.55) 0.94 (0.93, 0.95) 

Mother 2545 (82) 562 (18) 0.53 0.78 (0.75, 0.81) 0.83 (0.81, 0.84) 0.56 (0.53, 0.59) 0.93 (0.92, 0.94) 

Father 1962 (82) 444 (18) 0.50 0.81 (0.77, 0.85) 0.82 (0.80, 0.83) 0.49 (0.45, 0.52) 0.95 (0.94, 0.96) 
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be used with caution. With a higher kappa, like for early onset asthma, the validity in 

paper III would be higher. 

Several predictors were found to be associated with discrepant answers across 

generations in paper I. In a previous study regarding bias of self-reported asthma, 

smoking habits were not associated with misclassification of own asthma status (109). 

This was not a generational study, but it is nevertheless noteworthy that the results 

contradict with our findings that smoking parents more often than non-smoking parents 

reported offspring asthma incorrectly. Our findings may be explained by non-smokers 

being more aware of both their own and their relatives’ health (115). 

As an extension to the additional analyses of agreement between parental reports of 

offspring rhinitis and offspring’s own rhinitis reports, we explored which 

characteristics that were associated with discrepant rhinitis reports (Table 10). In 

univariate analyses, the following parental characteristics were identified as potential 

predictors: lower educational level, diabetes, COPD, rhinitis, wheeze and nocturnal 

attack of cough. In multivariate analyses, however, only two predictors were 

significantly associated with reporting offspring rhinitis incorrectly: parental primary 

school education and parents’ own rhinitis. Adults with lower levels of education are 

more likely to have unhealthy habits (116), e.g. smoke, lack of exercise and an 

unhealthy diet, and may have decreased awareness about health issues compared with 

adults with higher education. That parents with their own rhinitis diagnosis are more 

likely to report offspring rhinitis incorrectly was unexpected, but one can speculate that 

the offspring diagnosed with rhinitis in our study population have few symptoms or 

that the rhinitis has developed after they grew up and moved away from home. 

Unfortunately, we did not have any data on age of onset for rhinitis in the RHINESSA 

study, so we could not further elaborate on this hypothesis. 
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Table 10. Odds ratios for discrepant answers in parent’s rhinitis reports, 
univariate and multivariate logistic regression analysis. 

Predictor Univariate analyses Multivariate analyses1 

 OR (95%CI) p OR (95%CI) p 

Gender 0.98 (0.85, 1.12) 0.727   

Age 1.01 (1.00, 1.02) 0.090   

Smoking     

Current smoker  1.00    

Never smoker 0.93 (0.76, 1.14) 0.511   

Ex-smoker 1.07 (0.87, 1.32) 0.523   

Education     

College/university 1.00  1.00  

Primary school 1.25 (1.01, 1.55) 0.039 1.30 (1.03, 1.62) 0.024 

Secondary school 1.11 (0.95, 1.28) 0.178 1.10 (0.94, 1.29) 0.223 

Comorbidity     

Hypertension 1.02 (0.87, 1.20) 0.786   

Stroke  1.22 (0.74, 2.00) 0.440   

Ischemic heart 0.99 (0.66, 1.48) 0.943   

Diabetes 1.40 (1.01, 1.94) 0.042 1.37 (0.98, 1.92) 0.064 

COPD 1.55 (1.04, 2.32) 0.031 1.38 (0.90, 2.12) 0.141 

Serious childhood infection <5years 1.09 (0.99, 1.20) 0.071   

Rhinitis 1.49 (1.29, 1.72) <0.001 1.42 (1.12, 1.68) <0.001 

Severity of asthma     

Wheeze 1.20 (1.02, 1.42) 0.030 1.09 (0.91, 1.32) 0.348 

Wheeze with shortness of breath 1.20 (0.98, 1.47) 0.086   

Awoken with tightness in chest 1.06 (0.84, 1.33) 0.628   

Awoken with attack of breathlessness 1.31 (0.98, 1.75) 0.070   

Awoken with attack of cough 1.46 (1.05, 2.03) 0.024 1.20 (0.83, 1.73) 0.326 

Currently taking asthma medication 1.23 (0.98, 1.54) 0.074   
1Adjusted for all predictors that were significant in the univariate analyses as well as for study centre and sibling 

status. 

 

5.2.2 Lung health after exposure to air pollution and greenness in 
one generation 

Our detailed individualized lifelong exposure calculations for both air pollution and 

greenness are unique. To our knowledge, no previous studies have examined equally 

long exposure time, meaning up to 30 years, and associations of air pollution and 

greenness with asthma, rhinitis and lung function. 

Our study did not reveal any associations of air pollution and greenness with increased 

risk for neither general physician diagnosed asthma nor allergic asthma, when 

analysing cumulative exposures from birth up to age of asthma diagnosis. As reviewed, 

several studies have addressed the effects of exposure to air pollution on childhood and 

adolescent asthma, but with various results. Two of the studies did not reveal any 

effects on asthma (29, 39), which is in line with our study. One of these null-finding 
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studies was conducted in Oslo (1992-2002), thus with comparable exposure levels to 

our studies, and the lack of associations with asthma diagnosis may be because higher 

levels of air pollution exposures are needed than the levels we observed for our study 

population (29). We observed associations with both asthma attacks, rhinitis and low 

lung function, consequently the pollution levels were obviously high enough to lead to 

harmful health effects. But there is a possibility that even higher levels are needed for 

it to be associated with a physician diagnosis of asthma, in particular since the exposure 

time for asthma diagnosis is shorter than for the other outcomes. While asthma attack, 

rhinitis and low lung function was reported and measured at the time of participation 

in the study (with mean age 28 years, ranging from 18 to 40), asthma diagnosis was 

related to considerably younger ages: 53% of the asthmatics got their diagnosis before 

the age of 10 years, and as many as 90% of the asthmatics got their diagnosis before 

the age of 19 years. It is important to bear in mind that in Sweden and Norway air 

pollution levels are relatively low, and therefore it is likely that the exposure time must 

be longer here than in high-exposure areas like for instance Poland or China to trigger 

disease.  

Several recent studies have, unlike our results, revealed associations of air pollution 

exposure and asthma. One study of a Dutch birth cohort investigated age-specific 

associations of exposure to air pollution with asthma development during the transition 

from childhood and adolescence into young adulthood (117), and found higher 

incidence of asthma until age 20 years with higher exposure to NO2, PM10, PM2.5 and 

PM2.5 absorbance at birth address. An American study found a decrease in asthma 

incidence with reductions of NO2 and PM2.5 levels among participants aged 10-18 years 

in California, but did not reveal any associations for O3 or PM10 (118).  

In our study, we had particular focus on the susceptibility windows up to 18 years of 

age, due to the hypothesis that the lungs are most vulnerable during the years of 

development and we wanted to explore the effects of exposures in this period. 

However, disentangling different susceptibility windows for when exposures have the 

largest effect on adult outcomes was difficult due to the majority of participants not 

changing place of residence during their childhood and adolescence. Even if we did 
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observe slightly larger and more significant effect estimates in the 10-18 years window 

than in the 0-10 year window, the differences were too small for us to draw conclusions 

with any certainty. Hence, it is hard to point out one window to be more important than 

the other based on our results and we therefore encourage future studies to further 

explore this.  

Lack of observed significant associations could perhaps also be due to not stratifying 

by sex. One could argue that our analyses should have been stratified by sex due to 

gender differences in effects of exposures on lung health. It has been suggested that 

women are more susceptible than men to adverse effects of cigarette smoking (119). 

Women have smaller airways than men, and the same amount of exposure will because 

of this perhaps have a relatively stronger effect on women. With a larger study 

population, it would be interesting to look further into possible sex-specific 

associations, but with the large number of analyses in our study as well as the somewhat 

limited sample size (especially for the clinically examined subpopulation), we 

prioritized to optimize statistical power and chose not to stratify by sex.  

Regarding lung function in our study, we revealed somewhat unexpectedly that 

higher exposure to greenness was a risk factor for low FEV1 and FVC. This is in 

contrast with a recent publication from the UK Avon Longitudinal Study of Parents 

and Children (ALSPAC) birth cohort, which found evidence for a better lung 

function up to 24 years of age for children with residential addresses in more 

vegetated places or in proximity of green spaces (120). The ALSPAC study 

registered air pollution exposures at birth and at ages 8, 15 and 24 years. Another 

study, emanating from the ECRHS, revealed that higher greenness was associated 

with higher FEV1 levels (121), but no beneficial longitudinal associations between 

lung function change and greenness were detected. In fact, FVC decline was steeper 

with increasing greenness although numbers were modest: 1.8 ml decline per year per 

0.2 change in NDVI.  

Even if many studies confirm the beneficial effects of greenness to respiratory health, 

our observed association between greenness and lower lung function may not be as 
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implausible as first envisaged. A nation-wide cross-sectional study in China recently 

found that neighbourhood greenness was a significant risk factor for COPD (122). 

The authors hypothesized that plants emit various kinds of VOCs, and that some 

species of VOCs may lead to reduced lung function. Also, another aspect of 

greenness may be negative in a health perspective. Airborne pollen has been linked to 

hospital admissions and impaired health (123), and may hinder the beneficial effects 

of greenness.   

We defined impaired lung function as lung function below LLN, based on reference 

values from GLI with LLN defined as a z-score <1.64 SD. Some of the more recent 

studies addressing lung function have used similar z-scores (120), while other studies 

have used percent predicted lung function or used litres as measure (28, 36). For further 

in-depth investigation of our results, additional analyses of lung function expressed in 

percent predicted and in litres were performed (Appendix D and E). Regarding lung 

function analyses expressed in litres, we did not reveal any associations with the air 

pollutants or greenness within the 300 m buffer zone. For the additional NDVI buffer 

zones, however, we found associations for FEV1 (1000m buffer, mean life exposure) 

and FEV1/FVC ratio (100m buffer, 0-18 years, 10-18 years and mean life exposure). 

For percent predicted lung function, a reduction of 2-4% of predicted FEV1 was found 

in all susceptibility windows per 10-μg/m3 increase in PM2.5 exposure, and a reduction 

of 2% predicted FEV1 per 10-μg/m3 increase in NO2 exposure for all periods except 0-

10 years. In addition, a reduction of 3% per 10-μg/m3 increase in PM10 exposure was 

found for the period 0-18 years. For predicted FVC, we revealed a reduction of 2-4% 

for exposure to PM2.5 and PM10 for all time periods. For predicted FEV1/FVC-ratio we 

found that each 0.1 unit increase in exposure to NDVI (300m) in the period 10-18 years 

was associated with a ratio decrease of 0.6%. Greenness was not associated with any 

of the other outcomes. 

These additional results show that the initially observed associations between increased 

greenness and lower lung function were not dependent on our definition of low lung 

function, the associations were present also for lung function in absolute values and in 

percent predicted. 
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5.2.3 Lung health after exposure to air pollution and greenness 
across generations 

Due to our unique exposure data, we were able to investigate preconception exposure 

in parents’ childhood and adolescence (0-18 years) in relation to asthma and rhinitis in 

their future offspring.  

In this study, we revealed that maternal PM10 and PM2.5 exposure increased the risk of 

offspring asthma, while rhinitis risk increased for offspring of fathers exposed to O3 

and mothers exposed to PM10.  

In addition, an apparently protective association between paternal BC exposure and 

offspring early onset asthma was revealed, which is also in line with one of the findings 

in paper II where exposure to BC was associated with lower risk of non-allergic asthma. 

The reasons for these unexpected findings are not clear, but high correlations between 

pollutants may play a role in the challenge of disentangling the long-term health effects 

of pollutants. This is supported by the fact that in single pollutant models in paper II of 

the odds ratio for BC exposure with regard to non-allergic asthma was very close to 1 

(OR 0.98 (95%CI 0.94-1.03)). 

Another aspect of uncertainty that may have played a role is the use of spatial LUR 

models and the back- and forward extrapolation for the periods before 1990 and after 

the model years that may have impacted the analysed pollutants differently depending 

on their source. The pollution exposures calculated closest to the model years have the 

best prediction, while the extrapolation depends on how much the emission landscape 

has changed during the years not covered (124). We do not suspect this to be a problem 

in the forth-extrapolation (using the 2010 models to extrapolate to the years up to 

2015), but extrapolating back to 1975 based on 1990 formulas may pose a problem. 

There is reason to believe that exposures to several pollutants were higher in the 1970s 

in Europe, with a downward trend from the 1980s (125). Consequently, the exposures 

in the 1970s and 1980s may be lower in our analyses than what they actually were. 

Together with a potential lack of statistical power, in particular regarding analyses of 

the paternal line, this may have resulted in an under-estimation of negative health 

effects of pollution. 
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Overall, we observed more associations in the maternal line than in the paternal line. 

Another study, although not directly comparable due to different exposures, found 

fathers’ smoking before conception to be a risk factor for asthma in his future offspring 

(66). One could hypothesize that for men, the exposure must be quite strong to make 

the epigenetic leap across generations. Active cigarette smoking will in this regard 

represent a higher exposure dose than air pollution exposure, especially in the Nordic 

countries with relatively low air pollution levels.  For women, on the other hand, one 

could envisage that preconception exposure interacts with exposure during pregnancy, 

and that the exposure dose needed to trigger harmful health effects in the next 

generation therefore may be smaller in women than in men. For some outcomes, this 

is likely important. As reported from paper III, the effects of maternal air pollution 

exposures with regard to offspring rhinitis were mediated by exposures during 

pregnancy. However, for some outcomes, pregnancy exposures are not necessarily the 

reason why maternal preconception exposures seem relevant. In paper III, the maternal 

preconception exposure effects on offspring asthma were direct and not mediated 

through pregnancy exposures.  
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6. Conclusions 

The overall objective of this PhD project was to investigate how air pollution and 

greenness affect lung health over time and across generations. This objective was 

addressed through three scientific papers. To ensure optimal data quality, paper I in 

this project focused on investigating the agreement of asthma reports by offspring and 

parents in the RHINESSA generation study. With the reassurance from paper I that 

offspring outcomes reported by parents are a valid proxy for direct reports from the 

offspring themselves, we moved on to investigating how air pollution and greenness 

affects lung health over time and across generations in papers II and III. Overall, results 

from this PhD project show that long-term air pollution exposures increase the risk of 

asthma-related outcomes later in life and even in the next generation, while results 

regarding long-term exposures to greenness are less consistent and need further 

investigations. 

6.1 Asthma reports across generations 

Agreement between self-reported asthma and asthma reported by family-members was 

moderate to good, although with some risk of under-report. Agreement was higher for 

parental reports of offspring early onset asthma than for offspring late onset asthma. 

Smokers and fathers were more likely to report offspring asthma incorrectly, while 

offspring wheeze was associated with incorrect reports of parental asthma status. 

Overall, asthma reports across generations may be used as a proxy in the absence of 

direct reports, and may be of particular importance in epidemiological studies where 

information regarding several generations is not directly available. 

6.2 Lifetime exposure to air pollution and greenness 

Lifelong air pollution exposure was associated with asthma attacks (NO2, PM10 and 

O3), rhinitis (NO2) and low lung function (PM2.5 and O3) in adulthood. No associations 

were found for asthma diagnosis. Exposure to greenness was associated with FEV1 and 

FVC below the lower limit of normal, but not with asthma attacks, rhinitis or asthma 
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diagnosis. Disentangling the importance of the susceptibility windows was not feasible 

due to stable residential patterns, but the results suggest that all the investigated 

exposure windows are of importance for adult lung health. The results confirm that air 

pollution exposures are associated with respiratory outcomes one year later, and 

suggests that also air pollution exposure in childhood and adolescence increases the 

risk of poor lung health in adulthood. 

6.3 Preconception exposure to air pollution and greenness 

This study suggests that exposure to air pollution may have harmful effects even across 

generations. Maternal childhood air pollution exposure was associated directly with 

early onset asthma in future offspring (PM2.5 and PM10). There was also an association 

between maternal childhood exposure to PM10 and offspring rhinitis, but this effect was 

partly mediated through offspring’s own childhood exposure and exposure during 

pregnancy. Offspring with fathers who had been exposed to O3 had higher risk of 

rhinitis, while results regarding fathers and other pollutants in association with the 

outcomes were inconclusive. Overall, parental exposure to air pollution appears to 

influence the risk of asthma and allergies in future offspring.  
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7. Future perspectives 

With this thesis we have added new insights to the current knowledge on lifetime and 

cross-generational effects of air pollution and greenness on respiratory health, with 

truly long-term air pollution and greenness exposures and even analyses of the effects 

of preconception exposures on future generations. We revealed that long-term air 

pollution exposures were associated with increased risk of asthma-related outcomes 

later in life and in the next generation. Less clear associations were found regarding 

long-term exposure to greenness. 

The impact of exposures in utero and early childhood with regard to subsequent health 

and susceptibility to disease, has received increasing interest over the past decades. 

Currently, emerging research focuses on the possibility of susceptible time windows 

even before conception. To investigate this properly, we need data from generation 

cohorts. When such data is not available, our results revealed that health reports on 

behalf of the generations below or above show a moderate to good agreement and may 

be used as a proxy in the absence of direct reports.   

The scientific input from this thesis is an important contribution to policy makers and 

city planners to increase the awareness of the long-term effects of air pollution and 

greenness. Although further research is warranted to entirely understand the complex 

underlying interactions between air pollution and greenness and respiratory health, 

results from this thesis suggest that existing international limit values for air pollution 

exposure are in fact too high, and that even lower levels of pollution exposures may 

have harmful health effects in the population. 

Although the present thesis is a valuable contribution to this field of knowledge, and 

although it will hopefully have an impact on policy making and international 

recommendations, more knowledge is still needed. In that regard, this thesis may serve 

as a platform that future research can build upon. Specifically, a better understanding 

of the underlying epigenetic mechanisms can contribute to disentangling the 

contribution of different susceptibility windows and increase our knowledge of the 

interaction between genes and environmental factors in the development of respiratory 
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disease. Future studies should focus on this and include not only questionnaire data and 

spirometry, but also cord-blood to investigate the epigenetic mechanisms through fetal 

and parental DNA methylation and samples from later ages to assess potential 

persistent epigenetic signals. 
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Appendix A. Questionnaire from the RHINE study.  





Institutt for indremedisin
Seksjon for lungemedisin



  1. Have you had wheezing or whistling in your chest at any time 
 in the last 12 months? !  No    !  Yes           

  If NO go to question 2, if YES:

      1.1   Have you been at all breathless when the wheezing noise was present? !  No    !  Yes  

      1.2   Have you had this wheezing or whistling when you did not have a cold? !  No    !  Yes  

  2. Have you woken up with a feeling of tightness in your chest at any time 
 in the last 12 months? !  No    !  Yes   

  3. Have you been woken by an attack of shortness of breath at any time 
 in the last 12 months?  !  No    !  Yes  

  4. Have you been woken by an attack of coughing at any time 
 in the last 12 months?  !  No    !  Yes  

  5. Have you had an attack of asthma in the last 12 months?  !  No    !  Yes  

  6. Are you currently taking any medicine (including inhalers, aerosols 
 or tablets) for asthma? !  No    !  Yes

  7. Do you have any nasal allergies including hay fever?  !  No    !  Yes  
 
  8. Do you have any nasal allergies including hay fever?  ............/............/....................

  9. What is today’s date? ............/............/....................

10.  Are you male or female   !  Male        !  Female

11.  How tall are you?   .................... cm
                          
12.  How much do you weigh?   .................... kg          

13.  In recent years, have you been troubled by a protracted cough? !  No    !  Yes  
 
14.  Do you usually bring up phlegm or do you have phlegm 
 in your lungs which you have difficulty bringing up? !  No    !  Yes  
  
  If NO go to question 18, if YES:

15. Do you bring up phlegm in this way almost every day 
 for at least three months every year? !  No    !  Yes
  
  If NO go to question 18, if YES:

16. Have you had periods of this kind for at least two years in a row? NO YES
  
  If NO go to question 18, if YES:

17. How old were you when these problems began? ............... years

Airways symptoms
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18. Are you a smoker (this applies even if you only smoke the odd 
 cigarette/cigar or pipe every week)? !  No    !  Yes           

19. Are you an ex-smoker?

 If NO to question 18 and 19 go to question 20, if YES:

 19.1 Smoke/smoked  .........cigarettes/day

  .........cigars/week

  .........pkts pipe tobacco/week

 How old were you when you started smoking?  .............(age)

 Smoked for ..............years (applies to both smokers and ex-smokers)

 Stopped smoking in..............(year)

20.  Do you have or have you ever had asthma?  !  No    !  Yes

  If NO go to question 24, if YES:

21.  Have you ever had asthma diagnosed by a doctor?  !  No    !  Yes
    
22.  How old were you when you first experienced asthma symptoms?   ................ years          

23.  In which year did you last experience asthma symptoms? 19......../ 20........   
 
24.  Has a doctor ever told that you have COPD (BOLD) !  No    !  Yes  

25. Have you ever had wheezing or whistling in your chest? !  No    !  Yes
 
 25.1  If ”Yes”, how old were you when you first noticed  wheezing or 
  whistling in your chest?  ................ years     
     
 25.2.   If ”Yes”, when was the last year you noticed wheezing and 
  whistling in your chest? 19......../ 20........
 
26. Have you ever experienced nasal symptoms such as nasal congestion, 
 rhinorrhoea (runny nose) and/or sneezing attacks without having a cold? !  No    !  Yes

  If NO go to question 25, if YES:

 26.1 How old were you when you experienced them for the first time? ................ years  
 
 26.2  Have you had these kind of nasal symptoms in the last 12 months? !  No    !  Yes

 26.3  At which time of the year are your nasal symptoms worst? 

 Spring Summer  Autumn Winter Always Don’t know

 ! ! ! ! ! !

Smoking habits

Upper and lower airways
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27. Has your nose been blocked for more than 12 weeks during the last 
 12 months? !  No    !  Yes   

28. Have you had pain or pressure around the forehead, nose or eyes       
 for more than 12 weeks during the last 12 months? !  No    !  Yes  

29. Have you had discoloured nasal discharge (snot) or discoloured mucus          
 in the throat for more than 12 weeks during the last 12 months? !  No    !  Yes  
  
30. Has your sense of smell been reduced or absent for more than 
 12 weeks during the last 12 months? !  No    !  Yes

31.  In which type of accommodation do you live?

 Detached house Semidetached or terraced house Apartment Other 

 ! ! ! !
32 When did you move to your current home?  19 .........
 
33. How many hours per day do you spend in your home most days? Approx. …........ hours/day
 
34. Does tobacco smoking take place in your present home? 
 
 Yes Yes, frequently Yes, sometimes No
 every day 1-4 times/week 1-3 times/month never

 ! ! ! !
35. Have any of the following been identified in your home during the past 12 months:

 35.1 *Water leakage or water damage indoors in walls, floor or ceilings !  No    !  Yes

 35.2 *Bubbles or yellow discoloration on plastic floor covering, or  
  black discoloration of parquet floor  !  No    !  Yes
 
 35.3 *Visible mould growth indoors on walls, floor or ceilings. !  No    !  Yes

36. Have you seen any signs of damp, water leakage or mould in your home 
 at any time during the past X years?  !  No    !  Yes 

   
37. Have you seen any signs of damp, water leakage or mould in your 
 workplace at any time during the past X years? !  No    !  Yes

38. Is your bedroom window towards a nearby street (<20 m)?

  !   No

  !   Yes a street with little traffic

  !   Yes a street with moderate traffic

  !   Yes a street with much traffic

In-door and out-door environment
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39. Can you in your bedroom hear traffic noise? !   Not at all

  !   A little

  !   Much

  !   Very much 

40.  How much time do you usually spend walking or travelling along 
 streets with busy traffic a typical weekday?    Approx …....... minutes/day

41. What is your marital status? (more than one alternative may be true)

 !  1.Single 

 !  2 Currently married 

 !  3 Cohabitating 

 !  4 Separated or divorced 

 !  5 Widowed 

 !  6 Do not wish to answer 

42. Please mark the educational level which best describes your level:

 !  1) Primary school

 !  2) Lower or upper secondary school,  
           or technical school

 !  3) College or university

43. Are you currently working? !  No    !  Yes                                              

44..  Which is your current or most recent work or occupation?

 …….................……................................................................................

        How many years have you worked or did you work in this occupation? ............…years 

45.  We assume that your work ability, when it was as best, was 100 percent. 
 How would you rate your current work ability, expressed in percent? ..................... %

Marital status

Marital status

Occupation and work
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46. Have you ever changed job because the job affected your breathing? !  No    !  Yes

 46.1 If ”Yes”, in which years?  ..........................
 
 46.2 If ”Yes”, from which occupation/job did you change? (could be several) ..........................

47. Have you ever changed job because of hayfever or nasal symptom !  No    !  Yes

 47.1 If Yes, in which years? ..........................
 
 47.2 If ”Yes”, from which occupation/job did you change? (could be several) .......................... 
    

48 Have you ever changed job because of other health problems/diseases? !  No    !  Yes

 48.1 If Yes, in which years? ..........................

 48.2 If ”Yes”, which occupation/job did you change from? (could be several) ..........................

49. Have you ever worked as a painter? !  No    !  Yes

 If “Yes”, between which years? ..........................

50. Have you ever worked as a cleaner? !  No    !  Yes

 If “Yes”, between which years? ..........................

51. Have you been reporting any days of sick leave during the last 12 months? !  No    !  Yes

 51.1  If yes, how many days have you been on sick leave?

 !  1 – 7 days         !  8-30 days         !  31 days – 90 days         !  More than three months

52. Have you been reporting any days of sick leave because of breathing 
 problems during the last 12 months? !  No    !  Yes

 52.1 If yes, how many days have you been on sick leave for breathing problems?

 1 – 7 days 8-30 days  31 days – 90 days More than three months

 ! ! ! !

53. What term best describes the place you lived most of the time when you were under the age of  
 five years? 

 !  Farm with livestock  !  small town

 !  farm without livestock !  suburb of city 

 !  village in rural area  !  inner city

Childhood and family
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54. When you were a child, which of the following were regularly used for heating?  

 Open wood Coke or coal fire Paraffin Electricity Gas or oil fired boiler

 ! ! ! ! !

55. Did you have a serious respiratory infection before the 
 age of five years?  ! Yes       ! No      ! Don’t know

 

56.1. Did your father ever smoke regularly during 
   your childhood?  ! Yes       ! No      ! Don’t know

56.2  Did your mother ever smoke regularly during 
   your childhood?   ! Yes       ! No      ! Don’t know

56.3  Did other people (other than parents) smoke
   regularly at home during your childhood?  ! Yes       ! No      ! Don’t know

57. When you were a child, how often did you eat  fresh fruits?  

     Almost daily in
 Never Rarely Every week Almost daily the autumn season

 ! ! ! ! !

58. Did your biological parents ever suffer from any of the following:

 Mother (yes) Father (yes)

 Asthma ! !
 Chronich bronchitis, emphysema and/or COPD ! !
 Heart disease ! !
 Hypertension ! !
 Stroke ! !
 Diabetes ! !
 Cancer ! !
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59. Do you have children (including grown-up children)?   !  No    !  Yes

 If yes, how many? ............ children

Please write the years when your children were born, and tick “yes” if they have 
had any of the following:

The numbers mean 1: Never or almost never 4: 3- 5 nights/days a week
 2: Less than once a week 5: Almost every day or night
 3: once or twice a week
 
 

How often has it occurred in the last months:

60. that You snore loudly and disturbingly? 1 2 3 4 5

61. that You have heartburn or belching 
 when you have gone to bed?  1 2 3 4 5

62. that You have difficulty in getting to sleep at night? 1 2 3 4 5

63. that You wake up repeatedly during the night? 1 2 3 4 5

64. that You perspire heavily during the night? 1 2 3 4 5

65. that You feel drowsy in the daytime? 1 2 3 4 5

66. that You wake up too early and have difficulty
 in getting to sleep again? 1 2 3 4 5

Sleep and daytime symptoms
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� Child Birth year Asthma Asthma Hayfever/ Atopic
  of child before after rhinitis eczema/Skin
  (year) 10 year 10 years (yes) allergies
   (yes) (yes)  (yes)

1

2

3

4

5

6
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67. Have you ever had sleep apnoea diagnosed by a doctor? !  No    !  Yes

 If ”No” go to question  69, if ”Yes”:

 67.1 What year did you get the diagnosis of sleep apnoea? Year ...................

 67.2  If you are currently treated for sleep apnoea, what treatment do you have?

 !  CPAP

 !  Oral appliance (bite splint)

 !  Previous surgery in the throat or nose

 !  Others

68  How long time do you usually sleep per night?

 I usually sleep ..................hours and ...............minutes.

9

69.  Have ever had hypertension (high blood pressure) diagnosed by a doctor?  !  No    !  Yes

 If yes: 

 69.1 When did you get the diagnosis hypertension (high blood pressure)?  Year ...................

     69.2 Are you currently taking any medication for hypertension 
  (high blood pressure)? !  No    !  Yes

70.  Have you ever had stroke? !  No    !  Yes

    

       70.1 If you have had stroke, in which year was it? Year ...................

71.  Have you ever been treated in hospital because of heart infarction 
 or angina pectoris? !  No    !  Yes

      If yes:

 71.1 When were you treated (for the first time) at a hospital because 
  of heart infarction or angina pectoris? Year ...................

Other diseases



72. Have you ever had diabetes diagnosed by a doctor? !  No    !  Yes

 If yes:
  72.1 What year did you get the diagnosis diabetes? Year: .................

 72.2 What treatment are you currently using for diabetes? !  Insulin 
  !  Tablets
  !  Both insulin and tablets
  !  Only diet

 
73. Do you have or have you ever had ulcerative collitis? !  No    !  Yes

 73.1 If yes: how old were you when the disease started?  .................... years

74. Do you have or have you ever had Crohn’s disease? !  No    !  Yes

 74.1 If, yes, how old were you when the disease started? ......................years

75 Does your gum bleed when you brush your teeth? !  Always
  !  Often
  !  Sometimes  
  !  Rarely
  !  Never

76 How often do you usually brush your teeth?  !  2 times/day or more
  !  Once daily  
  !  Less than daily

77. How frequently do you exercise? (Give an average)

  Less than Once a 2-3 times Almost every
 Never once a week week a week day

 ! ! ! ! !
 77.1. If you do such exercise as frequently as once or more times a week: How hard do you  
  push yourself? (Give an average) 

  !  I take it easy without breaking into a sweat or losing my breath / 
  !  I push myself so hard that I lose my breath and break into a sweat / 
  !  I push myself to near-exhaustion

 77.2. How long does each session last? (Give an average)

 Less than 6-30 30 minutes  More than 
 15 minutes minutes to 1 hour 1 hour
 ! ! ! ! 

General health
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78. Body silhouettes
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In case we need to get in touch with you again please write your telephone number below

Telephone number: Daytime  ........................................................................................

 Evening .........................................................................................

THANK YOU FOR YOUR HELP

Information and contact conscent
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Lungehelseundersøkelsens  
Generasjonsstudie 

– translated «The lung health investigation’s Generation Study” 
Name chosen in order to be as similar as possible to  
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Airways symptoms and allergic symptoms           

1. Have you had wheezing or whistling in your chest at any time in the last 12 months? ☐No ☐Yes 

 

If NO go to question 2, if YES: 

1.1. Have you been at all breathless when the wheezing noise was present? ……   ☐No ☐Yes 

 

1.2. Have you had this wheezing or whistling when you did not have a cold?…………  ☐No ☐Yes 

 

2. Have you woken up with a feeling of tightness in your chest at any time 

 in the last 12 months? ………………………………………………………………………………       ☐No ☐Yes  

 

3. Have you been woken by an attack of shortness of breath at any time  

in the last 12 months? ………..        ☐No ☐Yes 

  

4. Have you been woken by an attack of coughing at any time in the last 12 months?… ☐No ☐Yes 

 

5. Have you had an attack of asthma in the last 12 months? …………………………………..  ☐No ☐Yes 

 

6. Are you currently taking any medicine (including inhalers, aerosols 

       or tablets) for asthma?......................................................................    ☐No ☐Yes 

7. Do you have any nasal allergies including hay fever?......................    ☐No ☐Yes 

 

8. What is your date of birth? (day/month/year)  ………………………….  ____dd ____mm_______yyyy 

 

9. What is today’s date? (day/month/year)  ……………………………  ____dd ____mm _______yyyy 

 

10. Gender      ☐Man   ☐Woman 

 

11. How tall are you? …………………………………………….  _______cm 

 

12. How much do you weigh? ……………………………………….. _______ kg 

 

13. In recent years, have you been troubled by a protracted cough?................................. ☐No ☐Yes 

 

14. Do you usually bring up phlegm or do you have phlegm 

 in your lungs which you have difficulty bringing up?     ☐No ☐Yes  

 

If NO to question 13 and 14 go to question 15, if YES: 

14.1. Do you cough or bring up phlegm in this way almost every day 

 for at least three months every year? ………..      ☐No ☐Yes 
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14.2. Have you had periods of this kind for at least two years in a row?   ☐No ☐Yes 

 

15. Do you have or have you ever had asthma?………………………………………………………..  ☐No ☐Yes 

 

If NO go to question 16, if YES: 

15.1. Have you ever had asthma diagnosed by a doctor?………………………………………  ☐No ☐Yes 

 

15.2. How old were you when you first experienced asthma symptoms?   _____years 

 

15.3. How old were you when you last experienced asthma symptoms?..........……..… _____years 

 

16. Has a doctor ever told you that you have chronic obstructive 

pulmonary disease (COPD)?         ☐No ☐Yes 

 

17. Have you been woken by an attack of shortness of breath at any time in the last 3 days? ☐No ☐Yes 

 

18. Have you been woken by an attack of coughing at any time in the last 3 days?  ☐No ☐Yes 

 

19. Have you had wheezing or whistling in your chest in the last 3 days?   ☐No ☐Yes 

 

20. Have you ever had wheezing or whistling in your chest?     ☐No ☐Yes 

 

If NO go to question 21, if YES:  

20.1 How old were you when you first noticed wheezing or 

whistling in your chest? …………………………………………………………………………………….           _____ years 

 

21. Have you ever experienced nasal symptoms such as nasal congestion, 

rhinorrhoea (runny nose) and/or sneezing attacks without having a cold?   ☐No ☐Yes 
 

If No go to question 22, if YES: 

21.1. How old were you when you experienced such nasal symptoms 

for the first time?         _____ years 
 

21.2. Have you had such nasal symptoms in the last 12 months?…………………………  ☐No ☐Yes 
 

21.3. Has this nose problem been accompanied by itchy or watery eyes?   ☐No ☐Yes 

 

21.4. In which months of the year did this nose problem occur? 

January / February …………………… ☐    

March / April …….…………………… ☐ 

May / June……………………………….. ☐ 

July / August ………………………… ☐  

September / October……………. ☐ 
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November / December…………… ☐ 

             

22. Have you ever had eczema or any kind of skin allergy?     ☐No ☐Yes 

 

If NO go to question 23,if YES: 

22.1. How old were you when you first had eczema or skin allergy?                               ______ years 

 

23. Have you ever had an itchy rash that was coming and going for at least 6 months?  ☐No ☐Yes 

 

If NO go to question 24, if YES: 

23.1. Have you had this itchy rash in the last 12 months?     ☐No ☐Yes 

 

23.2. Has this itchy rash at any time affected any of the following places:  

the folds of the elbows, behind the knees, in front of the ankles, under the buttocks 

or around the neck, ears or eyes?       ☐No ☐Yes 

 

23.3. Has this itchy rash affected your hands at any time in the last 12 months?  ☐No ☐Yes 

 

24. Have you ever had an illness or truoble caused by eating a particular food or foods? ☐No ☐Yes 

 

If NO go to question 25, if YES: 

24.1. Have you nearly always had the same illness or trouble after eating this  

type of food?                    ☐No ☐Yes 

 

 If NO go to question 25, if YES: 

24.2. What type of food was this (list up to three foods)? 

 

_________________________________________________________________________ 

 

24.3. Did this illness or truoble include: 

24.3.1. a rash or itchy skin?        ☐No ☐Yes 

24.3.2. diarrhea or vomiting?        ☐No ☐Yes 

24.3.3. runny or stuffy nose?        ☐No ☐Yes 

24.3.4. severe headaches?        ☐No ☐Yes 

24.3.5. breathlessness?        ☐No ☐Yes 
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24.4. How soon after eating this food did/do you get the first sympoms? 

Less than half an 
hour 

½ - 1 hour 1-2 hours  2-4 hours  More than 4 
hours 

☐ ☐ ☐ ☐ ☐ 

 

24.5. How old were you when you first had this attack?      _______years 

 

24.6. How old were you when you last had this attack?      ______years  

 

Smoking habits 

25. Do you smoke? (this applies even if you only smoke the odd cigarette/cigar or pipe  

every week)          ☐No ☐Yes 

 

26. Did you smoke previously?………………………………………………………………………………………        ☐No ☐Yes 

 

If NO to question 25 and 26 go to question 27, if YES: 

 

26.1. How much do or did you smoke? (give an average)       

Cigarettes/day Cigars/week Pkts pipe tobacco/week 

   

  

26.2. How old were you when you started smoking?     _______ years 

 

26.3. For how long have you smoked? (applies to both  

smokers and ex-smokers)      _______ years 

 

26.4. If you are an ex- smoker, how old were you  

when you stopped smoking?      _______years  

 

27. Do you use moist snuff, nicotine patches, or other products containing nicotine?  ☐No ☐Yes 

 

28. Did you use moist snuff, nicotine patches,  

or other products containing nicotine previously?      ☐No ☐Yes 

 

If NO to question 27 and 28 go to question 30, if YES: 
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29. What kind of nicotine-containing product do /did you use? 

29.1. Moist Snuff         ☐No ☐Yes 

 

If you use/have used moist snuff: 

 

29.1.1. How old were you when you started using moist snuff?    _______ years 

29.1.2. For how long have you been using moist snuff? (applies to both  

 current users and past users)       _______ years 

29.1.3. If you did use moist snuff previously, how old were you when you stopped using it?  

           _______ years  

 

29.2. Nicotine patches/ gum /tablets       ☐No ☐Yes 

If you have been using nicotine patches/gum/tablets:  

29.2.1. For how long have you used nicotine patches/gum/tablets:   ______ months 

             

Childhood and family 

 

30. What term best describes the place you lived most of the time before the age of 5 years?                  

(tick one box only) 

Farm with 
livestock 

Farm without 
livestock 

Village in rural 
area 

Small town Suburb of city Inner city 

☐ ☐ ☐ ☐ ☐ ☐ 

  

30.1. What term best describes the place your father lived as a child? (tick one box only)    

 

Farm with 
livestock 

Farm without 
livestock 

Village in rural 
area 

Small town Suburb of 
city 

Inner 
city  

Don’t 
know 

☐ ☐ ☐ ☐ ☐ ☐ ☐ 

 

30.2. What term best describes the place your mother lived as a child? (tick one box only)   

   

Farm with 

livestock 
Farm without 
livestock 

Village in rural 
area 

Small town Suburb of 
city 

Inner 
city  

Don’t 
know 

☐ ☐ ☐ ☐ ☐ ☐ ☐ 
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30.3. What term best describes the place your grandparents’ lived as a child? ( tick one box for each 

grandparent)          

 Farm Village in rural area Small town Inner city Don’t know 

Father’s father ☐ ☐ ☐ ☐ ☐ 
Father’s mother ☐ ☐ ☐ ☐ ☐ 
Mother’s father ☐ ☐ ☐ ☐ ☐ 
Mother’s mother ☐ ☐ ☐ ☐ ☐ 

   

31. How many persons, including yourself, lived in your home when you were 5 years old 

 (where you lived most of the time)?      (number)…………… 

32. Did you have a serious respiratory infection before the age of five years?....☐No ☐ Yes ☐ Don’t know 

 

33. Did your father ever smoke regularly during your childhood?   …………………☐No ☐ Yes ☐ Don’t know 

 

34. Did your mother ever smoke regularly during your childhood? …….………….☐No ☐ Yes ☐ Don’t know 

 

If NO / DON’T KNOW go to question 35, if YES: 

34.1. Did your mother smoke when she was pregnant with you?  ☐No ☐ Yes ☐ Don’t know 

 

35. Did other people (other than parents) smoke  

regularly at home during your childhood?..................................................    ☐No ☐ Yes ☐ Don’t know 

 

 

36. How often did you take cod liver oil when you were a child?  (tick one box only) 

Never Rarely Every week Daily 

☐ ☐ ☐ ☐ 

       

37. How often did you eat fresh fruits and berries when you were a child? (tick one box only)         

Never Rarely Every week Almost daily Almost daily in 
the autumn 

season 

☐ ☐ ☐ ☐ ☐ 

 

38. How often did you eat potatoes or vegetables that you or your family had cultivated when you were a 

child? (tick one box only) 

Never Rarely Almost weekly in the 
growing season 

Almost daily in the 
growing season 

☐ ☐ ☐ ☐ 
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39. Was there a cat in your home? 

39.1. During your first year of life        ☐No ☐ Yes ☐ Don’t know 

39.2. When you were aged 1 to 4 years       ☐No ☐ Yes ☐ Don’t know 

39.3. When you were aged 5- 15 years       ☐No ☐ Yes ☐ Don’t know 

 

40. Was there a dog in your home?   

40.1. During your first year of life       ☐No ☐ Yes ☐ Don’t know 

40.2. When you were aged 1 to 4 years      ☐No ☐ Yes ☐ Don’t know 

40.3. When you were aged 5- 15 years      ☐No ☐ Yes ☐ Don’t know 

 

41. What was the highest level of education your mother has/had? (tick one box only) 

 Primary school (up to the minimum school leaving age)….………………….. ☐  

 Secondary school / technical school (past the minimum age)…….….…... ☐ 

 College or university ………………………………………………………………….…….... ☐ 

42.  What was the highest level of education your father has/had? (tick one box only) 

 Primary school (up to the minimum school leaving age)….………………….. ☐  

 Secondary school / technical school (past the minimum age)…….….…... ☐ 

 College or university ………………………………………………………………….…….... ☐ 

 

 

43.  Did your biological parents ever suffer from any of the following: 

 

 Mother (tick box if YES) Father (tick box if YES) 
Asthma ☐ ☐ 
Chronich bronchitis, emphysema and/or COPD ☐ ☐ 
Heart disease ☐ ☐ 
Hypertension ☐ ☐ 
Stroke ☐ ☐ 
Diabetes ☐ ☐ 
Cancer ☐ ☐ 
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44. Do you have any biological children?       ☐No ☐ Yes   
  

If NONE go to question 45, if you have (had) biological children: 

44.1. How many children?       NUMBER_____________ 

 

44.2. Please write the years when your biological children were born, and tick “YES” if they have had any of 

the following: 

 

 Year of 
birth 

Girl/ boy Asthma 
before 10 

years 

Asthma after 
10 years 

Hayfever/ 
Rhinitis 

Atopic eczema/ 
skin allergies 

Child 1       

Child 2        

Child 3        

Child 4        

Child 5        

Child 6        

 

  



Side 10 av 22 
 

Education and occupation 

  
45. Please mark the educational level which best describes your level: (tick one box only))    

Primary school  …………………….………………….……………………………………….…………...…☐ 

Secondary school/technical school………………………………………………….……….…....…☐ 

College or University ………………………....…….…..………………………………….………………☐        

46. Which is your current or most recent work or occupation?  

 

Employed Self- employed Homemaker Student Unemployed Other 

☐ ☐ ☐ ☐ ☐ ☐ 

 

 

47. Do you currently have /have you ever had paid work?......................................................... ☐No ☐Yes 

Please do not include occupations of shorter duration than three months.  

Please do include part time jobs of 20 or more hours per week.  

If NO go to question 54, if YES: 

 

48. Which is your current or most recent work or occupation? (please use capital letters) 

 

………………………………………………………………………………………………………………………………………………………………….. 

 

48.1. How many years have you worked / did you work in this occupation?                           …………..years 

 

49. Does being at your current workplace ever cause breathing problems 

 (chest tightness, wheezing, coughing)?       ☐No ☐Yes 

 

50. In your current job, are you regularly exposed to vapours, gas, dust or fumes?  ☐No ☐Yes 

 

51. Have you ever changed job because the job affected your breathing?……………………………… ☐No ☐Yes 

 

52. Have you ever changed job because of hay fever or nasal symptom?.................................... ☐No ☐Yes 

 

53. Have you ever changed job because of eczema or skin disease?........................................... ☐No ☐Yes 
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In-door environment                   

    

54. Do you keep a cat?          ☐No ☐Yes 

 

If NO go to 55,if YES:  

54.1.  Is your cat (are your cats) allowed inside the house?      ☐No ☐Yes 

54.2.  Is your cat (are your cats) allowed in the bedroom?     ☐No ☐Yes 

 

55. Do you keep a dog?          ☐No ☐Yes 

 

If NO go to question 56, if YES:         

55.1.  Is your dog (are your dogs) allowed inside the house?     ☐No ☐Yes 

55.2.  Is your dog (are your dogs) allowed in your bedroom?     ☐No ☐Yes 

 

56. In which type of accommodation do you live? (tick one box only)    

Detached house   ☐ 

Semidetached or terraced house ☐ 

Apartment    ☐ 

Other    ☐ 

 

57. When did you move to your current home?...............................................................           Year_______ 

 

58. Have you ever moved house because of breathing problems?.............................................  ☐No ☐Yes 

 

59. When was your present home built?......................................................................           Year _______ 

     

60. Does tobacco smoking take place in your present home? (tick one box only)        

Yes, every day Yes, frequently 
1-4 times/week 

Yes, sometimes 
1-3 times/month 

No, never 

☐ ☐ ☐ ☐ 

 

61. Have any of the following been identified in your home in the last 12 months:     

61.1. Water leakage or water damage indoors in walls, floor or ceilings?................... ☐No ☐Yes 

61.2. Bubbles or yellow discoloration on plastic floor covering, or  

black discoloration of parquet floor? …………………………………………….…………………             ☐No ☐Yes 

61.3. Visible mould growth indoors on walls, floor or ceilings………………………………….. ☐No ☐Yes 

 

62. Have you seen any signs of damp, water leakage or mould in your home 

at any time in the last 10 years? …………………………………………………………………..……. ☐No ☐Yes 
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63. Have you noticed the odour of mould or mildew (not from food) in your home  

at any time  in the last 12 months?.................................................................................             ☐No ☐Yes 

General health  
 

64. Have you had a course of antibiotics in the last 12 months? ………………………………………………. ☐No ☐Yes 

(i.e. Apocillin, Azitromax, Imacillin) LIST the three most commonly used antibiotics in your country 

 

64.1. If YES, how many courses of antibiotics………………………………………………              (number) ______ 

 

65. Have you had a course of antibiotics in the last 14 days?........................................................ ☐No ☐Yes 

 

66. Does your gum bleed when you brush your teeth? (tick one box only)  

 

Always Often Sometimes Rarely Never 

☐ ☐ ☐ ☐ ☐ 

 

67. How often do you usually brush your teeth? (tick one box only)            

2 times/day or more Once daily Less than daily 

☐ ☐ ☐ 

           

68. How frequently do you exercise? (give an average, tick one box only)           

Never Less than 
once a week 

Once a week 2-3 times 
a week 

Almost every 
day 

☐ ☐ ☐ ☐ ☐ 

          

If you do such exercise as frequently as one or more times a week:           

68.1. How hard do you push yourself? (tick one box only)             

I take it easy without breaking into a sweat or losing my breath……….. ☐         

I push myself so hard that I lose my breath and break into a sweat……. ☐       

I push myself to near-exhaustion………………………………………………………. ☐         

 

68.2. How long does each session last? (give an average, tick one box only)       

 

Less than 15 minutes …..…………………………………………………………………... ☐         

16-30 minutes  ..………………………………………………………………………………. ☐ 
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30 minutes to 1 hour  …………………………………………………………………….. ☐ 

More than 1 hour …………………………………………………………………..……….. ☐         

    

 

Sleep and daytime symptoms          

     

69. How often has it occurred in the last months (circle one number for each question): 

1: Never or almost 
never 

2: Less than once a 
week 

3: Once or twice a 
week 

4: 3- 5 nights/days 
a week 

5: Almost every 
day or night 

 

69.1. ... that you snore loudly and disturbingly?...................... 1 2 3 4 5 

 

69.2. ...that you have heartburn or belching 

    when you have gone to bed?  …………………………………. 1 2 3 4 5 

   

69.3. ... that you have difficulty in getting to sleep at night?... 1 2 3 4 5 

 

69.4. ... that you wake up repeatedly during the night?………. 1 2 3 4 5 

  

69.5. ... that you perspire heavily during the night? ……………….. 1 2 3 4 5 

  

69.6. ... that you feel drowsy in the daytime? ………………………. 1 2 3 4 5 

  

69.7. ...that you wake up too early and have difficulty 

In getting to sleep again?............................................... 1 2 3 4 5 

  

 

70. How long time do you usually sleep per night? _____Hours _____Minutes 

                    

 

Other diseases 
       

71. Has a doctor or health professional ever told you that you have? 

 

71.1. Diabetes?           ☐No ☐Yes    

If NO go to question 71.2, if YES:                  

71.1.1. How old were you when you were diagnosed with diabetes?  ________years 
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71.1.2. What treatment are you currently using for diabetes? (tick one box only) 

  

Insulin Tablets   Both insulin and 

          tablets 

Only diet 

☐ ☐ ☐ ☐ 

 

71.1.3.  Which type of diabetes do/did you have: 

☐ Type 1  ☐ Type 2  ☐ Only in pregnancy  ☐ Don’t know 

   

71.2. Psoriasis?          ☐No ☐Yes 

If NO go to question 71.3, if YES::  

71.2.1. How old were you when you were diagnosed with psoriasis?             _________years 

 

 

71.3. Bechterew’s disease?         ☐No ☐Yes 

If NO go to question 71.4, if YES:               

71.3.1. How old were you when you were diagnosed with Bechterew’s disease?        ________years 

 

71.4. Rheumatiod arthritis?         ☐No ☐Yes 

If NO go to question 71.5, if YES:               

71.4.1. How old were you when you were diagnosed with rheumatoid arthritis?          ________years 

 

71.5. Ulcerous Colitis?         ☐No ☐Yes 

If NO go to question 71.6, if YES:         

71.5.1. How old were you when the disease started? ……………………………………….           ________years 

 

71.6. Crohn’s disease?         ☐No ☐Yes 

If NO go to question 71.7, if YES:         

71.6.1. How old were you when the disease started? …………………………………………         ________years 

          

71.7. Sleep apnea?          ☐No ☐Yes 

If NO go to question 71.8, if YES:  

71.7.1. How old were you when you were diagnosed with sleep apnea?              _______years 

71.7.2. What treatment are you currently using for sleep apnea? (more than one box may apply) 

  

CPAP  Oral appliance (bite splint) Other 

☐ ☐ ☐ 
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71.8. Hypertension (high blood pressure)?        ☐No ☐Yes 

If NO go to question 71.9, if YES:              

71.8.1. How old were you when you were diagnosed with hypertension 

 (high blood pressure)?         _______years 

71.8.2. Are you currently taking any medication for hypertension 

   (high blood pressure)?        ☐No ☐Yes 

 

71.9. Heart infarction or angina pectoris?      ☐No ☐Yes 

If NO go to question 72, if YES:               

71.9.1. Have you ever been treated in hospital because of heart infarction 

   or angina pectoris?        ☐No ☐Yes 

If NO go to question 72, if YES:  

71.9.2. How old were you when you were treated in hospital (for the first time)  

for heart infarction or angina pectoris?       ______years 
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Body shape            
 

72. Gender:         ☐Man   ☐Woman 

What picture best describes your body shape at each age 

(tick one box only for each age/ period you have reached)   

         

72.1. WOMEN 

 

 

  

 

 

 

 

72.2. MEN 

  

   

    

    

     

    

 

Current ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐  

Age 8 years ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐  
At first 
menstruation ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐  

Age 20 ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐  

Age 30 ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐  

Age 45 ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐  

Current ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐  

Age 8 years ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐  

At voice break ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐  

Age 20 ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐  

Age 30 ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐  

Age 45 ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐  
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73.  What picture best describes the body shape of your biological mother at  

 

 

 

 

 

Don’t know 

  

 

 

 

 

 

74.  What picture best the body shape of your biological father at  

 

 

 

 

    

Don’t know 

 

 

Age 30 ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ 

Age 45 ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ 

Age 30 ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ 

Age 45 ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ ☐ 
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Norwegian consent form 

To be signed before submitting the postal questionnaire 

 

 
 

Project title 

 

The Lung Health Investigation’s Generation study  

Project number 

 
 

Project leader  

 

 

Department/hospital 

 
 

 

Participation in the study is voluntary. If you want to participate, you have to sign this consent 

form.  If you agree to participate, you can at any time and without giving a reason, withdraw 

your consent. Further, this will not have any consequences for your future contact with the 

health care system. 

 

If you want to withdraw, or have any questions about the study, you can contact the project 

leader. 

 

 

I would like to participate in this study 

 

Name in capitals 

 

 

 

Date  

__ __ /__ __ / 20 __ __ 
Signed 

 

 

 

 

 

 

Thank you for your help! 

Respondent number 
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Consent form - translation for web: 

 

 

 

  

 

 

Participation in the study is voluntary. If you want to participate, you have to sign this 

consent form by ticking ‘yes’ at the bottom of this page.  If you agree to participate, you can 

at any time and without giving a reason, withdraw your consent. Further, this will not have 

any consequences for your future contact with the health care system. 

 

If you want to withdraw, or have any questions about the study, you can contact the project 

leader. 

 

 

I would like to participate in this study: 

 



Appendix C. Calculation of back-extrapolation, the ratio method.





Ratio method 

1. DEHM modelled annual mean concentrations for 2010 (the year the ELAPSE 

models were modelled for): CDEHM_2010. 

2. DEHM modelled annual mean concentrations for years prior and post 2010 

were extracted: CDEHM_year 

3. Ratio’s were calculated by dividing the DEHM modelled annual mean 

concentrations for years prior and post 2010 by DEHM modelled annual mean 

concentrations for 2010: RatioDEHM_year = CDEHM_year / CDEHM_2010, 

4. Calculate for each participant the back or forward extrapolated concentration 

(Cextrapolated) by multiplying the modelled ELAPSE annual mean concentration 

(for 2010) with the ratio: Cextrapolated = CELAPSE * RatioDEHM_year 

The DEHM estimates from 1990 were used as proxies for the years prior to 1990 in 

our calculations. 

 





Appendix D. Lung function analyses, liters.
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Appendix E. Lung function analyses, % predicted.  
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Abstract

Background: Self-report questionnaires are commonly used in epidemiology, but may be susceptible to
misclassification, especially if answers are given on behalf of others, e.g. children or parents. The aim was to
determine agreement and analyse predictors of disagreement in parents’ reports of offspring asthma, and in
offspring reports of parents’ asthma.

Methods: In the Respiratory Health in Northern Europe, Spain and Australia (RHINESSA) generation study, 6752
offspring (age range 18–51 years) and their parents (age range 39–66 years) reported their own and each other’s
asthma status. Agreement between asthma reports from offspring and parents was determined by calculating
sensitivity, specificity, positive and negative predictive value and Cohen’s kappa. The participants’ own answers
regarding themselves were defined as the gold standard. To investigate predictors for disagreement logistic
regression analyses were performed to obtain odds ratios (OR) with 95% confidence intervals (CI) for sex, smoking
status, education, comorbidity and severity of asthma.

Results: Agreement was good for parental report of offspring early onset asthma (< 10 years, Cohen’s kappa 0.72)
and moderate for offspring later onset asthma (Cohen’s kappa 0.46). Specificity was 0.99 for both, and sensitivity
was 0.68 and 0.36, respectively. For offspring report of maternal and paternal asthma the agreement was good
(Cohen’s kappa 0.69 and 0.68), specificity was 0.96 and 0.97, and sensitivity was 0.72 and 0.68, respectively. The
positive predictive value (PPV) was lowest for offspring report of maternal asthma (0.75), and highest for parents’
report of early onset asthma in the offspring (0.83). The negative predictive value (NPV) was high for all four groups
(0.94–0.97). In multivariate analyses current smokers (OR = 1.46 [95% CI 1.05, 2.02]) and fathers (OR = 1.31 [95% CI 1.
08, 1.59]) were more likely to report offspring asthma incorrectly. Offspring wheeze was associated with reporting
parental asthma incorrectly (OR = 1.60 [95% CI 1.21, 2.11]), both under- and over reporting.

Conclusions: Asthma reports across generations show moderate to good agreement, making information from
other generations a useful tool in the absence of direct reports.
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Background
Asthma is the most common non-communicable disease
among children and one of the most prevalent chronic
diseases worldwide [1, 2]. The World Health Organization
[3] estimated in 2011 that 235 million people suffer from
asthma, but later studies have indicated numbers as high
as 300 million and projected that the worldwide preva-
lence will increase to 400 million by 2025 [4].
The investigation of asthma is complex. Question-

naires are often preferred in epidemiological studies to
determine disease occurrence because they are cost-effi-
cient and simple to perform compared to clinical exam-
ination. Questionnaire data on the prevalence of asthma
have been used for epidemiological research since the
mid 1960s. In 1995 the International Study of Asthma
and Allergies in Childhood [5] developed a standardized
questionnaire to improve the investigation of asthma in
an epidemiological setting [5–7]. Even though clinical
examination has been regarded as the gold standard for
assessing asthma, recent studies show that question-
naires are a useful epidemiological tool, being reasonably
valid [8–10].
Nevertheless, self-reported information is susceptible

to misclassification such as recall bias, and it may be
particularly susceptible to misclassification if participants
are asked to provide information on behalf of others, for
example their children or their parents [11, 12]. At the
same time, in absence of direct reports, asthma reports
on behalf of family members can be highly valuable in a
clinical setting if the patient cannot report on behalf of
himself/herself or in absence of prior patient history.
However, validity of such intergenerational reports
with regard to asthma has been poorly investigated,
mostly focusing on current asthma status asked at the
same time, and only including young children and
adolescents [13, 14]. With an increasing interest in
intergenerational risk factors [15–19] more attention
should be given to validate this kind of information
across generations.
The Respiratory Health in Northern Europe, Spain and

Australia generation study (RHINESSA) uses question-
naires, interviews, and clinical examinations to study
asthma and lung health throughout the lifespan and
across generations. Participants are asked to provide
information about themselves as well as their children
and parents. To underpin the research of RHINESSA
and to shed light on this important part of epidemio-
logical methodology, the aim of the present paper
was to assess agreement between parental report of
offspring asthma as compared to offspring’s own re-
port, to assess agreement between offspring’s report
of parent’s asthma as compared to parents’ own re-
port, and to investigate predictors for discrepant
answers.

Methods
Study design and population
This agreement study compares questionnaires about
asthma from two generations. The primary sources of
data are parents from the Respiratory Health in North-
ern Europe study (RHINE, www.rhine.nu) and the Euro-
pean Community Respiratory Health Survey (ECRHS,
www.ecrhs.org) and their offspring included in the RHI-
NESSA study (www.rhinessa.net). The parent and off-
spring pairs provided information on asthma status
regarding both themselves and each other.

Parent population
RHINE is a prospective questionnaire-based cohort
study comprising subjects from seven Northern Euro-
pean centres: Reykjavik (Iceland), Bergen (Norway),
Umea, Uppsala and Gothenburg (Sweden), Aarhus
(Denmark) and Tartu (Estonia). All subjects participated
in stage 1 of the ECRHS I in 1990, together with many
other centres, among others Melbourne (Australia) and
Huelva and Albacete (Spain) [20, 21]. Both ECRHS and
RHINE had follow-ups after 10 and 20 years, and
have investigated incidence, prevalence and risk fac-
tors for respiratory diseases, allergies and symptoms
related to asthma and chronic obstructive pulmonary
disease (COPD) throughout this time period. Re-
sponse rate in RHINE III was 61%. The ECRHS
subjects from the Spanish and Australian study
centres filled in the ECRHS stage 3 screening ques-
tionnaire; which includes identical questions as in
RHINE III for all characteristics needed in the present
study.

Offspring population
In the period 2013–2015 questionnaires were sent to all
adult offspring (> 18 years) of parents from the RHINE
centres and the Spanish and Australian ECRHS centres,
and a sub-sample was invited for clinical examination.
The questionnaires were web-based in all centres
except Sweden where they used postal questionnaires.
Overall response rate was 33.5%, varying across cen-
tres from 18.6% in Tartu to 73.7% in Melbourne (See
Additional file 1: Table S1).

Predictors and outcomes
The main outcome in this agreement study was phys-
ician diagnosed asthma self-reported by the participants.
Reports of one’s own asthma were “doctors-diagnosed
asthma” while reports of asthma in others were “ever
asthma”. In more detail, the asthma outcomes were built
on the following wordings:

Parents reported doctor-diagnosed asthma about
themselves by answering yes to the questions “Do you
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have or have you ever had asthma?” and “Has it been
confirmed by a medical doctor?”

Parents reported asthma about their offspring by
answering yes to the questions “For each child, please
tick yes if they had asthma before 10 years” and/or
“For each child, please tick yes if they had asthma
after 10 years”. The former was classified as early
onset asthma in the offspring, while the latter was
classified as late onset asthma.

Offspring reported doctor-diagnosed asthma about
themselves by answering yes to the questions “Do you
have or have you ever had asthma?” and “Has it been
confirmed by a medical doctor?”

Offspring were also asked how old they were when
they first experienced asthma symptoms.

Offspring reported asthma about their parents defined
by answering yes to the questions “Did your mother
ever suffer from asthma?” and “Did your father ever
suffer from asthma?”. Questionnaires are available
from www.rhinessa.net.

A discrepant asthma report by parents was defined as
parents reporting absence of asthma in their offspring
when the offspring report presence of asthma, or parents
reporting presence of asthma in their offspring when the
offspring state they do not have asthma. In the same
manner, a discrepant asthma report by offspring was de-
fined as offspring reporting absence of asthma in their
parents when the parents report presence of asthma, or off-
spring reporting presence of asthma in their parents when
the parents themselves state they do not have asthma.
Predictors for discrepant reports between parent and

offspring pairs were investigated for the following covari-
ates in each generation: smoking status (never-, ex- or
current smoker), education (primary school, secondary
school or college/university), respiratory symptoms
(wheeze, wheeze with shortness of breath, awoken with
tightness in chest, awoken with attack of cough in the
past 12 months and currently taking medication) and
comorbidities (hypertension, stroke, ischemic heart
disease, diabetes mellitus, COPD and serious respiratory
infections before the age of 5 years).

Statistical analyses
All analyses were performed using Stata version 14.0.
The overall agreement between asthma reports from

offspring and parents was calculated by Cohen’s kappa.
The following interpretation categories were used: poor
agreement, < 0.2; fair, 0.21–0.40; moderate, 0.41–0.60;

good, 0.61–0.80; and very good, 0.81–1.00 [22]. Sensitiv-
ity, specificity and predictive values were calculated
using the participants’ own answers regarding them-
selves as the golden standard. Descriptive analyses and
estimations of Cohen’s kappa, sensitivity, specificity and
predictive values were performed stratified by sex to
investigate any specific differences between mothers and
fathers, and between daughters and sons.
We performed univariate logistic regressions with each

covariate as predictor and discrepant report (yes/no) in
parent-offspring pairs as outcome. The participants’ own
answers regarding themselves were considered the gold
standard also in these analyses. Significant predictors (p
< 0.05) from the univariate analyses were carried forward
to multivariate logistic regression. Separate models were
constructed for discrepant reports by parents and dis-
crepant reports by offspring. In addition, the multivariate
analyses were adjusted for study centre and sibling status
(siblings in RHINESSA/no siblings in RHINESSA).

Ethical approval
In all study centres written informed consent was ob-
tained from each participant, and the study was approved
by regional committees of medical research ethics in each
study centre according to national legislations.

Results
Reports of 6752 offspring and their parents who had
answered questions regarding their own and each other’s
asthma status were included from the ten study centres.
Table 1 shows the characteristics of the study population
by parents and offspring. A slight majority of the popu-
lation was female. The mean age for the mothers and
fathers were 54.0 (±6.5) and 54.7 (±6.1) respectively.
More mothers than fathers and more daughters than
sons reported having asthma. For the offspring, mean
age was 30 years and did not differ significantly between
males and females. More mothers than fathers and more
daughters than sons had obtained university education.
Slightly more mothers than fathers were current
smokers, whereas in offspring more sons than daughters
smoked. The reports of respiratory symptoms were com-
parable across gender for the parents, but in the off-
spring, all respiratory symptoms, except the symptoms
awoken with attack of breathlessness and wheeze with
shortness of breath, were significantly higher for the
daughters (Table 1).
Figure 1 summarizes offspring early/late onset asthma

and the corresponding parent report (Fig. 1a and b), as
well as paternal and maternal asthma and the corre-
sponding offspring report (Fig. 1c and d). The vast ma-
jority of parents answered correctly concerning their
offspring’s asthma status: in 4798 (90%) of the reports
on early onset asthma, both parents and offspring
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Table 1 Study population characteristics, 5907 parents and 6752 offspring included in the RHINESSA generation study
Characteristics Parents (RHINE/ECRHS) Children (RHINESSA)

Mother Father Pa Daughter Son Pa

N (%) N (%) N (%) N (%)

N (%) 3377 (57) 2530 (43) 3910 (58) 2842 (42)

Albacete 39 (57) 30 (43) 39 (53) 34 (47)

Bergen 593 (53) 518 (47) 706 (60) 480 (40)

Gothenburg 413 (56) 322 (44) 491 (53) 439 (47)

Huelva 42 (69) 19 (31) 44 (64) 25 (36)

Melbourne 96 (55) 80 (45) 42 (62) 26 (38)

Reykjavik 409 (55) 328 (45) 543 (61) 342 (39)

Tartu 205 (68) 97 (32) 177 (60) 119 (40)

Umea 629 (60) 423 (40) 735 (57) 545 (43)

Uppsala 602 (59) 420 (41) 713 (56) 556 (44)

Aarhus 349 (54) 293 (46) 420 (60) 276 (40)

Mean age (SD) 54.0 (6.5) 54.7 (6.1) < 0.001 30.3 (7.7) 30.4 (7.8) 0.930

Asthma (%) 478 (14) 292 (12) 0.004 671 (17) 420 (15) 0.008

Smoking 0.009 < 0.001

Never-smokers 1496 (46) 1155 (47) 2602 (67) 1942 (69)

Ex-smokers 1400 (43) 1100 (45) 850 (22) 503 (18)

Current smokers 337 (10) 197 (8) 445 (11) 382 (14)

Education < 0.001 < 0.001

Primary school 385 (12) 296 (12) 97 (3) 91 (3)

Secondary school 1224 (38) 1029 (44) 1282 (33) 1259 (44)

College/university 1576 (50) 1068 (45) 2521 (65) 1487 (52)

Parental asthma 0.058 < 0.001

Mother 295 (10) 206 (9) 476 (12) 272 (10)

Father 218 (7) 124 (6) 309 (8) 179 (6)

No one 2518 (83) 1922 (85) 3038 (79) 2333 (83)

Both 12 (0.4) 12 (0.5) 39 (2) 23 (1)

Other diseasesb

Comorbidity 892 (26) 778 (31) < 0.001 165 (4) 124 (4) 0.770

Hypertension 778 (23) 659 (26) 0.005 120 (3) 96 (4) 0.390

Stroke 54 (2) 46 (2) 0.510 – – –

Ischemic heart disease 64 (2) 116 (5) < 0.001 5 (0.1) 8 (0.3) 0.150

Diabetes mellitus 106 (3) 107 (5) 0.027 53 (1) 30 (1) 0.270

COPD 73 (2) 60 (2) 0.600 10 (0.3) 5 (0.2) 0.490

Serious childhood infection < 5 years 254 (8) 126 (5) < 0.001 331 (9) 185 (7) < 0.001

Respiratory symptoms 0.246 0.001

Wheezec 669 (20) 530 (21) 0.330 697 (18) 468 (17) 0.150

Wheeze with shortness of breathc 421 (13) 297 (12) 0.380 457 (62) 256 (49) < 0.001

Awoken with tightness in chestc 364 (11) 245 (10) 0.170 497 (13) 286 (10) < 0.001

Awoken with attack of breathlessnessc 220 (7) 126 (5) 0.013 173 (4) 136 (5) 0.48

Awoken with attack of coughc 1093 (33) 533 (21) < 0.001 1343 (34 562 (20) < 0.001

Currently taking asthma medication 327 (10) 216 (9) 0.130 383 (10) 212 (8) < 0.001
aAll p-values < 0.05 = significant and are marked bold. P-values are estimated from two-group mean comparison test (unpaired t-test) for continuous values and
chi-squared test for categorical values
bComorbidity includes the variables: hypertension, stroke, ischemic heart disease, diabetes mellitus, COPD, serious childhood infection < 5 years. Questions about stroke
and COPD were not included in the offspring-questionnaires
cIn the past 12 months
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answered “no” and 323 (6%) “yes” to the presence of
asthma in the offspring. The reports about late onset
asthma followed the same pattern: in 4816 (90%) reports
both parents and offspring answered “no asthma” in the
offspring, and both parts reported late onset asthma in
the offspring among 185 (3%). Parents’ discrepant
answers were most often that they reported no asthma
for asthmatic offspring rather than reporting asthma for
non-asthmatic offspring (Fig. 1a and b).
In 86% of the cases, both offspring and fathers re-

ported absence of paternal asthma, compared to 83% for
maternal asthma status. In 8% of the reports, offspring
and fathers both reported a present asthma diagnosis;
the corresponding frequency for maternal asthma was
10%. It was also more common for offspring to report
no asthma in asthmatic parents than to report asthma in
non-asthmatic parents.
The specificity was high for all four groups (Table 2),

while sensitivity was lower. The sensitivity was lowest
for the late onset asthma in the offspring (0.36), and
highest for the maternal asthma (0.72). The positive pre-
dictive value (PPV) was lowest for the maternal asthma
(0.75), and highest for the early onset asthma in the
offspring (0.83). The negative predictive value (NPV)
was high for all four groups (0.94–0.97).
Agreement between the parental reports and early on-

set asthma in offspring was good (Cohen’s kappa 0.72),

and moderate for late onset asthma in offspring (Cohen’s
kappa 0.46). The agreement between offspring reports
and maternal and paternal asthma were both good
(Cohen’s kappa 0.69 and 0.68, respectively). Additional
analyses stratified by study centres are given in the
additional file (See Additional file 1: Table S2) and show
some variability between the centres. To investigate if
offspring reports of parental asthma differed in agree-
ment with the parental reports according to age of
asthma onset in parents, we performed an additional
analysis (See Additional file 1: Table S3) stratifying by
the timing of parental asthma onset. This analysis
showed that offspring reported asthma in their parents
more correctly if the parents had their asthma before
the children were 20 years old, than if the parents
got their asthma diagnosis after their offspring were
20 years old.
Table 3 shows univariate and multivariate logistic re-

gression analyses of the association between covariates
and offspring/parent discrepant asthma reports. In the
univariate analyses regarding parent-reported offspring
asthma, several parental factors were associated with
reporting incorrect: male gender, current smoker,
ex-smoker, ischemic heart disease, diabetes, COPD, wheeze
and wheeze with shortness of breath. In the univariate ana-
lyses regarding the offspring-reported parental asthma, the
following factors on the offspring level were associated with
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Fig. 1 Parent-reported offspring asthma as compared to offspring’s own report (a, b); and offspring-reported paternal (c) and maternal (d)
asthma as compared to parents’ own report
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reporting incorrectly: ex-smoker, wheeze, currently taking
asthma medication and late onset of own asthma.
The statistically significant predictors from the univar-

iate analyses were included in the multivariate logistic
regression. After adjustment, the only predictors associ-
ated with reporting incorrectly for the parent-reported
offspring asthma were gender (OR 1.31 for fathers
versus mothers, 95% CI 1.08–1.59) and current smoker
(OR 1.46, 1.05–2.02). For the offspring-reported parental
asthma, only wheeze was associated with reporting in-
correctly in the multivariate model (OR 1.60, 1.21–2.11).
No factors were associated with reporting correctly for
either the parent-reported offspring asthma or the
offspring-reported parental asthma.
Further inspection of the discrepant answers given by

offspring with wheeze, showed that they reported both
asthma in non-asthmatic parents as well as no asthma in
asthmatic parents slightly more often than offspring with
no wheeze (Table 4). Fathers and smoking parents, on
the other hand, (See Additional file 1: Table S4) showed
that fathers and current smokers were more likely to
report no asthma in asthmatic offspring than the
mothers and never-smokers were. With regard to report-
ing asthma in non-asthmatic offspring, however, the
fathers and current smokers were as correct as the
mothers and never-smokers.

Discussion
In this study, agreement between self-reported asthma
and asthma reported by family-members were moderate
to good. The specificity was high in both offspring re-
ports of parental asthma and parent reports of offspring

asthma, suggesting a high fraction of non-asthmatics
correctly identified as such by their relatives. Conversely,
the sensitivity was lower for all groups, especially for the
late onset asthma in the offspring i.e. a lower fraction of
those with asthma after 10 years of age are correctly
identified as asthmatics by their parents. The same trend
was observed for the offspring; a lower fraction of asth-
matic parents are correctly identified as asthmatics,
while a higher fraction of the non-asthmatic parents are
correctly identified. Overall, however, the vast majority
of parents and offspring were in accordance with each
other when reporting each other’s asthma status. In
multivariate analyses, never smokers and mothers were
more likely to report offspring asthma correctly. In
offspring, wheeze was associated with incorrect reports
of parental asthma status.
Our results showed that parents seem to have more

knowledge about the asthma status of their offspring
than the offspring have about their parents’ asthma con-
dition. This may be reasonable if we assume that parents
are in general more concerned with their children’s
health than the children are with their parents’ health.
In addition, the offspring’s awareness of the respiratory
health of their parents likely depends on the severity of
the parents’ asthma. Where asthma in the past was a
disease with severe exacerbations, it is today a disease
mostly without hospital admissions, indicating that par-
ental asthma may be “invisible” for the offspring.
To our knowledge this is the first agreement study

comparing generational reports on each other’s adult
asthma status in general. Previous studies have only
addressed parent-reports of current offspring asthma

Table 2 Parameter estimates (95% CI) for Cohen’s kappa, sensitivity, specificity, PPV and NPV for offspring-reported parental asthma
and parent-reported offspring asthma

Offspring asthma Agreementa

N (%)
Disagreementb

N (%)
Cohens
kappa

Sensitivity 95% CI Specificity 95% CI PPV 95% CI NPV 95% CI

Early onset asthma 5121 (96) 219 (4) 0.72 0.68 0.64, 0.72 0.99 0.98, 0.99 0.83 0.79, 0.86 0.97 0.96, 0.97

Mother 2935 (96) 110 (4) 0.75 0.72 0.66, 0.77 0.99 0.98, 0.99 0.83 0.77, 0.88 0.98 0.97, 0.98

Father 2186 (95) 109 (5) 0.69 0.64 0.57, 0.70 0.99 0.98, 0.99 0.83 0.76, 0.88 0.96 0.95, 0.97

Late onset asthma 5001 (93) 376 (7) 0.46 0.36 0.32, 0.41 0.99 0.98, 0.99 0.79 0.73, 0.84 0.94 0.93, 0.94

Mother 2891 (94) 199 (6) 0.53 0.43 0.37, 0.49 0.99 0.98, 0.99 0.82 0.75, 0.88 0.94 0.93, 0.95

Father 2110 (92) 177 (8) 0.36 0.26 0.21, 0.33 0.99 0.98, 0.99 0.73 0.61, 0.82 0.93 0.92, 0.94

Parental asthma

Maternal 3477 (93) 276 (7) 0.69 0.72 0.68, 0.75 0.96 0.95, 0.97 0.75 0.71, 0.79 0.95 0.95, 0–96

Daughter 2009 (92) 163 (8) 0.69 0.75 0.69, 0.79 0.95 0.94, 0.96 0.71 0.66, 0.76 0.96 0.95, 0.97

Son 1468 (93) 113 (7) 0.70 0.68 0.61, 0.74 0.97 0.96, 0.98 0.81 0.75, 0.86 0.95 0.93, 0.96

Paternal 2817 (94) 182 (6) 0.68 0.68 0.63, 0.73 0.97 0.96, 0.98 0.76 0.71, 0.80 0.96 0.95, 0.97

Daughter 1637 (94) 101 (6) 0.71 0.72 0.65, 0.78 0.97 0.96, 0.98 0.77 0.70, 0.83 0.96 0.95, 0.97

Son 1180 (94) 81 (6) 0.64 0.63 0.54, 0.71 0.97 0.96, 0.98 0.74 0.65, 0.82 0.96 0.94, 0.97
aAgreement: when both parents and offspring answered the same (yes/yes or no/no)
bDisagreement: when parents and offspring answered differently (yes/no or no/yes)
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and not vice versa, and the children have been young
[1, 23–25]. The observed high validity in parent-reported
offspring asthma is in accordance with for instance a study
by Cornish et al. [26] comparing parent-reported asthma
to electronic patient records. That parent-reports of
children’s asthma has high specificity although not so high
sensitivity has also been observed in a relatively recent
Canadian study [24]. High validity in parent reports of off-
spring atopic disease status has also been reported [27].
Cohen’s kappa and sensitivity were both lower for late

onset asthma compared to early onset asthma, which
may be explained by the fact that parents are more
aware of their offspring’s health while they are young
and still living at home. The impact on the parents and
their ability to recall may be less when an offspring is
diagnosed with asthma as a grownup. This is rendered

particularly likely with a disease such as asthma, which
is not continuously visible, but comes in attacks of
various intervals – sometimes with a substantial amount
of time between each attack.
In the same manner, it is likely to suspect offspring

reporting their parents’ asthma more correctly if they
witnessed asthma in the parents during childhood when
they saw their parents on a daily basis, then if the par-
ents developed asthma after the offspring had grown up
and left home. This suspicion was confirmed in the add-
itional analysis (See Additional file 1: Table S3), where we
analysed separately offspring-reported parental asthma
with onset after the offspring was 20 years old, and with
onset before the offspring was 20 years old. Offspring
reported asthma in their parents more correctly if the par-
ents had their asthma during the offspring’s childhood.

Table 3 Odds ratios for discrepant answers in offspring/parent asthma reports, univariate and multivariate logistic regression analysis

Predictor Univariate analyses
Parents

Multivariate analysesa

Parents
Univariate analyses
Offspring

Multivariate analysesa

Offspring

OR (95% CI) p OR (95% CI) p OR (95% CI) p OR (95% CI) p

Male gender 1.33 (1.11, 1.60) 0.002 1.31 (1.08, 1.59) 0.007 1.01 (0.84, 1.23) 0.905

Age 1.00 (0.99, 1.02) 0.630 1.01 (1.00, 1.02) 0.058

Smoking

Never smoker 1.00 1.00 1.00

Current smoker 1.51 (1.11, 2.05) 0.009 1.46 (1.05, 2.02) 0.023 1.14 (0.85, 1.52) 0.392

Ex-smoker 1.28 (1.05, 1.56) 0.013 1.22 (0.99, 1.50) 0.062 1.31 (1.04, 1.64) 0.021 1.22 (0.95, 1.55) 0.114

Education

College/university 1.00 1.00

Primary school 1.25 (0.94, 1.66) 0.127 1.59 (0.97, 2.59) 0.065

Secondary school 1.04 (0.86, 1.28) 0.641 1.03 (0.85, 1.26) 0.756

Comorbidity

Hypertension 0.93 (0.75, 1.15) 0.505 1.42 (0.89, 2.28) 0.140

Stroke 1.03 (0.52, 2.06) 0.930 – –

Ischemic heart 1.88 (1.23, 2.86) 0.003 1.54 (0.96, 2.46) 0.071 – –

Diabetes 1.64 (1.09, 2.46) 0.018 1.46 (0.96, 2.24) 0.077 1.07 (0.47, 2.48) 0.868

COPD 1.75 (1.07, 2.87) 0.026 1.49 (0.89, 2.50) 0.129 – –

Serious childhood infection < 5 years 1.12 (0.99, 1.27) 0.080 1.11 (0.98, 1.25) 0.106

Respiratory symptoms

Wheeze 1.32 (1.07, 1.63) 0.010 1.02 (0.72, 1.46) 0.902 1.58 (1.26, 1.97) < 0.001 1.60 (1.21, 2.11) 0.001

Wheeze with shortness of breath 1.47 (1.15, 1.89) 0.002 1.22 (0.81, 1.84) 0.343 1.37 (0.92, 2.04) 0.127

Awoken with tightness in chest 1.01 (0.76, 1.36) 0.924 1.16 (0.87, 1.53) 0.313

Awoken with attack of breathlessness 1.26 (0.89, 1.80) 0.193 1.11 (0.72, 1.72) 0.634

Awoken with attack of cough 1.28 (1.05, 1.55) 0.013 1.25 (1.00, 1.57) 0.046 0.94 (0.76, 1.16) 0.557

Currently taking asthma medication 1.32 (1.00, 1.76) 0.058 1.42 (1.06, 1.91) 0.020 0.95 (0.60, 1.49) 0.823

Age of onset

Early onset – – 1.12 (0.78, 1.62) 0.528

Late onset – – 1.76 (1.32, 2.34) < 0.001 1.45 (1.01, 2.07) 0.042
aAdjusted for all predictors that were significant in the univariate analyses as well as for study centre and sibling status
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We found that never-smokers and mothers were more
likely to report offspring asthma correctly. Non-smokers
have higher health-risk awareness than smokers [28],
thus it is plausible that this group also have more know-
ledge regarding their offspring health. That mothers
report more correctly than fathers may be explained by
them generally being the primary care givers of children
and consequently spending more time with them in the
daily life. Today this is probably not as rigid a pattern as
before, but the present agreement study is based on a
parent population born between 1945 and 1973, and
their offspring born between 1963 and 1997.
Wheeze in the offspring is a significant predictor for

incorrect reports of parental asthma. One could specu-
late that offspring with wheeze over-report asthma in
their parents because of a hyper alertness concerning
asthma and its symptoms. This would be in accordance
with what has been observed for instance in atopic
diseases, where fathers were more likely to recall their
own atopic disease history if their children currently had
severe atopic diseases [29]. In addition, Danell et al. [30]
showed that children reported more asthma-related
issues than their parents regarding their own symptoms.
However, in our study, the discrepant answers given by
offspring with wheeze were associated with both
under-reporting and over-reporting (See Additional file 1:
Table S4), and further studies are needed to appropriately
investigate the mechanisms behind these discrepancies.
Although seemingly random, the observed misclassifica-
tion may lead to a bias towards the null and yield weaker
associations than what actually exist in real life.
Regarding the parents, we observed an increased

risk for differential misclassification of offspring
asthma among men and smokers, with a tendency for
under-estimating asthma in their offspring. As sus-
pected, we also observed that this type of misclassifi-
cation was more widespread regarding late onset
asthma in the offspring than early onset asthma. The
same pattern was also observed for offspring report-
ing parental asthma with onset after the offspring had
grown up and left home.

Apart from male gender and current smoking in
parents, and wheeze in offspring, we did not observe any
other significant predictors for discrepant asthma
reports across generations. This leads us to believe that
discrepant reports concerning offspring health status are
mostly due to minor and random misclassification with
little consequences for the validity of asthma reports.
Nevertheless, the observed predictors for discrepant

answers should be taken into consideration in any future
studies relying on asthma reports on behalf of family
members.
The main strengths of this study are population size

and study design; to our knowledge RHINESSA is the
largest population-based generational study so far, and
this is the first study to compare self-report question-
naires across generations. In addition to the agreement
analyses, we also identified predictors for disagreement,
which was possible through the large dataset collected in
the RHINE, ECRHS and RHINESSA.
However, some limitations to our study should also be

acknowledged. First, the response rate in the offspring
population was low: Only a third of the offspring of
ECRHS/RHINE participants agreed to participate in the
RHINESSA generation study. However, the offspring
population was not severely skewed in any direction –
distribution of demographic characteristics such as sex,
smoking habits and educational level did not seem to
differ substantially from that of a general population in
the same age range. We also examined distribution of
sex, smoking habits, educational level and asthma status
of parents with participating offspring and parents with
non-participating offspring to further examine any po-
tential response bias. Our data showed that the groups
were very similar. There was a miniscule overrepresenta-
tion in RHINESSA of offspring who had parents with
asthma (13.6% versus 11.5% in non-participating off-
spring), parents who were non-smokers (84.3% versus
80.6%), and female parents (mothers, 55.3% versus
50.6%). In addition, slightly less parents with higher
education had offspring who participated in RHI-
NESSA (46.1% versus 47.9% of the parents with

Table 4 Frequency (absolute and relative) of discrepant asthma reports according to wheezing/non-wheezing

Discrepant asthma reports N (%)

Offspring with wheeze reporting asthma in their non-asthmatic mothers 31/655 (4.7)

Offspring without wheeze reporting asthma in their non-asthmatic mothers 94/3091 (3.0)

Offspring with wheeze reporting no asthma in their asthmatic mothers 33/655 (5.0)

Offspring without wheeze reporting no asthma in their asthmatic mothers 117/3091 (3.8)

Offspring with wheeze reporting asthma in their non-asthmatic fathers 22/510 (4.3)

Offspring without wheeze reporting asthma in their non-asthmatic fathers 52/2483 (2.1)

Offspring with wheeze reporting no asthma in their asthmatic fathers 24/510 (4.7)

Offspring without wheeze reporting no asthma in their asthmatic fathers 83/2483 (3.3)
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non-participating offspring). These very small differ-
ences are reassuring, and do not provide any evidence
of differential misclassification due to response bias.
In addition, we were not aiming to assess disease preva-
lence in the present study, but to assess associations be-
tween two variables (parent reports and offspring reports).
Although a low response rate may have impact on preva-
lence rates, internal exposure-outcome associations are
less affected [20, 31]. However, we cannot be entirely
certain that the observed differences in agreement be-
tween centres (Additional file 1: Table S2a and b), are valid
for the general populations in these centres or if they
apply only to the select group of participants.
Secondly, self-report questionnaires are susceptible to

misclassification in the form of recall bias, especially if
the outcomes date far back in time. Through comparing
offspring-reports on parental asthma and parent-reports
on offspring asthma, we set as a prerequisite that the
reports they have given regarding themselves are correct.
A comparison with primary care records for the study
participants would have helped us assess presence or
absence of recall bias in our study. Other possibilities
would be to use prescription registry data. Data on
dispensed antiasthmatics from the Norwegian Prescrip-
tion Database (NorPD) has previously been validated in
the Norwegian mother and child cohort study (MoBa),
and they found that the use of prescription data for
7-year old children had high validity [32]. Unfortunately,
such data was not available in our study. However, while
clinical assessment is often considered the best method
for validating self-reported asthma, recent studies pre-
sented self-report questionnaires to be a reliable tool in
an epidemiological setting [8, 26].
Thirdly, we used “doctor-diagnosed asthma” when sub-

jects reported about themselves, but “ever asthma” when
subjects reported about each other. A recent Danish study
showed how asthma prevalence in children is highly
dependent on the method of measuring asthma, being low-
est when measured with hospitalization data and highest
when measured with prescription data, and with self-reports
by parents in between the two other methods [4].
Since the asthma report on behalf of the other generation

in our study was ever asthma and not doctor-diagnosed,
one could suspect an over-report of asthma on behalf of
the other generation. However, the results of our study did
not show any such tendency. This is in line with previous
research by de Marco et al., who found that the question
“Do you have or have you ever had asthma?” gave preva-
lence estimates comparable to clinical diagnosis [33].
Furthermore, in RHINESSA only one of the parents is in-

cluded, while ideally both parents should have been
included. However, mothers and fathers were approximately
equally distributed in RHINESSA and consequently we have
no reason to believe that there is a gender bias present.

Conclusion
In conclusion, this agreement study shows a moderate
to good agreement between the self-reported asthma
and asthma reported by family-members, although we
observed some risk of under-report. In the absence of
direct reports, offspring asthma status reported by
parents and parental asthma status reported by offspring
may be used as a proxy, both in epidemiological studies
and in a clinical setting before undergoing further clin-
ical examination.
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Additional files. 

Table S1. Response rates of the offspring population, RHINESSA. 

 

Country (center) Response rate (%) 

Denmark (Aarhus) 30.5 

Iceland (Reykjavik) 25.0 

Norway (Bergen) 40.1 

Sweden (Gothenburg, Umea, Uppsala) 43.7 

Estonia (Tartu) 18.6 

Spain (Albacete, Huelva)  24.6 

Australia (Melbourne) 73.7 

 

 
Table S2a and b. Parameter estimates and 95% confidence intervals for Cohen’s Kappa, 

sensitivity, specificity, PPV, and NPV for offspring-reported parental asthma and parent- 

reported offspring asthma, stratified by study centers. 

 

 

a) Offspring asthma 

Agreement1 

N (%) 

Disagreement2 

N (%) 

Cohen’s kappa Sensitivity  95% CI Specificity  95% CI PPV  95% CI NPV  95% CI 

Early onset asthma 4845 (96) 204 (4) 0.71 0.66 0.61, 0.71 0.99  0.98, 0.99 0.81  0.76, 0.85 0.97 0.97, 0.98 

Aarhus 568 (97) 19 (3) 0.69 0.68 0.50, 0.83 0.99  0.97, 0.99 0.74 0.55, 0.88 0.98 0.97, 0.99 

Reykjavik  625 (93) 47 (7) 0.68 0.66  0.55, 0.75 0.97  0.96, 0.98 0.79 0.68, 0.87 0.95 0.93, 0.96 

Bergen 974 (96) 38 (4) 0.65 0.57  0.44, 0.68 0.99  0.98, 1.00 0.83 0.69, 0.92 0.97 0.96, 0.98 

Gothenburg 653 (97) 20 (3) 0.74 0.76 0.60, 0.88 0.98  0.97, 0.99 0.76 0.60, 0.88 0.98 0.97, 0.99 

Umea 882 (96) 39 (4) 0.74 0.66 0.56, 0.76 0.99  0.98, 1.00 0.90 0.81, 0.96 0.96 0.95, 0.97 

Uppsala 882 (96) 35 (4) 0.74 0.70  0.58, 0.80 0.99  0.98, 0.99 0.83 0.72, 0.91 0.97 0.96, 0.98 

Tartu 284 (98) 6 (2) 0.56 0.67  0.22, 0.96 0.99  0.96, 1.00 0.50 0.16, 0.84 0.99 0.97, 1.00 

Albacete/Huelva 108 (96) 4 (4) 0.83 0.85  0.55, 0.98 0.98  0.93, 1.00 0.85 0.55, 0.98 0.98 0.93, 1.00 

Melbourne 145 (93) 11 (7) 0.83 0.79  0.65, 0.90 0.99  0.95, 1.00 0.97 0.87, 1.00 0.92 0.85, 0.96 

Late onset asthma 4750 (94) 304 (6) 0.48 0.37  0.33, 0.42 0.99  0.99, 0.99 0.78 0.72, 0.84 0.95 0.94, 0.95 

Aarhus 313 (97) 11 (3) 0.55 0.60  0.39, 0.79 1.00  0.98, 1.00 0.94 0.70, 1.00 0.97 0.94, 0.98 

Reykjavik  597 (93) 46 (7) 0.45 0.34  0.23, 0.48 0.99  0.98, 1.00 0.78 0.58, 0.91 0.94  0.91, 0.95 

Bergen 962 (93) 74 (7) 0.42 0.33  0.24, 0.44 0.99  0.98, 0.99 0.72 0.56, 0.85 0.94 0.92, 0.95 

Gothenburg 647 (94) 41 (6) 0.47 0.36  0.23, 0.50 0.99  0.98, 1.00 0.80 0.59, 0.93 0.95  0.93, 0.96 

Umea 857 (90) 91 (10) 0.43 0.34  0.25, 0.43 0.99 0.98, 0.99 0.80 0.67, 0.90 0.91  0.89, 0.93 

Uppsala 864 (93) 65 (7) 0.47 0.35  0.25, 0.46 0.99  0.98, 1.00 0.84 0.69, 0.94 0.93 0.92, 0.95 

Tartu 198 (99) 2 (1) 0.61 0.60  0.15, 0.95 1.00  0.98, 1.00 1.00 0.29, 1.00 0.99 0.96, 1.00 



Albacete/Huelva 101 (86) 16 (14) 0.39 0.39  0.17, 0.64 0.95 0.89, 0.98 0.58 0.28, 0.85 0.90  0.82, 0.95 

Melbourne 116 (93) 9 (7) 0.63 0.53  0.28, 0.77 0.99  0.95, 1.00 0.90 0.28, 0.85 0.93  0.87, 0.97 

 
 

 

b) Parental asthma 

Agreement1 

N (%) 

Disagreement2 

N (%) 

Cohen’s kappa Sensitivity  95% CI Specificity 95% CI PPV 95% CI NPV 95% CI 

Maternal 3347 (93) 255 (7) 0.68 0.70 0.65, 0.74 0.96 0.96, 0.97 0.74 0.70, 0.78 0.96  0.95, 0-96 

Aarhus 357 (95) 18 (5) 0.78 0.78  0.63, 0.88 0.98  0.96, 0.99 0.84 0.71, 0.94 0.97  0.94, 0.98 

Reykjavik  412 (88) 56 (12) 0.54 0.55  0.44, 0.66 0.95  0.92, 0.97 0.69  0.56, 0.80 0.91  0.88, 0.94 

Bergen 565 (92) 50 (8) 0.66 0.64  0.54, 0.74 0.97  0.95, 0.98 0.80  0.69, 0.88 0.94  0.91, 0.96 

Gothenburg 487 (96) 22 (4) 0.76 0.78  0.65, 0.89 0.98 0.96, 0.99 0.78 0.65, 0.89 0.98  0.96, 0.99 

Umea 690 (94) 43 (6) 0.74 0.79  0.70, 0.87 0.96  0.94, 0.98 0.75  0.66, 0.84 0.97  0.95, 0.98 

Uppsala 673 (92) 55 (8) 0.66 0.69  0.59, 0.78 0.96  0.94, 0.97 0.71 0.61, 0.80 0.95  0.94, 0.97 

Tartu 189 (93) 15 (7) 0.48 0.62  0.32, 0.86 0.95  0.91, 0.98 0.44  0.22, 0.69 0.97  0.94, 0.99 

Albacete/Huelva 89 (82) 20 (18) 0.51 0.65  0.44, 0.83 0.87  0.78, 0.93 0.61  0.41, 0.79 0.89  0.80, 0.95 

Melbourne 34 (97) 1 (3) 0.65 1.00  0.89, 1.00 0.50  0.01, 0.99 0.97  0.85, 1.00 1.00  0.03, 1.00 

Paternal 2803 (93) 193 (7) 0.67 0.64 0.58, 0.69 0.97  0.96, 0.98 0.70  0.64, 0.75 0.96  0.95, 0.97 

Aarhus 308 (96) 13 (4) 0.74 0.72  0.53, 0.87 0.98  0.96, 0.99 0.81 0.61, 0.93 0.97  0.95, 0.99 

Reykjavik  373 (89) 44 (11) 0.38 0.35  0.22, 0.51 0.97  0.94, 0.98 0.57  0.37, 0.75 0.92  0.89, 0.95 

Bergen 532 (93) 39 (7) 0.69 0.64  0.53, 0.75 0.98  0.96, 0.99 0.84  0.72, 0.92 0.94  0.92, 0.96 

Gothenburg 407 (97) 14 (3) 0.76 0.77  0.59, 0.90 0.98  0.96, 0.99 0.77  0.59, 0.90 0.98  0.96, 0.99 

Umea 511 (93) 36 (7) 0.60 0.60  0.45, 0.73 0.97  0.95, 0.98 0.67  0.52, 0.81 0.96  0.94, 0.97 

Uppsala 517 (96) 24 (4) 0.77 0.87  0.75, 0.95 0.97 0.95, 0.98 0.73  0.60, 0.83 0.99  0.97, 0.99 

Tartu 88 (96) 4 (4) 0.48 0.40  0.05, 0.85 0.99  0.94, 1.00 0.67  0.09, 0.99 0.97  0.91, 0.99 

Albacete/Huelva 86 (85) 15 (15) 0.58 0.54  0.34, 0.73 0.97  0.91, 1.00 0.88  0.64, 0.99 0.85  0.75, 0.92 

Melbourne 29 (88) 4 (12) 0.68 1.00  0.85, 1.00 0.60  0.26, 0.88 0.85  0.66, 0.96 1.00  0.54, 1.00 

1 Agreement: When both parents and offspring answered the same (yes/yes or no/no). 

2 Disagreement: When parents and offspring answered differently (yes/no or no/yes). 

 

 
Table S3. Parameter estimates and 95% confidence intervals for sensitivity, specificity, PPV, 

and NPV for offspring-reported parental asthma and parent-reported offspring asthma, 

according to timing of parental asthma onset.  

 

Parental asthma 

Agreement1 

N (%) 

Disagreement2 

N (%) 

Sensitivity 95% CI Specificity  95% CI PPV  95% CI NPV  95% CI 

Asthma onset in 

mothers < offspring age 

20 

3982 (91) 371 (9) 0.75  0.70, 0.79 0.93  0.92, 0.94 0.52  0.48, 0.56 0.97  0.97, 0.98 

Asthma onset in 

mothers > offspring age 

3814 (88) 539 (12) 0.61  0.52, 0.70 0.89  0.88, 0.89 0.14  0.12, 0.18 0.99  0.98, 0.99 



20 

Asthma onset in fathers 

< offspring age 20 

3351 (94) 233 (6) 0.72  0.66, 0.77 0.95  0.95, 0.96 0.58  0.53, 0.63 0.97  0.97, 0.98 

Asthma onset in fathers 

> offspring age 20 

3224 (90) 360 (10) 0.48  0.33, 0.63 0.91  0.90, 0.92 0.06  0.04, 0.09 0.99  0.99, 1.00 

 

1 Agreement: When both parents and offspring answered the same (yes/yes or no/no). 

2 Disagreement: When parents and offspring answered differently (yes/no or no/yes). 

 

Table S4. Frequency (absolute and relative) of discrepant asthma reports according to 

fathers/mothers, and current smoking parents/never-smoking parents. 

Discrepant asthma reports N (%) 

Fathers reporting early onset asthma in early non-asthmatic offspring 28/2293 (1.2) 

Mothers reporting early onset asthma in early non-asthmatic offspring 39/3047 (1.3) 

Fathers reporting no asthma in offspring with early onset asthma 80/2293 (3.5) 

Mothers reporting no asthma in offspring with early onset asthma 72/3047 (2.4) 

Fathers reporting late onset asthma in late non-asthmatic offspring 21/2285 (0.9) 

Mothers reporting late onset asthma in late non-asthmatic offspring 28/3092 (0.9) 

Fathers reporting no asthma in offspring with late onset asthma 156/2285 (6.8) 

Mothers reporting no asthma in offspring with late onset asthma 171/3092 (5.5) 

Current smoking parents reporting early onset asthma in early non-asthmatic offspring 5/466 (1.1) 

Never-smoking parents reporting early onset asthma in early non-asthmatic offspring 25/2413 (1.0) 

Current smoking parents reporting no asthma in offspring with early onset asthma 13/466 (2.9) 

Never-smoking parents reporting no asthma in offspring with early onset asthma 59/2413 (2.4) 

Current smoking parents reporting late onset asthma in late non-asthmatic offspring 7/483 (1.4) 

Never-smoking parents reporting late onset asthma in late non-asthmatic offspring 20/2433 (0.8) 

Current smoking parents reporting no asthma in offspring with late onset asthma 39/483 (8.1) 

Never-smoking parents reporting no asthma in offspring with late onset asthma 129/2433 (5.3) 
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Abstract  

Objectives: To investigate if air pollution and greenness exposure from birth till adulthood 

affects adult asthma, rhinitis and lung function. Methods: We analysed data from 3428 

participants (mean age 28) in the RHINESSA study in Norway and Sweden. Individual mean 

annual residential exposures to nitrogen dioxide (NO2), particulate matter (PM10 and PM2.5), 

black carbon (BC), ozone (O3) and greenness (normalized difference vegetation index 

(NDVI)) were averaged across susceptibility windows (0-10 years, 10-18 years, lifetime, 

adulthood (year before study participation)) and analysed in relation to physician diagnosed 

asthma (ever/allergic/non-allergic), asthma attack last 12 months, current rhinitis and low 

lung function (lower limit of normal (LLN), z-scores of forced expiratory volume in one 

second (FEV1), forced vital capacity (FVC) and FEV1/FVC below 1.64). We performed 

logistic regression for asthma attack, rhinitis and LLN lung function (clustered with family 

and study centre), and conditional logistic regression with a matched case-control design for 

ever/allergic/non-allergic asthma. Multivariable models were adjusted for parental asthma and 

education. Results: Childhood, adolescence and adult exposure to NO2, PM10 and O3 were 

associated with an increased risk of asthma attacks (ORs between 1.29 to 2.25), but not with 

physician diagnosed asthma. For rhinitis, adulthood exposures seemed to be most important. 

Childhood and adolescence exposures to PM2.5 and O3 were associated with lower lung 

function, in particular FEV1 (range ORs 2.65 to 4.21). No associations between NDVI and 

asthma or rhinitis were revealed, but increased NDVI was associated with lower FEV1 and 

FVC in all susceptibility windows (range ORs 1.39 to 1.74). Conclusions: Air pollution 

exposures in childhood, adolescence and adulthood were associated with increased risk of 

asthma attacks, rhinitis and low lung function in adulthood. Greenness was not associated 

with asthma or rhinitis, but was a risk factor for low lung function. 

 

1. Introduction 

Air pollution is one of the world’s largest known environmental health threats and an 

important cause of both respiratory mortality and morbidity (1). Individuals with pre-existing 

health conditions such as asthma are especially vulnerable for exposure to air pollution, as it 

can trigger exacerbations. However, although contemporary and early life air pollution has 

been linked to asthma, the role of air pollution exposure throughout the lifespan in the 

development of asthma is still not fully resolved (2). Regarding lung function, studies have 

shown a decrease in forced expiratory volume in 1 second (FEV1) in children (3, 4). Less is 

known regarding adult lung function after lifetime exposure to air pollution (5, 6).  



 

 

Contrary to air pollution, greenness has been linked to beneficial health effects such as 

reduced risk of diabetes and hypertension. However, the effects of greenness on respiratory 

health and allergy are limited and results are heterogeneous depending on whether residence 

is in urban or rural areas (7-9). Both local vegetation and season may affect population 

exposure to allergenic pollen and fungal spores, which at least partly can explain the varying 

associations in different locations (7, 10). Also, regarding lung function the results are 

heterogeneous; a recent study found an association with higher lung function after growing up 

nearby green spaces (11), while other studies did not find any associations (12, 13).   

 

Lung development starts in the embryonic phase and continues gradually with further growth 

and lung maturation in utero and post-natally until the lung matures and lung function peaks 

by the age of 20-25 years (14). During development, the lungs are particularly vulnerable, and 

several chronic respiratory diseases in adulthood originate from effects associated with 

exposures in this period (15, 16). However, it remains unclear in which particular time 

windows the lungs are most susceptible to harmful and beneficial exposures, such as air 

pollution and greenness. 

 

The aim of this study was to examine whether exposure to air pollution and greenness during 

different susceptibility windows can be associated with respiratory health in adulthood 

(Figure 1). All exposures were calculated from birth up to adulthood based on detailed 

Figure 1. Longitudinal study, retrospective design with a lifelong history of exposure based on registry-based residential 
moving history. Overview of the exposures (greenness and air pollutants), the susceptibility windows (0-10 years, 10-18 
years and lifetime from birth until study participation) and the outcomes (physician diagnosed asthma (allergic and non-
allergic), asthma attack, rhinitis and lung function) in the study. Illustration by Taran Johanne Neckelmann. 



 

individual-level residential moving history. Asthma, rhinitis and lung function were selected 

as indicators of respiratory health. 

 

2. Methods 

Study design and population 

We included participants born after 1975 from the Norwegian (Bergen) and Swedish (Umea, 

Gothenburg and Uppsala) centres in the Respiratory Health in Northern Europe, Spain and 

Australia (RHINESSA) study (17), conducted from 2013 to 2015 (Figure 2). Participants born 

earlier than 1975 were excluded, as individual residential address histories were not available 

for the years before. All the participants answered questionnaires, with a response rate of 44% 

and 40% in Sweden and Norway, respectively (18), while a sub-sample in each centre also 

underwent clinical examinations. Regional committees of medical research ethics approved 

the study according to national legislations and written informed consent was obtained from 

all participants before participation (19). 

 

2.2 Outcomes 

Asthma and rhinitis 

The following outcomes were analysed: ever asthma, allergic and non-allergic asthma, asthma 

attack last 12 months and rhinitis. Ever asthma was defined by a positive answer to “Have 

you ever had asthma diagnosed by a doctor?”, and self-reported age of diagnosis. Allergic and 

non-allergic asthma was defined based on the same question as ever asthma in addition to a 

Participants in the Norwegian and Swedish 

RHINESSA centres 

N = 5295 

Included participants with complete 

information 

N = 3428 

 

1449 males (271 with clinical data) 

1979 females (284 with clinical data) 

 

N = 1867 excluded  

- 688 born before 1975  

- 188 without outcome information 

- 991 without exposure data 

-  

Figure 2. Flowchart of the RHINESSA study population. 



 

question on rhinitis: “Do you have any nasal allergies including rhinitis?”. Asthma attack was 

defined as a positive answer to “Have you had an attack of asthma in the last 12 months?”. 

 

Lung function 

Pre-bronchodilator spirometry was conducted using an EasyOne Spirometer and performed 

with assistance from trained technicians. The participants conducted up to eight manoeuvres 

until adequate measures of maximum forced expiratory volume in one second (FEV1) and 

maximum forced vital capacity (FVC) were achieved. Impaired lung function was defined as 

lung function below the lower limit of normal (LLN). To calculate the LLN for FEV1, FVC 

and FEV1/FVC we used reference values from Global Lung Function Initiative (GLI 2012) 

with LLN defined as a z-score <1.64 standard deviations (SD) (20).  

 

2.3 Exposure assignments 

Geocoded residential addresses for each year from birth onwards were used to assign 

individualized exposures for all the participants. The address history information was 

retrieved from the Swedish and Norwegian national population registries. 

 

Air pollution 

Annual mean concentrations for nitrogen dioxide (NO2), particulate matter with diameter < 

2.5 µm (PM2.5), and < 10 µm (PM10), ozone (O3) (µg/m3) and black carbon (BC) (10-5m-1) 

were assigned to each participant’s individual geocoded residential history based on air 

pollution rasters previously developed (21-23) (Table S1). The rasters are based on Western 

Europe-wide hybrid land use regression (LUR) models that combine predictor variables from 

satellite-derived and chemical transport model estimates of air pollution concentrations, 

geographic information system (GIS) variables representing roads, land use and altitude with 

measurement data from the AIRBASE monitoring network, except for BC where 

measurements from the European Study of Cohorts for Air Pollution Effects (ESCAPE) were 

used (24). Annual mean PM10 exposures were extracted from LUR models from 2007 (21), 

while for assessing the annual mean NO2, PM2.5, O3 and BC exposures hybrid LUR models 

from 2010 were used (22, 23). Annual concentrations for other years than the model years 

were back-and-forward-extrapolated using the ratio method following the procedure in line 

with the ESCAPE procedure (25). Extrapolation was based on calculation data from the 

Danish Eulerian Hemispheric (DEHM) model (26) and done for each year from 1990 to the 

study years. For the years prior to 1990, there was no estimated air pollution data available for 

these areas. Consequently, we applied the estimations for the year 1990 as a proxy. 

 

Greenness 

Greenness (vegetation degree) was measured by the Normalized Difference Vegetation Index 

(NDVI) (27) derived from cloud-free Landsat 4-5 Thematic Mapper (TM) and 8 Operational 

Land Imager (OLI) satellite images (28) (Table S2). NDVI ranges from -1 to 1, where values 

close to 1 indicate highly vegetated areas (29). During the most vegetation rich months (May, 

June, July) satellite images were retrieved every 5 years from 1984 till 2014 (Table S3) for 

the areas of interest. The same values were kept until next retrieval. Residential greenness was 

defined as mean NDVI in four circular buffer zone around the participants’ address. We 

selected the 300-m buffer for NDVI as the main analyses, in accordance with the World 

Health Organization (WHO) recommendations (30). Other buffer zones (100-m, 500-m and 

1000-m) served as sensitivity analyses (Table S7). 

 

Susceptibility windows 



 

Annual mean exposures to greenness and the air pollutants were averaged over different time 

windows: 0-10 years, 10-18 years, from birth until time of participation in the study (lifetime) 

and also separately for one year prior to participation. Furthermore, cumulative exposures 

were calculated for the asthmatics from birth till time of asthma diagnosis to be used in the 

matched analysis (explained in further detail in paragraph 2.5). 

 

2.4 Covariates 

Directed Acyclic Graphs (DAGs) were made to identify which potential confounders to 

include in the statistical models (Figures S1 and S2) (31, 32). We included all covariates in 

the DAG that we a priori considered to be of potential importance for the analyses. Parental 

education level and parental asthma were the only variables selected as true confounders in 

the DAG, i.e. associated with both the exposures and the outcomes and preceding the 

childhood exposures in time. The participants reported their own and their parents’ 

educational level by the categories primary school, secondary school/technical school and 

college/university, while parental asthma was defined from at least one of the parents having 

asthma, with the question “Have your biological parents ever had asthma?” and with separate 

answer categories for “mother” and “father”.  

 

2.5 Statistical analysis 

For lung function, asthma attack and rhinitis, we analysed associations between annual mean 

exposures in the following time windows: childhood (0-10 years) and adolescence (10-18 

years) in addition to annual mean lifetime exposures. For asthma attack and rhinitis, we also 

analysed associations of exposures the last year before participation in RHINESSA. For the 

asthma outcomes, we analysed associations of cumulative exposures for each year up to the 

age of asthma diagnosis using a matched case-control design. We defined cases as 

participants with physician diagnosed asthma. Controls were sampled from the non-asthmatic 

participants and matched to the cases (2 controls per case) by study centre, sex and age at 

participation, with cumulative exposures defined at the age corresponding to age of diagnosis 

for the cases. Separate matched case-control datasets were set up for asthma, allergic asthma 

and non-allergic asthma. In the asthma dataset, all asthma cases were included. In the allergic 

asthma dataset, the subjects with non-allergic asthma were excluded and, in the non-allergic 

asthma dataset, the subjects with allergic asthma were excluded. Matching was performed 

using R version 3.5.1 (33). 

  

Exposures of air pollution and greenness in relation to the outcomes were analysed using the 

following methods: logistic regression for asthma attack, rhinitis, and LLN FEV1, FVC and 

FEV1/FVC; and conditional logistic regression for ever asthma, allergic asthma and non-

allergic asthma. For the logistic regression analyses, we constructed a variable combining 

family and centre and added it to the model. The conditional logistic regression was 

performed on the matched case control dataset and no clustering was therefore necessary. 

 

NO2, PM2.5, PM10 and BC were highly correlated with each other and therefore not included 

in the same models (correlation coefficients ranging from 0.603 to 0.917, Table S4a-S4c). For 

each of these pollution exposures, we included O3 and NDVI in the multivariable models 

together with the covariates from the DAG. O3 was included since correlations between O3 

and other pollutants was more moderate (34). NDVI was included because greenness and air 

pollution are the two main exposures of interest in our study, and not correlated with each 

other (Table S4a-S4c). Following this line of reasoning, we also adjusted the O3 analysis for 

NDVI and NO2, and the NDVI analyses for O3 and NO2. Air pollution and greenness 

variables were included in the models as continuous variables without transformation. We 



 

performed separate analyses for each time window due to high correlations between them (all 

air pollutant correlation coefficients >0.86, Table S5a-S5f).  

 

Imputation of missing values was performed on the covariates (parental education and 

parental asthma), air pollution exposures and greenness to retain all available information. 

Proportion of missing ranged from 2% (parental education) to 9% (NDVI during certain years 

in early childhood). Some subjects lacked exposure data in early childhood due to missing 

address information from the Norwegian population registry where the first registered address 

is the first moving address instead of birth address. The imputation model included the same 

variables as those contained in the final analytical models. For the matched case-control 

datasets, five values were imputed for each missing observation using a multilevel approach 

as implemented in the mice-package in R (35). This imputation was done using the long-

format of (exposure) data for all individuals (one line per year) before deriving cumulative air 

pollution and greenness estimates and before extracting cases and controls. The pooling of 

estimates with 95% confidence intervals (CIs) across imputed datasets were performed using 

Rubin´s combination rules. For the lung function, asthma attack and rhinitis analyses, 

multiple imputation and pooling of estimates was performed using Stata. Missing values were 

filled in with the “mi impute mvn” procedure, using an iterative Markov chain Monte Carlo 

method with 200 imputations (36). 

 

An association was interpreted to be present if the effect estimate from the adjusted model 

reached statistical significance at alpha-level 0.05. R version 3.5.1 and Stata version 16.0 

were used to perform the statistical analyses. 

 

3. Results 
The majority (58%) of participants were female with a median age for the total study 

population of 28.4 years, ranging from 18 to 40 years. All participants were born between 

1975 and 1997 (Table 1).  

 

None of the mean air pollution exposure values exceeded the limit values of the European 

Union (EU) (Table S6), while PM2.5 surpassed the WHO guidelines values in all centers and 

PM10 exceeded the WHO guideline in two of the centers (Uppsala and Gothenburg). Mean 

greenness exposure values ranged between 0.5 and 0.6 across centres and time windows 

(Table S7).  

 

NO2 was a risk factor for ever asthma and allergic asthma before but not after adjustment for 

confounders (Table 2). BC was a risk factor for ever asthma in univariable analysis but was a 

protective factor for non-allergic asthma after adjustment. O3 was associated with less risk for 

ever asthma and non-allergic asthma. Greenness was not associated with asthma diagnosis.  

 

Exposure to NO2, PM10 and O3 was associated with an increased risk of asthma attack both in 

the time window 10-18 years and lifetime exposure (Table 3). Exposure to PM10 and O3 also 

increased the risk for asthma attack in the time window 0-10 years. Additional analysis 

showed that exposures of NO2, PM2.5, PM10, BC and O3 the year before study participation 

were all associated with increased risk of asthma attack (Table S8). Greenness was not 

associated with asthma attack in any of the time windows. 

 

None of the exposures were associated with a higher risk of rhinitis when limiting the focus to 

the first susceptibility window 0-10 years or lifetime exposure (Table 4). PM10 exposure in all 

time windows was associated with increased risk of rhinitis before but not after adjustment for 



 

confounders. Unadjusted analyses for the susceptibility window 10-18 years revealed an 

increased risk of rhinitis after exposure to NO2, PM2.5, PM10 and BC; but after adjustment for 

covariates only NO2 remained statistically significant (Table 4). Additional analysis (Table 

S9) showed that NO2, PM2.5, PM10 and BC exposures the year before study participation were 

all associated with increased risk for rhinitis, both before and after adjustment for 

confounders. Greenness was not associated with rhinitis. 

 

O3 exposure increased the risk of FEV1<LLN in all time windows (Table 5) and PM2.5 

exposure was a risk factor for low FEV1 across all time windows. O3 was also a risk factor for 

low FVC in the time window 0-10 years, and in univariate analyses also for the other time 

windows. PM2.5 exposure during lifetime and in the time window 10-18 years, was associated 

with low FVC after adjusting for confounders. Greenness exposures increased the risk of low 

FEV1 in all time windows, and for lifetime exposure and exposure during the period 10-18 

years it also increased the risk of low FVC. For FEV1/FVC<LLN, only BC exposure in the 

time window 10-18 years was identified as a risk factor (Table S10-S11). 

 

Table 1. Study population characteristics. N = 3428 participants. 
Characteristicsa RHINESSA 

 N 

N 3428 

Bergen (%) 1502 (43.8) 

Gothenburg (%) 487 (14.2) 

Umea (%) 676 (19.7) 

Uppsala (%) 763 (22.3) 

Female (%) 1979 (57.7) 

Mean age (SD) 28.2 (6.1) 

Physician diagnosed asthma (%) 549 (16.0) 

Asthma type   

Allergic asthma (%) 283 (8.3) 

Non-allergic asthma (%) 262 (7.6) 

Rhinitis (%) 965 (28.4) 

Asthma attack last 12 months (%) 157 (4.6) 

Lung functionb  

FEV1 in liter (SD) 3.9 (0.8) 

FEV1 z-score (SD) -0.4 (0.9) 

FEV1 < LLN (%) 42 (7.6) 

FVC in liter (SD) 4.8 (1.0) 

FVC z-score (SD) -0.2 (0.9) 

FVC < LLN (%) 27 (4.9) 

FEV1/FVC ratio (SD) 0.8 (0.1) 

FEV1/FVC z-score (SD) -0.4 (0.8) 

FEV1/FVC < LLN (%) 41 (7.4) 

Paternal education (%)  

Primary school 509 (15.0) 

Secondary school 1154 (34.0) 

College/university 1734 (51.0) 

Maternal education (%)  

Primary school 407 (11.9) 

Secondary school 1095 (32.1) 

College/university 1912 (56.0) 

Parental asthma (%)  

Paternal 305 (9.1) 

Maternal 399 (11.9) 



 

Abbreviations: FEV1, forced expiratory volume in one second; FVC, forced vital capacity; LLN, lower limit of normal; SD, 

standard deviation. a Missing information on the following variables: age (17), rhinitis (29), asthma attack last 12 months (8), 

paternal education (31), maternal education (14), paternal asthma (63), maternal asthma (61). b Lung function data collected 

in a subsample N=555. Z-scores and LLN are based on the GLI-2012 reference equations (20), with LLN defined as z-score 

< 1.64 SD. 
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4. Discussion 

In this retrospective cohort study with a lifelong exposure based on registry-based residential 

moving history, we found an increased risk of asthma attack after childhood and adolescence 

exposure to NO2, PM10 and O3 as well as after exposures in the year before study 

participation. For rhinitis, recent exposures seemed to be more important than lifelong or 

early exposures. In addition we revealed an association between childhood and adolescence 

exposures to PM2.5 and O3 and low lung function, in particular with regard to FEV1. Air 

pollution exposures did not increase the risk of physician diagnosed asthma. Higher exposure 

to greenness was a risk factor for low FEV1 and FVC but not for asthma and rhinitis.  

 

To our knowledge, there are no previous studies with similarly detailed moving history and 

the following individualized exposure calculations on both greenness and air pollutants that 

have examined lung health in adults after exposures during different vulnerability windows 

throughout the entire lifespan. Consequently, a direct comparison with previous literature is 

difficult. However, a systematic review reported associations between exposure to traffic 

related pollutants and the development of childhood asthma (2), with more associations for 

PM2.5, PM10 and NO2 compared to BC. Also in our study NO2 and PM10 (in addition to O3) 

exposures from birth onwards were particularly important risk factors for adult asthma 

severity measured through asthma attacks last 12 months. We did not observe higher risk of 

physician diagnosed asthma or allergic asthma in adults after exposure to any of the 

pollutants. On the contrary, regarding non-allergic asthma we found an association of lower 

risk after exposure to BC and O3. These latter findings are somewhat unexpected and may 

reflect a chance finding or a result of including two relatively high correlated pollutants in one 

model (Table S4). We note that in single pollutant models, ORs were highly non-significant. 

 

Air pollution exposures in the year before study participation were risk factors for current 

rhinitis in our study, while early life exposures seemed to be less important. This is in contrast 

with existing literature that has showed how early life air pollution exposures increase the risk 

of rhinitis in children (37) and also that long-term air pollution exposures are associated with 

increased disease severity among subjects with rhinitis (38). 

 

Several studies have found that exposure to air pollution in early life and in school-age has a 

negative impact on lung function in childhood and adolescence (5, 39, 40), but the effects into 

adulthood remain unclear. Our analyses of adult lung function revealed that participants 

exposed to PM10 and O3 had a higher risk for lung function below LLN for both FEV1 and 

FVC, but not for the ratio – indicating that the effects are on lung volumes rather than 

obstructive effects. The associations were observed in all susceptibility windows suggesting 

that early life exposures to air pollution impacts lung function all the way into adulthood. This 

is in line with a recent study that found NOx and PM10 exposures during the first year of life 

to be associated with FEV1 and FVC below LLN at the age of 16 (40). 

 

Our study did not reveal any associations between greenness and asthma outcomes or rhinitis, 

but we found greenness to be a risk factor for low lung function. Previous literature on the 

effects of greenness on respiratory health, and especially lung function is limited and 

heterogeneous. Some studies have found no associations, in line with our analyses of asthma 

attack and rhinitis (12, 13). However, one recent study found higher FEV1 and FVC among 

24-year olds that grew up nearby green spaces within 300 m of their homes (11). This is in 

contradiction to our analyses where greenness was in fact a risk factor for low lung function. 

An explanation for discrepant results between studies may be because the index used for 

greenness does not differentiate between type of vegetation which may influence the time 



 

spent in and around the green areas, for instance a nicely facilitated park may be used more 

than an agricultural field. Also, urban areas tend to have more allergenic trees than rural areas. 

A recent study from Germany showed how residence in places with many trees, and 

allergenic trees specifically, increase the prevalence of allergic rhinitis (41). In addition, our 

exposure assessment has the shortcoming that it is based on the participant’s home addresses 

and we cannot account for the time spent in other places (e.g. kindergarten, school, work etc.). 

Children spend 40-50% of their time at home and the rest at school/kindergarten or 

commuting, and air pollutant levels are usually lower at home than when commuting (42). 

Nevertheless, most families in Scandinavia live close to the schools and kindergartens and it 

is therefore likely that the calculations based on the residential addresses reflect the actual 

daily exposures.  

 

The results regarding greenness and lung function are in line with a recent paper including 

100 000 persons from the UK Biobank (43) showing that although greenness overall 

decreases the risk for COPD, it has a curvilinear effect on lung function with a beneficial 

effect up to a NDVI threshold of 0.21 followed by a negative effect. Also results from the 

European FP7 HEALS project (Health and Environment-wide Associations based on Large 

population Surveys) have shown that exposure to green space is associated with increased 

respiratory disease (44). The negative effect may be due to increased exposures to pollens 

with higher susceptibility to allergic reactions.    

 

In our analyses, we had a particular focus on susceptibility windows up to 18 years of age. 

The rationale for examining exposures in childhood and adolescence was the aim to look at 

exposures of the lungs when they are at their most vulnerable (14). Children are extra 

susceptible as the lungs are developing and their immune and metabolic systems are less 

mature than in adults. Also, they tend to be more outdoors and to be more physically active 

than adults, as well as to have a greater ventilator rate. Consequently, children’s exposure to 

air pollution is higher compared to adults. Previous studies exploring these windows, have 

found puberty to be of particular importance especially in men (45). However, in our study a 

minority of participants changed their residences during childhood and adolescence, which 

made it difficult to determine if some susceptibility windows were more important than 

others. Our results nevertheless suggest that all the investigated time windows are of 

importance in relation to adult lung health. 

 

The percentage of missing in our imputed variables ranged from 2% to 9%. We performed 

analyses with imputation rather than complete case analyses to avoid the deletion of 

observations from our dataset, with the following consequences of loss of statistical power 

and risk of bias due to missing data. An important criterion to avoid imputation bias is that 

variables included in the final analytical model make up the set of predictors and outcomes 

specified in the imputation model. Also, the assumption that data are missing at random is 

crucial. The largest percentage of missing observations in our data (9%) were greenness 

exposures in the first years of life. One reason for this was that we failed to obtain enough 

satellite images to cover the entire study area completely throughout all selected years. 

Another reason is that the Norwegian population registry provided the first moving address 

for all participants and not the birth address. Although we have greenness exposures for some 

time points in the window 0-10 years for all participants, 9% had at least one year missing 

within this time window. To allow for the uncertainty about missing data, we performed 

multiple imputation through creating multiple different plausible imputed data sets and 

appropriately combining results obtained from each of them (46). 

 



 

One of the major strengths of our study is the availability of detailed information on lung 

health in two generations from the RHINESSA study, enabling to adjust for the identified 

confounders and investigate possible susceptibility windows for disease development later in 

life. Furthermore, the detailed residential addresses, including moving history for each 

participant is unique and made it possible to calculate individualized exposures. With 

complex extrapolation formulas from LUR models, accurate estimations were achieved. This 

enabled us to grasp both spatial and temporal variation in air pollution, even if fine within-city 

contrasts are not perfectly captured. 

 

Certain limitations should be addressed. First, limitations regarding the exposure assessments 

must be mentioned. The estimates for 1990 were used as a proxy for each year from 1975 to 

1990, because air pollution measurements before this time point were not available. For these 

years we expect a possible underestimation of the exposures as there was a downwards trend 

for air pollution from 1975 till 1990 in Europe, especially for PM2.5 and PM10 and partly also 

for NO2 (47). Also, the LUR models do not encompass detailed exposure data on pollution 

that is not traffic-related, such as for example pollution coming from residential wood 

combustion. Such exposures would be important to obtain a deeper understanding of air 

pollution and health. With the present study we can only draw conclusions about traffic-

related air pollution, and exposures to air pollution other than traffic-related pollution will be 

underestimated. The effects on our results from these sources of underestimation may be that 

observed associations are in reality stronger than what we have found. Second, information 

bias is a concern for all studies using self-reported data, especially when including reports 

regarding family-members. Nevertheless, numerous validation studies from the RHINESSA 

study have shown recall bias to be minimal for cross-generational reports (18, 48, 49). Also, 

allergic asthma is in this context defined as asthma without rhinitis. Subjects with atopic 

asthma who are allergic to e.g. mites or animal hair but do not have rhinitis may therefore 

have been classified as non-allergic asthmatics. Lastly, the response rate of RHINESSA was 

fairly low, approximately 40% (50). A general decreasing trend of the response rate is 

reported in the latest years, levelling out at about 50% (51). The importance of the 

participants being representative of the general population is emphasized to be at least as 

important as the response rate. The RHINESSA study population was not skewed in any 

direction and has the same distribution of demographic characteristics (e.g. education level, 

sex, asthma status) as the same age range in the general population (18). 

 

5. Conclusion 

In conclusion, this study found that air pollution exposures throughout the lifespan increased 

the risk for asthma attacks, rhinitis and low lung function in adulthood, but not for physician-

diagnosed asthma. Greenness was not associated with asthma attacks, rhinitis or asthma 

diagnosis, but it was a risk factor for FEV1 and FVC below lower limit of normal. Our results 

confirm that recent air pollution exposures are associated with lung health outcomes, but 

suggest that also air pollution exposures as far back in time as childhood and adolescence 

increase the risk of poor lung health in adulthood. 
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Abstract: We investigated if greenness and air pollution exposure in parents’ childhood affect
offspring asthma and hay fever, and if effects were mediated through parental asthma, pregnancy
greenness/pollution exposure, and offspring exposure. We analysed 1106 parents with 1949 offspring
(mean age 35 and 6) from the Respiratory Health in Northern Europe, Spain and Australia (RHINESSA)
generation study. Mean particulate matter (PM2.5 and PM10), nitrogen dioxide (NO2), black carbon
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(BC), ozone (O3) (µg/m3) and greenness (normalized difference vegetation index (NDVI)) were
calculated for parents 0–18 years old and offspring 0–10 years old, and were categorised in tertiles.
We performed logistic regression and mediation analyses for two-pollutant models (clustered by
family and centre, stratified by parental lines, and adjusted for grandparental asthma and education).
Maternal medium PM2.5 and PM10 exposure was associated with higher offspring asthma risk
(odds ratio (OR) 2.23, 95%CI 1.32–3.78, OR 2.27, 95%CI 1.36–3.80), and paternal high BC exposure with
lower asthma risk (OR 0.31, 95%CI 0.11–0.87). Hay fever risk increased for offspring of fathers with
medium O3 exposure (OR 4.15, 95%CI 1.28–13.50) and mothers with high PM10 exposure (OR 2.66,
95%CI 1.19–5.91). The effect of maternal PM10 exposure on offspring asthma was direct, while for hay
fever, it was mediated through exposures in pregnancy and offspring’s own exposures. Paternal O3

exposure had a direct effect on offspring hay fever. To conclude, parental exposure to air pollution
appears to influence the risk of asthma and allergies in future offspring.

Keywords: air pollution; greenness; preconception exposure; childhood asthma; childhood hay fever

1. Introduction

Air pollution is a major risk factor for disease worldwide and is estimated to cause almost 500,000
premature annual deaths across Europe [1]. Studies have shown that long-term exposure to high levels
of air pollution affects multiple organs in the human body, causing cardiovascular and respiratory
diseases [2]. Regarding the development of asthma, some studies have found childhood exposure to
air pollution to be a risk factor [3], while other studies did not reveal those effects [4]. Less is known
regarding the intergenerational effects of exposure to lower levels of air pollution, e.g., levels below
recommended limits from the European Union (EU) and the World Health Organisation (WHO) [5,6],
on offspring asthma and hay fever.

Exposure to greenspace has, on the other hand, been associated with beneficial health effects
such as reduced risk of mortality, diabetes, and high blood pressure [7]. However, effects of greenness
on asthma and allergies are less clear [8–11]. Some studies have indicated decreased respiratory
morbidity in adulthood due to living near green areas [7,12–14] while the effects of residential greenness
on childhood allergic rhinitis and aeroallergen sensitization have depended on the region [15–18].
Access to green areas may decrease stress through rest, increase opportunities for physical activity and
increase social interaction [19]. Furthermore, vegetation may remove pollutants such as ozone (O3),
particulate matter (PM) and nitrogen dioxide (NO2) from the air and may reduce exposure to harmful
noise [9,20]. Negative effects of greenness, on the other hand, may be explained by higher exposure to
pollen triggering allergic responses [17].

Asthma and allergies may result from both genetic susceptibility and environmental exposures,
and the importance of early life factors have been widely acknowledged [21–23]. Emerging research
suggests that even preconception exposures may be of relevance, and that epigenetic mechanisms may
be at play across generations [24]. Recent studies have found that father’s smoking and overweight
onset in adolescence was associated with higher asthma risk in their future offspring [25–27], suggesting
vulnerable time windows many years before conception of offspring. There are, however, no studies
investigating such intergenerational effects of exposures to air pollution and greenness.

To address the knowledge gaps of these long-term effects of exposure to air pollution and greenness
on asthma and hay fever, the aims of our study were to (1) explore the associations between parental
childhood exposures of greenness and air pollution in relation to their future offspring asthma and
allergies, in areas with relatively low air pollution and to (2) assess if the observed associations were
direct or mediated by other factors.
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2. Materials and Methods

2.1. Study Design and Population

We included participants born after 1975 as well as their offspring from centres with available
pollution data and relatively low air pollution levels in the Respiratory Health in Northern Europe,
Spain and Australia (RHINESSA) generation study, conducted in 2013–2015 [28,29]: Bergen (Norway);
and Umea, Uppsala, and Gothenburg (Sweden), as shown in Figure 1. Individual residential address
history was only available from 1975 onwards and participants born before that were therefore
not included. The participants answered questionnaires regarding their lung health and provided
information on their offspring asthma and allergies. The overall response rate was 40% in Norway
and 44% in Sweden [28]. Informed consent was obtained from each participant, and the study was
approved by regional committees of medical research ethics according to national legislations [30].
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2.2. Residential Address History

We retrieved the parents’ geocoded residential addresses from the Swedish and Norwegian
national population registries for each year ranging from parents’ birth until the age of 18 years, as well
as for offspring from birth until the age of 10 years.
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2.3. Outcomes

The main outcomes in this study were offspring early-onset asthma and hay fever, defined as
affirmative answers to the questions “For each of your biological children, please tick yes if they have
had asthma before 10 years of age”, and “For each of your biological children please tick yes if they
have had hay fever/rhinitis”, respectively.

2.4. Exposure Assessment

2.4.1. Air Pollution

We assigned annual mean concentrations (µg/m3) of 5 different air pollutants—NO2, PM2.5,
PM10, black carbon (BC) and O3—to each participant based on their geocoded residential history.
The exposures were assigned from air pollution rasters developed previously [31–33]. Annual mean
PM10 exposures were extracted for 2005 to 2007 from surfaces (100 × 100 m) based on western
Europe-wide hybrid land use regression (LUR) models [31]. Annual mean NO2, PM2.5 and O3

exposures and BC exposures for 2010 originate from similar hybrid LUR models [32,33]. An overview
of the models used for the different pollutants can be found in the online supplement (Table S1).

We back-and-forth extrapolated the air pollution concentrations from the LUR models using
the ratio method for each year from 1990 to 2015 following the procedure from the European Study
of Cohorts for Air Pollution Effects (ESCAPE) project [34], that is based on the Danish Eulerian
Hemispheric (DEHM) model [35]. For the years before 1990, we used 1990 estimates as proxies.

2.4.2. Greenness

Greenness was assessed using the normalized difference vegetation index (NDVI) [36], which refers
to both structured and unstructured vegetation. NDVI estimates were derived from cloud free Landsat
4–5 TM and 8 OLI satellite images [37] (Table S2). NDVI values range from −1 to +1, with +1 indicating
highly vegetated areas [38].

Satellite images were retrieved for every 5 years during the most vegetation rich months (May, June,
July) (Table S3), and NDVI maps were calculated with mean NDVI in a circular 100 m, 300 m, 500 m
and 1000 m buffer around each participant’s residential address. In the main analysis, we included the
300 m buffer, while the other buffer zones were included in sensitivity analysis (Tables S4 and S6a,b).

2.5. Time Windows for Exposures

We averaged mean annual exposures for the air pollutants and greenness across the period
0–18 years of age for parents and 0–10 years of age for offspring. Although desirable to estimate
separate exposures for parents’ childhood and adolescence, stable residential patterns made this
unfeasible (Table S7a–f).

2.6. Covariates and Mediators

To identify the minimal sufficient covariate adjustment set, we used a directed acyclic graph (DAG)
(Figures S1–S4) [39,40]. To be considered as a confounder variable, the covariate had to be associated
with both the exposure and the outcome and precede them both in time. Based on the DAG, we adjusted
the multivariable analyses for grandparental education and grandparental asthma. Grandparental
asthma was defined based on positive report by the parents on the question: “Have your biological
parents ever had asthma?” with separate answer categories for “mother” and “father”. Grandparental
education level was defined based on the question: “What was the highest level of education your
mother/father has/had?”, with categories primary school, secondary school and college/university.

In addition, parental asthma, offspring’s own pollution/greenness exposures and
pollution/greenness exposures during pregnancy (defined as birth year and the preceding year)
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were included as potential mediators based on a priori hypothesis that they may lie in the pathway
between parental air pollution/greenness exposures and offspring asthma/allergies.

2.7. Statistical Analyses

All statistical analyses were performed using Stata version 16.0.
Descriptive analyses were stratified by parental sex.
We performed multilevel logistic regression analyses to investigate associations between air

pollutants and greenness categorized in tertiles (low, medium and high exposures; see definition for all
categories in Table S5), and early-onset asthma and hay fever as binary outcomes. The analyses were
complete case analyses, clustered by family (to account for siblings) and study centre, and stratified
by parental sex. All models were adjusted for O3 and NDVI (300 m buffer), except for the O3 model
which was adjusted for NO2 and NDVI (300 m buffer) and the NDVI model which was adjusted for O3

and NO2. All models were also adjusted for grandparental education and grandparental asthma.
As sensitivity analyses, we fitted regression models separately for each country (Table S8a,b) and

for parents born after 1985 (Table S9a,b). p-values < 0.05 were considered statistically significant.
Correlation analyses were performed for all exposures to decide which pollutants to include in

the same models (Tables S10a,b and S11a–f).
Mediation analyses were performed to decompose the total effects of parental exposures to

greenness and each air pollutant on offspring’s outcomes into their direct and indirect (mediated)
effects (Figure 2). Parental asthma, offspring’s exposure during pregnancy and offspring’s own
exposure were all evaluated as potential mediators. In order to be a mediator, the exposure must
be associated with the mediator and the mediator must be associated with the outcome. Mediation
tests showed that offspring’s own exposure and exposure during pregnancy were potential mediators
between maternal pollution exposure (PM10) and both offspring’s outcomes. For the paternal line,
exposure during pregnancy (O3) was a potential mediator between paternal O3 exposure and offspring
hay fever.
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Figure 2. Mediation models for the effects of parental exposures (air pollution/greenness) on offspring’s
outcomes (asthma or hay fever).

The mediation analyses were conducted using ldecomp in Stata, a simple counterfactual mediation
method that requires a categorical main exposure variable and a binary outcome, and allows any
distribution of the mediator [41,42]. We used bootstrapping (1000 iterations) to obtain the 95%
confidence interval (95%CI).
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3. Results

The parents were on average 35 years old, and there were more mothers than fathers in the study
population (Table 1). More mothers had asthma and hay fever compared to the fathers. The majority
of the parents were never-smokers.

Table 1. Study population characteristics. N = 706 mothers and 400 fathers and their 1949 offspring.

Characteristics a

RHINESSA

Fathers Mothers

N (%) N (%)

N 400 (36.2) 706 (63.8)
Umea 88 (22.0) 166 (23.5)

Uppsala 85 (21.3) 136 (19.3)
Gothenburg 58 (14.5) 93 (13.1)

Bergen 169 (42.2) 311 (44.1)
Offspring sex (male) 327 (48.2) 630 (49.6)

Offspring mean age (SD) 5.4 (3.6) 6.1 (4.2)
Offspring early-onset asthma (<10 years of age) 60 (15.0) 141 (20.0)

Offspring hay fever 27 (6.8) 70 (9.9)
Parental mean age (SD) 35.0 (3.8) 34.6 (3.9)

Parental asthma 62 (15.5) 128 (18.1)
Early-onset asthma 31 (7.8) 35 (5.0)
Late-onset asthma 28 (7.0) 88 (12.5)
Parental hay fever 125 (31.3) 193 (27.3)

Parental smoking onset
Never-smokers 271 (67.8) 427 (60.5)

Smokers before 18 years old 103 (25.8) 246 (34.8)
Smokers after 18 years old 26 (6.5) 31 (4.4)

Parental education
Primary school 9 (2.3) 22 (3.1)

Secondary school 137 (34.3) 185 (26.2)
College/university 253 (63.3) 498 (70.5)

Grandparental asthma 45 (11.3) 74 (10.5)

Abbreviations: SD, standard deviation. a Missing information (N): parental early-onset asthma (13), parental
late-onset asthma (13), parental hay fever (14), parental smoking onset (4), parental education (4), grandparental
asthma (31).

Mean air pollution exposures in the parents’ childhood were lowest in Umea and highest in
Gothenburg (NO2 14.0 and 38.0µg/m3, PM2.5 10.3 and 24.4µg/m3, PM10 16.5 and 28.6µg/m3, BC 0.09 and
1.09 µg/m3), except for O3, which was lowest in Bergen (62.7 µg/m3) and highest in Umea (68.4 µg/m3)
(Table S12). Only annual mean values for PM2.5 and PM10 exceeded WHO recommendations in some
centres (PM2.5 for parents 0–18 years old in Umea, Uppsala and Bergen; parents 0–18 years old and
offspring 0–10 years old in Gothenburg; PM10 for parents 0–18 years old in Uppsala and Gothenburg).
No annual mean exposures exceeded the recommended EU-values (Table S12).

The correlations between PM2.5, PM10, NO2 and BC were medium to strong, while O3 showed
weaker correlation with the other pollutants (Table S10a,b).

Maternal medium PM2.5 and PM10 exposure was associated with a higher risk of offspring
early-onset asthma when compared to low exposure (Table 2). Maternal high PM10 exposure was
associated with a higher risk of hay fever in offspring. Paternal medium O3 exposure increased the
risk of offspring hay fever, while paternal high BC exposure reduced the risk of offspring early-onset
asthma when compared to low exposure. NO2 and NDVI were not associated with any outcomes,
neither in the maternal nor the paternal line.
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Sensitivity analyses revealed protective associations of paternal high NDVI exposure (1000 m) for
offspring early-onset asthma (Table S6b). Sensitivity analyses stratified by country and for parents born
after 1985 gave roughly the same patterns, but with some variations due to low numbers (Tables S8a,b
and S9a,b).

Maternal PM10 exposure had a direct effect on offspring early-onset asthma (Table 3) and an
indirect effect on offspring hay fever (mediated by offspring’s own exposure and by exposure during
pregnancy) (Table 3). Paternal O3 exposure was associated with increased odds for offspring hay fever
through a direct and total effect, and was not mediated by O3 exposure during pregnancy.

Table 3. Mediation analysis of the association between parental exposure and offspring early-onset
asthma and hay fever (outcome) through exposure during pregnancy and offspring own exposure
(potential mediators).

(a) Early-Onset Asthma.

Mediator Parental exposure

Offspring Early-Onset Asthma

Total Effect Indirect Effect Direct Effect

OR (95% CI) * OR (95% CI) * OR (95% CI) *

Exposure during pregnancy (PM10) PM10 (maternal)
Low 1.00 1.00 1.00

Medium 2.08 (1.31–3.31) 1.10 (0.97–1.25) 1.89 (1.17–3.06)
High 1.36 (0.85–2.19) 1.20 (0.96–1.50) 1.13 (0.67–1.93)

(b) Hay Fever.

Mediator Parental exposure

Offspring Hay Fever

Total Effect Indirect Effect Direct Effect

OR (95% CI) * OR (95% CI) * OR (95% CI) *

Offspring own exposure (PM10) PM10 (maternal)
Low 1.00 1.00 1.00

Medium 1.75 (0.75–4.04) 1.24 (1.08–1.44) 1.40 (0.60–3.27)
High 2.70 (1.20–6.08) 1.73 (1.25–2.39) 1.56 (0.66–3.69)

Exposure during pregnancy (PM10) PM10 (maternal)
Low 1.00 1.00 1.00

Medium 1.79 (0.79–4.08) 1.49 (1.22–1.83) 1.20 (0.52–2.74)
High 2.71 (1.24–5.93) 2.02 (1.49–2.76) 1.34 (0.61–2.94)

Exposure during pregnancy (O3) O3 (paternal)
Low 1.00 1.00 1.00

Medium 5.48 (1.50–20.1) 1.10 (0.80–1.50) 5.00 (1.31–19.1)
High 4.14 (0.69–24.9) 1.16 (0.70–1.94) 3.55 (0.53–24.0)

Abbreviations: CI, confidence interval; O3, ozone; OR, odds ratio; PM10, particulate matter with an aerodynamic
diameter lower than 10 µm. * All p-values < 0.05 = significant and marked bold.

4. Discussion

Exposure to PM2.5 and PM10 in mothers’ childhood was associated with higher risk of offspring
early-onset asthma, and exposure to PM10 was associated with higher risk of offspring hay fever.
Fathers’ exposure to O3 was associated with more offspring hay fever, while fathers’ BC exposure was
associated with less offspring early-onset asthma. NO2 and NDVI were not significantly associated
with any of offspring’s outcomes in neither the maternal nor paternal line, although a protective NDVI
association was suggested with a larger buffer zone. The association between maternal exposure to
PM10 and offspring early-onset asthma was a direct effect, while the effect on offspring hay fever was
indirect, mediated by exposures during pregnancy and offspring’s own childhood. The association
between paternal O3 exposure and offspring hay fever was direct and not mediated by other factors.

To the best of our knowledge, this is the first study to investigate the associations between
individual exposures to air pollution and greenness during childhood of one generation on lung health
and allergy in the second generation. In previous literature, the focus on the parents’ role in offspring’s
health revolves around maternal factors and in particular exposures during pregnancy. Recent studies
associating prenatal air pollution exposure in mothers with childhood asthma show how maternal
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environmental exposure just before and during pregnancy is critical for fetal lung development
and future respiratory health [43–45]. Our results expand and elaborate on this, suggesting that
also exposures as far back in time as the childhood of the parents may play an important role in
offspring health.

A possible explanation for our findings is that potential epigenetic processes can be induced
in response to environmental exposures and influence disease risk also in the next generation [46].
Even air pollution levels that are below recommended limit values may through such epigenetic
processes have a potential harmful effect on the respiratory health of future offspring. While we found
clearer signals in the maternal than in the paternal line, previous studies have identified associations
between paternal exposures and offspring asthma. One study discovered an association between
paternal smoking prior to conception and offspring non-allergic early-onset asthma, while other studies
found associations between smoking and overweight onset in adolescent boys and increased risk of
asthma in the next generation [25,27,47]. A similar pattern was observed in our study were fathers’
exposure to O3 was associated with higher risk of offspring hay fever. However, we also found
a seemingly protective association between paternal BC exposure and offspring early-onset asthma.
The estimates in the paternal line should be interpreted with caution due to low number of fathers in
our analysis, but this is nevertheless a surprising result that should be investigated further. Ideally,
information on both parents should be included in the same analyses to give a complete picture of
the possible epigenetic processes. Unfortunately, we only had information on one parent and his/her
offspring in our study, and not on entire family units. Analyses of offspring with both parents in a long
timeframe should be emphasized in future research.

Our study revealed few associations between exposure to greenness and early-onset asthma or
hay fever in offspring. This may be because we do not have data on the time spent in green spaces.
In the sensitivity analyses performed for wider NDVI buffer zones, we observed protective associations
for offspring early-onset asthma after parental exposure to high levels of NDVI. For offspring hay fever,
NDVI exposure was on the contrary associated with increased risk. The latter is in line with existing
literature, and is possibly due to pollen exposure triggering allergic disease [17,48].

A noteworthy feature in our study was that medium parental exposure levels were associated
with significantly increased risk for offspring asthma and hay fever, despite the fact that these levels
are quite low—even high exposure levels in our study were in fact well beyond the international
recommended limit values. It appears that there were no clear dose–response relation between parental
air pollution exposures and offspring disease risk—for offspring asthma, the risk was actually highest
for those whose parents were medium exposed. This may be related to the importance of the exposure
time window and the epigenetic processes discussed above. In a study by Svanes et al. [25], the age of
smoking onset in the parents was an important risk factor for asthma in their offspring, even after
adjustment for the number of cigarettes they had smoked before conception. Moreover, a recent
epigenome-wide association study showed associations between pre-conception paternal smoking
and DNA methylation characteristics in adult and adolescent offspring—independent of the amount
smoked [49]. Our findings suggest that the same patterns may be present for air pollution exposures
as for smoking exposures. Given the low levels of exposures, these results suggest the need for
re-evaluation of the recommended limit values.

Associations between air pollutants are complex, and one could hypothesize that there are
interactive effects at play. The focus of the present study on inter-generational effects of relatively low
air pollution exposure is however still in its early days. There is a need to establish evidence that there
are certain basic associations before moving on to disentangle whether these exposures depend on
interactions and/or which pollutants are of most importance with regard to respiratory health in the
next generation. The exploration of interactive inter-generational effects of air pollution components
on lung health would be a valuable next step for future studies.

We focused on residential air pollution exposures, but exposures can be substantially higher
when commuting, compared to being at home. Children spend only around 40–50% of their time
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at home [50]. However, in most Scandinavian cities, it is common to live in close proximity of the
children’s school or kindergarten and it is therefore likely that the true everyday air pollution and
greenness exposures are similar to the residential exposure levels.

Associations between maternal PM10 childhood exposure and offspring hay fever were mediated
by offspring’s own exposure and by maternal pregnancy exposure, while the effect was direct and
unmediated with regard to early-onset asthma in offspring. These findings may suggest that asthma
risk is susceptible for an epigenetic transmission across generations, while risk for hay fever is more
likely triggered by own exposures. This could in turn imply a different transmission susceptibility for
allergic asthma and non-allergic asthma. Unfortunately, we could not distinguish between allergic and
non-allergic asthma in our study.

Correlation analyses revealed a strong correlation between pregnancy exposure and
offspring childhood exposure, but weaker correlation between parental childhood exposures and
pregnancy/offspring childhood exposures. Many parents moved to other areas with other levels of
exposures after they grew up, and then settled in the same area during pregnancy and upbringing of
children. This was also illustrated by the mediation analyses, where the effects of maternal childhood
exposures to pollutants on offspring hay fever were mediated in the same manner by exposure during
pregnancy and offspring’s own childhood exposure.

There are several strengths of this study. The RHINESSA generation study was designed to study
respiratory health across generations with detailed information on mothers and fathers and their
offspring, making it possible to investigate different susceptibility time windows for developing disease.
The detailed address history was collected for each participant, together with the standardized exposure
assessment of numerous air pollutants. The extrapolation formulas from the LUR models enabled
us to estimate concentrations for specific areas and time points by integrating data on topography,
road network, traffic information and land use within geographic information systems, resulting in
accurate exposure calculations also for unmonitored locations and years. Although we do not know
the precise accuracy of our selected study centres, previous validation studies from the ESCAPE project
have shown that the model has satisfactory accuracy, with 68 to 71% explained variance for the PM
variables and 82% explained variance for NO2 [32,51].

Another strength is the mediation analysis to disentangle the effects of the exposures on the
outcomes into the direct and indirect (mediated through offspring’s own exposure and maternal
exposure during pregnancy) components, and the use of DAGs to avoid over-adjustment in our
analyses and to identify the possible mediators.

Some limitations should be acknowledged. First, population-based studies are vulnerable to bias.
The response rate in RHINESSA was fairly low (around 40%). However, compared to the general
population in the same age range, the RHINESSA population did not differ substantially when looking
at demographic distributions (e.g., sex, smoking habits, educational level and asthma status) [28].
Additionally, recall bias is a challenge in many population-based studies. However, we do not suspect
this in our study—partly due to exposure data being objectively registered based on residential address
histories from the Norwegian and Swedish population registries, and with air pollution exposures
being modelled by land-use regression models and greenness exposures being assigned through
satellite images. Furthermore, the outcomes (offspring asthma and offspring hay fever) were not
dependent on the parents’ memory far back in time since their offspring were still young (mean age of 6
years). Second, in the current study, we tested numerous exposures for associations with the outcomes.
This multiple testing can increase the possibility of more false positive findings due to type 1 error [52].
However, due to a relatively low sample size, we believe instead that there may be an under-estimation
rather than over-estimation of the associations in our analyses. Thirdly, the use of back extrapolation
methods in the air pollution assignments may be a weakness for assignments before 1990 since the
1990 estimates were used as a proxy for these years. Air pollutants (except for O3) had a large variation
over time, which may cause error in the earliest years. However, in additional analyses where we
excluded all parents born before 1985, the patterns remained roughly unchanged, with pollutants as
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asthma risk factors in the maternal line but not in the paternal line. Lastly, the information on included
parents was self-reported through questionnaires, and information about children and grandparents
was parent-reported, thus, posing a potential information bias. However, validation studies carried
out in RHINESSA showed a minimal risk of bias for asthma, smoking status, body silhouettes and
overweight status reported across generations [28,53,54].

5. Conclusions

In conclusion, this study found that air pollution exposure in a mother’s childhood appeared
to be a risk factor for early-onset asthma and hay fever in her future offspring. The observed effect
of maternal exposures on asthma was direct, while the effect on hay fever was partly mediated
through both offspring’s own exposure and exposure during pregnancy. Results regarding fathers
were inconclusive and should be investigated further. Furthermore, future research with larger study
populations are needed to fully understand the intergenerational effects of air pollution and greenness
on offspring asthma and hay fever. However, our results suggest that the current air pollution limit
values may be too high and that the long-term effects of exposure to air pollution may have harmful
effects even across generations.
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coefficients for the exposure time windows: parent (0–18 years), pregnancy and offspring (0–10 years) per exposure.
Table S12. Mean annual average exposure (range) for air pollutants and NDVI (300 m) per center for parent
exposure (0–18 years) and offspring exposure (0–10 years). Figure S1. Directed acyclic graph for parental air
pollution exposure and offspring’s early-onset asthma. Figure S2. Directed acyclic graph for parental greenness
exposure and offspring’s early-onset asthma. Figure S3. Directed acyclic graph for parental air pollution exposure
and offspring’s hay fever. Figure S4. Directed acyclic graph for parental greenness exposure and offspring’s
hay fever.

Author Contributions: Conceptualization, I.N.K., C.S. and A.J.; Formal analysis, I.N.K.; Investigation, I.M.,
J.H.C., O.H. and K.d.H.; Methodology, I.N.K., C.S. and A.J.; Supervision, T.H., C.S. and A.J.; Writing—original
draft, I.N.K.; Writing—review and editing, I.N.K., I.M., S.A., R.J.B., L.B., J.H.C., B.F., T.H., J.H., O.H., G.H., M.H.,
K.d.H., C.J., A.M. (Andrei Malinovschi), A.M. (Alessandro Marcon), T.S., C.S. and A.J. All authors made equal
contributions and have read and agreed to the published version of the manuscript.

Funding: The funding for this research is as follows: Ingrid Nordeide Kuiper received a PhD grant from Western
Norway Regional Health Authorities (grant No 912011). The assessment of greenness was funded by the European
Union’s Horizon 2020 research and innovation program as part of the ALEC (Ageing Lungs in European Cohorts
study, Grant Agreement No. 633212). Co-ordination of the RHINESSA study and field work in Norwegian and
Swedish study centres received funding from the Research Council of Norway (Grants No. 274767, 214123, 228174,
230827), the Bergen Medical Research Foundation, the Western Norwegian Regional Health Authorities (Grants
No. 912011, 911892 and 911631), the World University Network, the Norwegian Asthma and Allergy Association,
the Swedish Heart and Lung Foundation and the Swedish Asthma and Allergy Association [55].

Conflicts of Interest: The second author, Iana Markevych, is an assistant guest editor of the Special Issue
“Environmental Exposures and Health–Mechanisms and Their Contingencies in a Developmental Perspective” of
IJERPH. The co-author, Joachim Heinrich, is a co-editor of IJERPH. All other authors declare that they have no
conflicts of interest.



Int. J. Environ. Res. Public Health 2020, 17, 5828 12 of 14

References

1. Air Quality in Europe—2015 Report by the European Environment Agency (EEA). Available online:
https://www.eea.europa.eu/publications/air-quality-in-europe-2015 (accessed on 11 August 2020).

2. Lelieveld, J.; Klingmuller, K.; Pozzer, A.; Poschl, U.; Fnais, M.; Daiber, A.; Munzel, T. Cardiovascular disease
burden from ambient air pollution in Europe reassessed using novel hazard ratio functions. Eur. Heart J.
2019, 40, 1590–1596. [CrossRef]

3. Khreis, H.; Kelly, C.; Tate, J.; Parslow, R.; Lucas, K.; Nieuwenhuijsen, M. Exposure to traffic-related air
pollution and risk of development of childhood asthma: A systematic review and meta-analysis. Environ.
Int. 2017, 100, 1–31. [CrossRef]

4. Molter, A.; Simpson, A.; Berdel, D.; Brunekreef, B.; Custovic, A.; Cyrys, J.; de Jongste, J.; de Vocht, F.;
Fuertes, E.; Gehring, U.; et al. A multicentre study of air pollution exposure and childhood asthma
prevalence: The ESCAPE project. Eur. Respir. J. 2015, 45, 610–624. [CrossRef]

5. World Health Organization (WHO). Air Quality Guidelines for Particulate Matter, Ozone, Nitrogen Dioxide
and Sulphur Dioxide. Global Update 2005. Available online: https://www.who.int/airpollution/publications/
aqg2005/en/ (accessed on 11 August 2020).

6. Air Quality Standards under the Air Quality Directive from the European Environment Agency
(EEA, 2016). Available online: https://www.eea.europa.eu/data-and-maps/figures/air-quality-standards-
under-the (accessed on 11 August 2020).

7. Twohig-Bennett, C.; Jones, A. The health benefits of the great outdoors: A systematic review and meta-analysis
of greenspace exposure and health outcomes. Environ. Res. 2018, 166, 628–637. [CrossRef]

8. Lambert, K.A.; Bowatte, G.; Tham, R.; Lodge, C.; Prendergast, L.; Heinrich, J.; Abramson, M.J.; Dharmage, S.C.;
Erbas, B. Residential greenness and allergic respiratory diseases in children and adolescents—A systematic
review and meta-analysis. Environ. Res. 2017, 159, 212–221. [CrossRef]

9. Eisenman, T.S.; Churkina, G.; Jariwala, S.P.; Kumar, P.; Lovasi, G.S.; Pataki, D.E.; Weinberger, K.R.;
Whitlow, T.H. Urban trees, air quality, and asthma: An interdisciplinary review. Landsc. Urban Plan. 2019,
187, 47–59. [CrossRef]

10. Lambert, K.A.; Bowatte, G.; Tham, R.; Lodge, C.J.; Prendergast, L.A.; Heinrich, J.; Abramson, M.J.;
Dharmage, S.C.; Erbas, B. Greenspace and Atopic Sensitization in Children and Adolescents—A Systematic
Review. Int. J. Environ. Res. Public Health 2018, 15, 2539. [CrossRef]

11. Squillacioti, G.; Bellisario, V.; Levra, S.; Piccioni, P.; Bono, R. Greenness Availability and Respiratory Health
in a Population of Urbanised Children in North-Western Italy. Int. J. Environ. Res. Public Health 2019, 17, 108.
[CrossRef]

12. Vienneau, D.; de Hoogh, K.; Faeh, D.; Kaufmann, M.; Wunderli, J.M.; Roosli, M. More than clean air and
tranquillity: Residential green is independently associated with decreasing mortality. Environ. Int. 2017,
108, 176–184. [CrossRef]

13. Gascon, M.; Triguero-Mas, M.; Martinez, D.; Dadvand, P.; Rojas-Rueda, D.; Plasencia, A.; Nieuwenhuijsen, M.J.
Residential green spaces and mortality: A systematic review. Environ. Int. 2016, 86, 60–67. [CrossRef]

14. James, P.; Hart, J.E.; Banay, R.F.; Laden, F. Exposure to Greenness and Mortality in a Nationwide Prospective
Cohort Study of Women. Environ. Health Perspect. 2016, 124, 1344–1352. [CrossRef]

15. Fong, K.C.; Hart, J.E.; James, P. A Review of Epidemiologic Studies on Greenness and Health: Updated
Literature Through 2017. Curr. Environ. Health Rep. 2018, 5, 77–87. [CrossRef]

16. Dadvand, P.; Villanueva, C.M.; Font-Ribera, L.; Martinez, D.; Basagana, X.; Belmonte, J.; Vrijheid, M.;
Grazuleviciene, R.; Kogevinas, M.; Nieuwenhuijsen, M.J. Risks and benefits of green spaces for children:
A cross-sectional study of associations with sedentary behavior, obesity, asthma, and allergy. Environ. Health
Perspect. 2014, 122, 1329–1335. [CrossRef]

17. Fuertes, E.; Markevych, I.; von Berg, A.; Bauer, C.P.; Berdel, D.; Koletzko, S.; Sugiri, D.; Heinrich, J. Greenness
and allergies: Evidence of differential associations in two areas in Germany. J. Epidemiol. Community Health
2014, 68, 787–790. [CrossRef]

18. Fuertes, E.; Markevych, I.; Bowatte, G.; Gruzieva, O.; Gehring, U.; Becker, A.; Berdel, D.; von Berg, A.;
Bergstrom, A.; Brauer, M.; et al. Residential greenness is differentially associated with childhood allergic
rhinitis and aeroallergen sensitization in seven birth cohorts. Allergy 2016, 71, 1461–1471. [CrossRef]



Int. J. Environ. Res. Public Health 2020, 17, 5828 13 of 14

19. Markevych, I.; Schoierer, J.; Hartig, T.; Chudnovsky, A.; Hystad, P.; Dzhambov, A.M.; de Vries, S.;
Triguero-Mas, M.; Brauer, M.; Nieuwenhuijsen, M.J.; et al. Exploring pathways linking greenspace to
health: Theoretical and methodological guidance. Environ. Res. 2017, 158, 301–317. [CrossRef]

20. James, P.; Banay, R.F.; Hart, J.E.; Laden, F. A Review of the Health Benefits of Greenness. Curr. Epidemiol. Rep.
2015, 2, 131–142. [CrossRef]

21. Svanes, C.; Omenaas, E.; Jarvis, D.; Chinn, S.; Gulsvik, A.; Burney, P. Parental smoking in childhood and adult
obstructive lung disease: Results from the European Community Respiratory Health Survey. Thorax 2004,
59, 295–302. [CrossRef]

22. Dratva, J.; Zemp, E.; Dharmage, S.C.; Accordini, S.; Burdet, L.; Gislason, T.; Heinrich, J.; Janson, C.; Jarvis, D.;
de Marco, R.; et al. Early Life Origins of Lung Ageing: Early Life Exposures and Lung Function Decline in
Adulthood in Two European Cohorts Aged 28–73 Years. PLoS ONE 2016, 11, e0145127. [CrossRef]

23. de Marco, R.; Pattaro, C.; Locatelli, F.; Svanes, C. Influence of early life exposures on incidence and remission
of asthma throughout life. J. Allergy Clin. Immunol. 2004, 113, 845–852. [CrossRef]

24. Morkve Knudsen, T.; Rezwan, F.I.; Jiang, Y.; Karmaus, W.; Svanes, C.; Holloway, J.W. Transgenerational and
intergenerational epigenetic inheritance in allergic diseases. J. Allergy Clin. Immunol. 2018, 142, 765–772.
[CrossRef]

25. Svanes, C.; Koplin, J.; Skulstad, S.M.; Johannessen, A.; Bertelsen, R.J.; Benediktsdottir, B.; Braback, L.; Elie
Carsin, A.; Dharmage, S.; Dratva, J.; et al. Father’s environment before conception and asthma risk in his
children: A multi-generation analysis of the Respiratory Health In Northern Europe study. Int. J. Epidemiol.
2017, 46, 235–245. [CrossRef]

26. Accordini, S.; Calciano, L.; Johannessen, A.; Portas, L.; Benediktsdottir, B.; Bertelsen, R.J.; Braback, L.;
Carsin, A.E.; Dharmage, S.C.; Dratva, J.; et al. A three-generation study on the association of tobacco smoking
with asthma. Int. J. Epidemiol. 2018, 47, 1106–1117. [CrossRef]

27. Johannessen, A.; Lonnebotn, M.; Calciano, L.; Benediktsdottir, B.; Bertelsen, R.J.; Braback, L.; Dharmage, S.;
Franklin, K.A.; Gislason, T.; Holm, M.; et al. Being overweight in childhood, puberty, or early adulthood:
Changing asthma risk in the next generation? J. Allergy Clin. Immunol. 2019. [CrossRef]

28. Kuiper, I.N.; Svanes, C.; Benediktsdottir, B.; Bertelsen, R.J.; Braback, L.; Dharmage, S.C.; Holm, M.; Janson, C.;
Jogi, R.; Malinovschi, A.; et al. Agreement in reporting of asthma by parents or offspring—The RHINESSA
generation study. BMC Pulm. Med. 2018, 18, 122. [CrossRef]

29. RHINESSA Generation Study Homepage. Available online: www.rhinessa.net (accessed on 11 August 2020).
30. Overview of Ethics Committees and Approval Numbers of RHINESSA Centers. Available online:

https://helse-bergen.no/seksjon/RHINESSA/Documents/Ethic%20Committees%20list.pdf (accessed on 11
August 2020).

31. Vienneau, D.; de Hoogh, K.; Bechle, M.J.; Beelen, R.; van Donkelaar, A.; Martin, R.V.; Millet, D.B.; Hoek, G.;
Marshall, J.D. Western European land use regression incorporating satellite- and ground-based measurements
of NO2 and PM10. Environ. Sci. Technol. 2013, 47, 13555–13564. [CrossRef]

32. de Hoogh, K.; Gulliver, J.; Donkelaar, A.V.; Martin, R.V.; Marshall, J.D.; Bechle, M.J.; Cesaroni, G.; Pradas, M.C.;
Dedele, A.; Eeftens, M.; et al. Development of West-European PM2.5 and NO2 land use regression models
incorporating satellite-derived and chemical transport modelling data. Environ. Res. 2016, 151, 1–10.
[CrossRef]

33. de Hoogh, K.; Chen, J.; Gulliver, J.; Hoffmann, B.; Hertel, O.; Ketzel, M.; Bauwelinck, M.; van
Donkelaar, A.; Hvidtfeldt, U.A.; Katsouyanni, K.; et al. Spatial PM2.5, NO2, O3 and BC models for
Western Europe—Evaluation of spatiotemporal stability. Environ. Int. 2018, 120, 81–92. [CrossRef]

34. Procedure for Back-Extrapolation, Manual by the ESCAPE Project. Available online: http://www.
escapeproject.eu/manuals/Procedure_for_extrapolation_back_in_time.pdf (accessed on 11 August 2020).

35. Christensen, J.H. The Danish eulerian hemispheric model—A three-dimensional air pollution model used
for the arctic. Atmos. Environ. 1997, 31, 4169–4191. [CrossRef]

36. Tucker, C.J. Red and photographic infrared linear combinations for monitoring vegetation. Remote Sens.
Environ. 1979, 8, 127–150. [CrossRef]

37. Satellite images, United States Geological Survey. Available online: http://earthexplorer.usgs.gov (accessed
on 11 August 2020).

38. Weier, J.H.; Herring, D. Measuring Vegeation (NDVI & EVI). Available online: https://earthobservatory.nasa.
gov/features/MeasuringVegetation (accessed on 11 August 2020).



Int. J. Environ. Res. Public Health 2020, 17, 5828 14 of 14

39. Greenland, S.; Pearl, J.; Robins, J.M. Causal diagrams for epidemiologic research. Epidemiology 1999, 10, 37–48.
40. DAGitty, a browser based environment to draw and analyze causal diagrams. Available online: www.dagitty.

net (accessed on 11 August 2020).
41. Buis, M.L. Direct and indirect effects in a logit model. Stata J. 2010, 10, 11–29.
42. Hayes, A.F.; Rockwood, N.J. Regression-based statistical mediation and moderation analysis in clinical

research: Observations, recommendations, and implementation. Behav. Res. Ther. 2017, 98, 39–57. [CrossRef]
43. Lee, A.; Leon Hsu, H.H.; Mathilda Chiu, Y.H.; Bose, S.; Rosa, M.J.; Kloog, I.; Wilson, A.; Schwartz, J.; Cohen, S.;

Coull, B.A.; et al. Prenatal fine particulate exposure and early childhood asthma: Effect of maternal stress
and fetal sex. J. Allergy Clin. Immunol. 2018, 141, 1880–1886. [CrossRef]

44. Hsu, H.H.; Chiu, Y.H.; Coull, B.A.; Kloog, I.; Schwartz, J.; Lee, A.; Wright, R.O.; Wright, R.J. Prenatal
Particulate Air Pollution and Asthma Onset in Urban Children. Identifying Sensitive Windows and Sex
Differences. Am. J. Respir. Crit. Care Med. 2015, 192, 1052–1059. [CrossRef]

45. Zhou, C.; Baiz, N.; Zhang, T.; Banerjee, S.; Annesi-Maesano, I. Modifiable exposures to air pollutants related
to asthma phenotypes in the first year of life in children of the EDEN mother-child cohort study. BMC Public
Health 2013, 13, 506. [CrossRef]

46. Arshad, S.H.; Karmaus, W.; Zhang, H.; Holloway, J.W. Multigenerational cohorts in patients with asthma
and allergy. J. Allergy Clin. Immunol. 2017, 139, 415–421. [CrossRef]

47. Northstone, K.; Golding, J.; Davey Smith, G.; Miller, L.L.; Pembrey, M. Prepubertal start of father’s smoking
and increased body fat in his sons: Further characterisation of paternal transgenerational responses. Eur. J.
Hum. Genet. 2014, 22, 1382–1386. [CrossRef]

48. Parmes, E.; Pesce, G.; Sabel, C.E.; Baldacci, S.; Bono, R.; Brescianini, S.; D’Ippolito, C.; Hanke, W.; Horvat, M.;
Liedes, H.; et al. Influence of residential land cover on childhood allergic and respiratory symptoms and
diseases: Evidence from 9 European cohorts. Environ. Res. 2019, 108953. [CrossRef]

49. Mørkve Knudsen, G.T.; Rezwan, F.I.; Johannessen, A.; Skulstad, S.M.; Bertelsen, R.J.; Real, F.G.;
Krauss-Etschmann, S.; Patil, V.; Jarvis, D.; Arshad, S.H.; et al. Epigenome-wide association of father’s
smoking with offspring DNA methylation: A hypothesis-generating study. Environ. Epigenet. 2019, 5.
[CrossRef]

50. Khreis, H.; Nieuwenhuijsen, M.J. Traffic-Related Air Pollution and Childhood Asthma: Recent Advances
and Remaining Gaps in the Exposure Assessment Methods. Int. J. Environ. Res. Public Health 2017, 14, 312.
[CrossRef]

51. Beelen, R.; Hoek, G.; Vienneau, D.; Eeftens, M.; Dimakopoulou, K.; Pedeli, X.; Tsai, M.-Y.; Künzli, N.;
Schikowski, T.; Marcon, A.; et al. Development of NO2 and NOx land use regression models for estimating
air pollution exposure in 36 study areas in Europe—The ESCAPE project. Atmos. Environ. 2013, 72, 10–23.
[CrossRef]

52. Patel, C.J.; Ioannidis, J.P.A. Placing epidemiological results in the context of multiplicity and typical
correlations of exposures. J. Epidemiol. Community Health 2014, 68, 1096–1100. [CrossRef]

53. Pape, K.; Svanes, C.; Malinovschi, A.; Benediktsdottir, B.; Lodge, C.; Janson, C.; Moratalla, J.;
Sánchez-Ramos, J.L.; Bråbäck, L.; Holm, M.; et al. Agreement of offspring-reported parental smoking
status: The RHINESSA generation study. BMC Public Health 2019, 19, 94. [CrossRef]

54. Lonnebotn, M.; Svanes, C.; Igland, J.; Franklin, K.A.; Accordini, S.; Benediktsdottir, B.; Bentouhami, H.;
Blanco, J.A.G.; Bono, R.; Corsico, A.; et al. Body silhouettes as a tool to reflect obesity in the past. PLoS ONE
2018, 13, e0195697. [CrossRef]

55. Overview Funding RHINESSA. Available online: https://helse-bergen.no/seksjon/RHINESSA/Documents/
Funding%20RHINESSA.pdf (accessed on 11 August 2020).

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



S
u

p
p

le
m

en
ta

ry
 m

a
te

ri
a
l 

1
 

 
2

 
T

a
b

le
 S

1
. 

O
v
er

v
ie

w
 o

f 
th

e 
m

o
d
el

s 
u
se

d
 t

o
 c

al
cu

la
te

 a
ir

 p
o
ll

u
ti

o
n
 e

x
p
o
su

re
s.

 
3

 
  

A
ir

 p
o
ll

u
ta

n
t 

 S
tu

d
y

 c
en

te
r
  

M
o

d
el

-y
ea

r 
a

n
d

 s
o

u
rc

e 

 
 

2
0

0
7
 

2
0

1
0
 

 N
O

2
 

U
m

ea
, 

U
p

p
sa

la
, 

G
o
th

en
b

u
rg

  
- 

d
e 

H
o

o
g

h
 e

t 
al

 2
0

1
6

 (
1
) 

  
 

B
er

g
en

  
- 

d
e 

H
o

o
g

h
 e

t 
al

 2
0

1
6

 (
1
) 

 P
M

2
.5
 

U
m

ea
, 

U
p

p
sa

la
, 

G
o
th

en
b

u
rg

  
- 

 
d

e 
H

o
o

g
h

 e
t 

al
 2

0
1
6

 (
1
) 

  
 

B
er

g
en

  
- 

 
d

e 
H

o
o

g
h

 e
t 

al
 2

0
1
6

 (
1
) 

 P
M

1
0
 

U
m

ea
, 

U
p

p
sa

la
, 

G
o
th

en
b

u
rg

  
V

ie
n

n
ea

u
 e

t 
al

 2
0

1
3

 (
2
) 

- 
 

  
 

B
er

g
en

  
V

ie
n

n
ea

u
 e

t 
al

 2
0

1
3

 (
2
) 

- 
 

 B
C

 
U

m
ea

, 
U

p
p
sa

la
, 

G
o
th

en
b

u
rg

  
- 

 
d

e 
H

o
o

g
h

 e
t 

al
 2

0
1
8

 (
3
) 

  
 

B
er

g
en

  
- 

 
d

e 
H

o
o

g
h

 e
t 

al
 2

0
1
8

 (
3
) 

 O
3
 

U
m

ea
, 

U
p

p
sa

la
, 

G
o
th

en
b

u
rg

  
- 

 
d

e 
H

o
o

g
h

 e
t 

al
 2

0
1
8

 (
3
) 

  
 

B
er

g
en

  
- 

 
d

e 
H

o
o

g
h

 e
t 

al
 2

0
1
8

 (
3
) 

A
b

b
re

vi
a

ti
o

n
s:

 B
C

, 
b

la
ck

 c
a

rb
o

n
; 

N
D

V
I,

 n
o

rm
a

li
ze

d
 d

if
fe

re
n

ce
 v

eg
et

a
ti

o
n

 i
n

d
ex

; 
N

O
2
, 
n

it
ro

g
en

 d
io

xi
d

e;
 O

3
, 

o
zo

n
e;

 P
M

2
.5
, 

p
a

rt
ic

u
la

te
 m

a
tt

er
 w

it
h

 a
n
 a

er
o
d

yn
a

m
ic

 d
ia

m
et

er
 l

o
w

er
 t

h
a
n

 2
.5

 µ
m

; 
4

 
P

M
1

0
, 
p

a
rt

ic
u

la
te

 m
a

tt
er

 w
it

h
 a

n
 a

er
o

d
yn

a
m

ic
 d

ia
m

et
er

 l
o

w
er

 t
h
a

n
 1

0
 µ

m
. 

5
 

 
6

 
T

a
b

le
 S

2
. 
L

an
d
sa

t 
im

ag
es

 u
se

d
 f

o
r 

N
D

V
I 

ca
lc

u
la

ti
o
n
s.

 
7

 
 

B
er

g
en

, 
2

0
1

/1
8
 

G
o

th
en

b
u

rg
, 
1

9
5

/2
0
 

G
o

th
en

b
u

rg
, 
1

9
6

/1
9
 

U
m

ea
, 

1
9
3

/1
5
 

U
m

ea
, 

1
9
3

/1
6
 

U
p

p
sa

la
, 

1
9
3

/1
8
 

U
p

p
sa

la
, 

1
9
3

/1
9
 

2
0

1
4
 

1
8

/0
6
/2

0
1

, 
8

O
L

I 
2

7
/0

8
/2

0
1

4
, 
8

O
L

I 
2

1
/0

8
/2

0
1

5
, 
8

O
L

I 
1

2
/0

7
/2

0
1

4
, 
8

O
L

I 
2

5
/0

7
/2

0
1

3
, 
8

O
L

I 
1

0
/0

6
/2

0
1

4
, 
8

O
L

I 
1

0
/0

6
/2

0
1

4
, 
8

O
L

I 

2
0

0
9
 

0
3

/0
7
/2

0
0

8
, 
5

T
M

 
2

6
/0

6
/2

0
0

9
, 
5

T
M

 
0

1
/0

6
/2

0
0

9
, 
5

T
M

 
2

8
/0

6
/2

0
0

9
, 
5

T
M

 
2

8
/0

6
/2

0
0

9
, 
5

T
M

 
2

8
/0

6
/2

0
0

9
, 
5

T
M

 
2

8
/0

6
/2

0
0

9
, 
5

T
M

 

2
0

0
4
 

0
6

/0
7
/2

0
0

3
, 
5

T
M

 
0

7
/0

6
/2

0
0

2
, 
5

T
M

 
1

4
/0

6
/2

0
0

2
, 
5

T
M

 
1

7
/0

6
/2

0
0

5
, 
5

T
M

 
0

3
/0

7
/2

0
0

5
, 
5

T
M

 
1

4
/0

7
/2

0
0

3
, 
5

T
M

 
1

4
/0

7
/2

0
0

3
, 
5

T
M

 

1
9

9
9
 

0
3

/0
6
/1

9
9

7
, 
5

T
M

 
1

7
/0

6
/2

0
0

0
, 
5

T
M

 
0

8
/0

6
/2

0
0

0
, 
5

T
M

 
2

0
/0

7
/1

9
9

7
, 
5

T
M

 (
1

9
4
/1

5
) 

1
3

/0
7
/1

9
9

7
, 
5

T
M

 
1

7
/0

6
/1

9
9

9
, 
5

T
M

 
1

7
/0

6
/1

9
9

9
, 
5

T
M

 

1
9

9
4
 

2
9

/0
7
/1

9
9

4
, 
5

T
M

 
3

0
/0

6
/1

9
9

3
, 
5

T
M

 
2

4
/0

6
/1

9
9

4
, 
5

T
M

 
0

5
/0

7
/1

9
9

4
, 
5

T
M

 
0

5
/0

7
/1

9
9

4
, 
5

T
M

 
0

5
/0

7
/1

9
9

4
, 
5

T
M

 
0

5
/0

7
/1

9
9

4
, 
5

T
M

 

1
9

8
9
 

1
3

/0
6
/1

9
8

9
, 
5

T
M

 
0

5
/0

7
/1

9
8

9
, 
5

T
M

 
2

9
/0

8
/1

9
8

9
, 
5

T
M

 
2

1
/0

6
/1

9
8

9
, 
5

T
M

 
2

1
/0

6
/1

9
8

9
, 
5

T
M

 
0

7
/0

7
/1

9
8

9
, 
5

T
M

 
0

7
/0

7
/1

9
8

9
, 
5

T
M

 

1
9

8
4
 

1
8

/0
6
/1

9
8

5
, 
5

T
M

 
2

7
/0

6
/1

9
8

6
, 
5

T
M

 
0

2
/0

6
/1

9
8

6
, 
5

T
M

 
2

6
/0

6
/1

9
8

5
, 
5

T
M

 
2

6
/0

6
/1

9
8

5
, 
5

T
M

 
0

9
/0

7
/1

9
8

4
, 
5

T
M

 
0

9
/0

7
/1

9
8

4
, 
5

T
M

 

A
b

b
re

vi
a

ti
o

n
s:

 N
D

V
I,

 n
o

rm
a

li
ze

d
 d

if
fe

re
n

ce
 v

eg
et

a
ti

o
n

 i
n
d

ex
; 

O
L

I,
 o

p
er

a
ti

o
n

a
l 

la
n

d
 i

m
a

g
er

; 
T

M
, 
th

em
a

ti
c 

m
a

p
p

er
. 

8
 

 
9

 
T

a
b

le
 S

3
. 
N

D
V

I 
as

si
g
n

m
en

t 
to

 a
d
d
re

ss
es

. 
1

0
 

N
D

V
I 

m
a

p
 

A
d

d
re

ss
 y

ea
r 

1
9

8
4
 

1
9

7
5

 t
o
 1

9
8

6
 



1
9

8
9
 

1
9

8
7

 t
o
 1

9
9

1
 

1
9

9
4
 

1
9

9
2

 t
o
 1

9
9

6
 

1
9

9
9
 

1
9

9
7

 t
o
 2

0
0

1
 

2
0

0
4
 

2
0

0
2

 t
o
 2

0
0

6
 

2
0

0
9
 

2
0

0
7

 t
o
 2

0
1

1
 

2
0

1
4
 

2
0

1
2

 t
o
 2

0
1

5
 

A
b

b
re

vi
a

ti
o

n
s:

 N
D

V
I,

 n
o

rm
a

li
ze

d
 d

if
fe

re
n

ce
 v

eg
et

a
ti

o
n

 i
n
d

ex
. 

 
1

1
 

 
1

2
 

T
a
b

le
 S

4
. 
M

ea
n
 a

n
n
u
al

 a
v
er

ag
e 

ex
p

o
su

re
 (

ra
n
g

e)
 f

o
r 

N
D

V
I 

b
u
ff

er
 z

o
n

es
 p

er
 c

en
te

r 
fo

r 
p
ar

en
ta

l 
ex

p
o
su

re
 (

0
-1

8
 y

ea
rs

) 
an

d
 o

ff
sp

ri
n
g

’s
 e

x
p
o
su

re
 

1
3

 
(0

-1
0
 y

ea
rs

).
  

1
4

 

A
b

b
re

vi
a

ti
o

n
s:

 N
D

V
I,

 n
o

rm
a

li
ze

d
 d

if
fe

re
n

ce
 v

eg
et

a
ti

o
n

 i
n
d

ex
. 

 
1

5
 

 
1

6
 

T
a
b

le
 S

5
. 
L

o
w

, 
m

ed
iu

m
 a

n
d
 h

ig
h
 e

x
p
o
su

re
 c

at
eg

o
ri

es
 f

o
r 

ai
r 

p
o
ll

u
ta

n
ts

 f
o

r 
th

e 
ti

m
e 

w
in

d
o
w

s:
 p

ar
en

ts
 0

-1
8
 y

ea
rs

, 
o

ff
sp

ri
n
g
 0

-1
0
 y

ea
rs

. 
1

7
 

R
a

n
g

e 
fo

r 
ex

p
o

su
re

 c
a

te
g

o
ri

es
 (

b
a

se
d

 o
n

 t
er

ti
le

s)
 

L
o

w
 

M
ed

iu
m

 
H

ig
h

 

 

E
U

 l
im

it
 v

a
lu

es
 

 

W
H

O
 g

u
id

el
in

e 

v
a

lu
es

 

N
O

2
 

 

P
a

re
n

ts
 0

-1
8

 y
ea

rs
 

<
1

8
.9

7
5
 

1
8

.9
7
5

-2
6

.2
8

1
 

>
2

6
.2

8
1
 

4
0
 

4
0
 

O
ff

sp
ri

n
g

 0
-1

0
 y

ea
rs

 
<

1
2

.2
0
9
 

1
2

.2
0
9

-1
7

.4
6

6
 

>
1

7
.4

6
6
 

4
0
 

4
0
 

P
M

2
.5
 

P
a

re
n

ts
 0

-1
8

 y
ea

rs
 

<
1

3
.6

5
5
 

1
3

.6
5
5

-1
6

.8
5

9
 

>
1

6
.8

5
9
 

2
5
 

1
0
 

O
ff

sp
ri

n
g

 0
-1

0
 y

ea
rs

 
<

8
.2

0
8
 

8
.2

0
8
-1

0
.1

0
2
 

>
1

0
.1

0
2
 

2
5
 

1
0
 

P
M

1
0
 

P
a

re
n

ts
 0

-1
8

 y
ea

rs
 

<
1

8
.6

4
4
 

1
8

.6
4
4

-2
2

.2
3

8
 

>
2

2
.2

3
8
 

4
0
 

2
0
 

O
ff

sp
ri

n
g

 0
-1

0
 y

ea
rs

 
<

1
2

.1
5
1
 

1
2

.1
5
1

-1
3

.9
8

0
 

>
1

3
.9

8
0
 

4
0
 

2
0
 

B
C

 

 

P
a

re
n

ts
 0

-1
8

 y
ea

rs
 

<
0

.4
4

3
 

0
.4

4
3
-0

.9
0

3
 

>
0

.9
0

3
 

- 
- 

O
ff

sp
ri

n
g

 0
-1

0
 y

ea
rs

 
<

0
.2

9
7
 

0
.2

9
7
-0

.5
5

8
 

>
0

.5
5

8
 

- 
- 

O
3
 

P
a

re
n

ts
 0

-1
8

 y
ea

rs
 

<
6

3
.7

0
0
 

6
3

.7
0
0

-6
7

.1
4

4
 

>
6

7
.1

4
4
 

- 
- 

 
O

ff
sp

ri
n

g
 0

-1
0

 y
ea

rs
 

<
6

4
.2

8
9
 

6
4

.2
8
9

-6
7

.8
2

3
 

>
6

7
.8

2
3
 

- 
- 

N
D

V
I 

(1
0

0
m

) 
P

a
re

n
ts

 0
-1

8
 y

ea
rs

 
<

0
.5

1
3
 

0
.5

1
3
-0

.6
0

0
 

>
0

.6
0

0
 

- 
- 

 
O

ff
sp

ri
n

g
 0

-1
0

 y
ea

rs
 

<
0

.5
0

9
 

0
.5

0
9
-0

.6
1

0
 

>
0

.6
1

0
 

- 
- 

A
v

er
a

g
e 

ex
p

o
su

re
 

(r
a

n
g

e)
 

U
m

ea
 

U
p

p
sa

la
 

G
o

th
en

b
u

rg
 

B
er

g
en

 

P
a

re
n

t 
(0

-1
8

 y
ea

rs
) 

O
ff

sp
ri

n
g

 (
0

-1
0

 

y
ea

rs
) 

P
a

re
n

t 
(0

-1
8

 y
ea

rs
) 

O
ff

sp
ri

n
g

 (
0

-1
0

 

y
ea

rs
) 

P
a

re
n

t 
(0

-1
8

 y
ea

rs
) 

O
ff

sp
ri

n
g

 (
0

-1
0

 

y
ea

rs
) 

P
a

re
n

t 
(0

-1
8

 y
ea

rs
) 

O
ff

sp
ri

n
g

 (
0

-1
0

 

y
ea

rs
) 

N
D

V
I 

1
0

0
m

 
0

.5
6

5
 (

0
.2

2
4

-0
.7

8
7

) 
0

.5
1

4
 (

0
.0

7
7

-0
.8

4
1

) 
0

.5
8

1
 (

0
.2

6
0

-0
.7

8
6

) 
0

.5
7

4
 (

0
.1

0
6

-0
.8

9
2

) 
0

.5
3

2
 (

0
.2

7
1

-0
.7

8
1

) 
0

.6
0

8
 (

-0
.0

5
6

-0
.8

6
2

) 
0

.5
4

1
 (

0
.0

9
7

-0
.7

4
7

) 
0

.5
3

2
 (

0
.1

0
7

-0
.7

7
1

) 

N
D

V
I 

3
0

0
m

 
0

.5
6

1
 (

0
.2

7
6

-0
.7

7
7

) 
0

.5
1

5
 (

0
.1

5
4

-0
.8

1
5

) 
0

.5
8

5
 (

0
.3

7
6

-0
.7

6
8

) 
0

.5
8

1
 (

0
.2

1
6

-0
.8

4
6

) 
0

.5
4

2
 (

0
.2

3
6

-0
.7

1
0

) 
0

.6
1

5
 (

0
.1

7
0

-0
.8

3
3

) 
0

.5
4

8
 (

0
.1

8
8

-0
.7

7
3

) 
0

.5
4

5
 (

0
.0

9
6

-0
.7

8
8

) 

N
D

V
I 

5
0

0
m

 
0

.5
6

2
 (

0
.2

9
6

-0
.7

8
0

) 
0

.5
1

5
 (

0
.1

6
9

-0
.8

2
3

) 
0

.5
9

3
 (

0
.3

9
1

-0
.7

5
8

) 
0

.5
8

9
 (

0
.2

1
2

-0
.8

7
1

) 
0

.5
5

4
 (

0
.2

1
1

-0
.7

2
3

) 
0

.6
2

3
 (

0
.1

5
0

-0
.8

3
8

) 
0

.5
3

7
 (

0
.1

5
7

-0
.7

5
1

) 
0

.5
4

1
 (

0
.1

1
6

-0
.7

6
2

) 

N
D

V
I 

1
0

0
0

m
 

0
.5

6
4

 (
0

.3
1
1

-0
.7

3
7

) 
0

.5
1

8
 (

0
.2

2
1

-0
.8

0
7

) 
0

.6
1

1
 (

0
.3

7
8

-0
.7

4
8

) 
0

.5
9

9
 (

0
.2

8
1

-0
.8

5
7

) 
0

.5
6

1
 (

0
.2

2
4

-0
.7

2
9

) 
0

.6
2

0
 (

0
.1

5
4

-0
.8

2
5

) 
0

.5
2

7
 (

0
.1

6
9

-0
.7

3
1

) 
0

.5
2

3
 (

0
.1

1
6

-0
.7

4
3

) 



N
D

V
I 

(3
0

0
m

) 
P

a
re

n
ts

 0
-1

8
 y

ea
rs

 
<

0
.5

2
0
 

0
.5

2
0
-0

.5
9

7
 

>
0

.5
9

7
 

- 
- 

 
O

ff
sp

ri
n

g
 0

-1
0

 y
ea

rs
 

<
0

.5
2

2
 

0
.5

2
2
-0

.6
1

2
 

>
0

.6
1

2
 

- 
- 

N
D

V
I 

(5
0

0
m

) 
P

a
re

n
ts

 0
-1

8
 y

ea
rs

 
<

0
.5

2
7
 

0
.5

2
7
-0

.5
9

7
 

>
0

.5
9

7
 

- 
- 

 
O

ff
sp

ri
n

g
 0

-1
0

 y
ea

rs
 

<
0

.5
2

1
 

0
.5

2
1
-0

.6
1

0
 

>
0

.6
1

0
 

- 
- 

N
D

V
I 

(1
0

0
0

m
) 

P
a

re
n

ts
 0

-1
8

 y
ea

rs
 

<
0

.5
2

7
 

0
.5

2
7
-0

.6
0

5
 

>
0

.6
0

5
 

- 
- 

 
O

ff
sp

ri
n

g
 0

-1
0

 y
ea

rs
 

<
0

.5
1

0
 

0
.5

1
0
-0

.6
0

8
 

>
0

.6
0

8
 

- 
- 

A
b

b
re

vi
a

ti
o

n
s:

 B
C

, 
b

la
ck

 c
a

rb
o

n
; 

E
U

, 
E

u
ro

p
ea

n
 U

n
io

n
; 

N
D

V
I,

 n
o

rm
a

li
ze

d
 d

if
fe

re
n

ce
 v

eg
et

a
ti

o
n

 i
n

d
ex

; 
N

O
2
, 

n
it

ro
g

en
 d

io
xi

d
e;

 O
3
, 

o
zo

n
e;

 O
R

, 
o

d
d

s 
ra

ti
o

; 
P

M
2
.5

, 
p

a
rt

ic
u

la
te

 m
a

tt
er

 w
it

h
 a

n
 

1
8

 
a

er
o

d
yn

a
m

ic
 d

ia
m

et
er

 l
o

w
er

 t
h
a

n
 2

.5
 µ

m
; 

P
M

1
0
, 

p
a

rt
ic

u
la

te
 m

a
tt

er
 w

it
h

 a
n
 a

er
o
d

yn
a

m
ic

 d
ia

m
et

er
 l

o
w

er
 t

h
a

n
 1

0
 µ

m
; 

W
H

O
, 

W
o

rl
d

 H
ea

lt
h
 O

rg
a
n

iz
a

ti
o

n
. 
 

1
9

 
 

2
0

 
T

a
b

le
 S

6
. 
A

ss
o
ci

at
io

n
s 

o
f 

p
at

er
n

al
 (

N
 =

 4
0
0

) 
an

d
 m

at
er

n
al

 (
N

 =
 7

0
6
) 

ex
p
o

su
re

 t
o
 a

d
d
it

io
n
al

 b
u
ff

er
 z

o
n
es

 o
f 

N
D

V
I 

w
it

h
 o

ff
sp

ri
n
g
 (

N
 =

 1
9
4
9
) 

2
1

 
ea

rl
y
 o

n
se

t 
as

th
m

a 
(t

ab
le

 S
8
a)

 a
n
d
 h

ay
 f

ev
er

 (
ta

b
le

 S
8

b
) 

in
 t

h
e 

R
H

IN
E

S
S

A
 g

en
er

at
io

n
 s

tu
d
y
. 

 
2

2
 

S
6
a
. 

E
ar

ly
 o

n
se

t 
as

th
m

a 
2

3
 

 
 

U
n

iv
a

ri
a

b
le

 
 

M
u

lt
iv

a
ri

a
b

le
1
 

 
U

n
iv

a
ri

a
b

le
 

 
M

u
lt

iv
a
ri

a
b

le
1
 

 

E
x

p
o

su
re

 
E

x
p

o
su

re
 

le
v

el
 

F
a

th
er

s 
(O

R
, 

9
5

%
 C

I)
 

p
2
 

F
a

th
er

s 
(O

R
, 

9
5

%
 C

I)
 

p
2
 

M
o

th
er

s 
(O

R
, 

9
5

%
 C

I)
 

p
2
 

M
o

th
er

s 
(O

R
, 

9
5

%
 C

I)
 

p
2
 

N
D

V
I 

(1
0

0
m

)  
M

ed
iu

m
 

0
.6

0
 (

0
.2

8
-1

.2
7

) 
0

.1
8

0
 

0
.5

3
 (

0
.2

6
-1

.0
8

) 
0

.0
8

0
 

1
.1

9
 (

0
.7

5
-1

.8
7

) 
0

.4
6

5
 

1
.2

3
 (

0
.7

8
-1

.9
6

) 
0

.3
7

4
 

 
H

ig
h
 

0
.7

6
 (

0
.3

9
-1

.4
9

) 
0

.4
2

1
 

0
.6

9
 (

0
.3

3
-1

.4
5

) 
0

.3
2

5
 

0
.7

6
 (

0
.4

6
-1

.2
5

) 
0

.2
7

3
 

0
.9

4
 (

0
.5

5
-1

.6
0

) 
0

.8
2

0
 

N
D

V
I 

(5
0

0
m

) 
M

ed
iu

m
 

0
.5

5
 (

0
.2

6
-1

.2
0

) 
0

.1
3

2
 

0
.5

5
 (

0
.2

4
-1

.2
5

) 
0

.1
5

6
 

0
.9

7
 (

0
.6

2
-1

.5
2

) 
0

.8
8

1
 

1
.0

0
 (

0
.6

3
-1

.5
9

) 
0

.9
9

9
 

 
H

ig
h
 

0
.6

7
 (

0
.3

4
-1

.3
1

) 
0

.2
3

8
 

0
.6

2
 (

0
.3

0
-1

.2
8

) 
0

.1
9

4
 

0
.6

1
 (

0
.3

7
-1

.0
1

) 
0

.0
5

5
 

0
.7

5
 (

0
.4

4
-1

.2
9

) 
0

.3
0

3
 

N
D

V
I 

(1
0

0
0
m

) 
M

ed
iu

m
 

0
.3

6
 (

0
.1

5
-0

.8
3

) 
0

.0
1

8
 

0
.3

3
 (

0
.1

4
-0

.7
9

) 
0

.0
1

2
 

0
.9

7
 (

0
.6

2
-1

.5
3

) 
0

.9
0

4
 

1
.0

5
 (

0
.6

5
-1

.6
8

) 
0

.8
4

4
 

 
H

ig
h
 

0
.6

2
 (

0
.3

2
-1

.1
8

) 
0

.1
4

3
 

0
.4

9
 (

0
.2

3
-1

.0
7

) 
0

.0
8

6
 

0
.5

9
 (

0
.3

6
-0

.9
6

) 
0

.0
3

4
 

0
.6

8
 (

0
.4

1
-1

.1
5

) 
0

.1
5

2
 

A
b

b
re

vi
a

ti
o

n
s:

 C
I,

 c
o
n

fi
d

en
ce

 i
n

te
rv

a
l;

 N
D

V
I,

 n
o

rm
a

li
ze

d
 d

if
fe

re
n
ce

 v
eg

et
a

ti
o

n
 i

n
d

ex
; 

O
R

, 
o
d

d
s 

ra
ti

o
. 

1
 P

er
fo

rm
ed

 f
o

r 
a

ll
 s

ig
n

if
ic

a
n

t 
re

su
lt

s 
fr

o
m

 t
h

e 
u

n
iv

a
ri

a
b

le
 a

n
a

ly
se

s.
 A

ll
 m

o
d

el
s 

w
er

e 
2

4
 

a
d

ju
st

ed
 f

o
r 

O
3
 a

n
d
 N

O
2
, 

a
n

d
 i

n
 a

d
d

it
io

n
 a

d
ju

st
ed

 f
o

r 
g

ra
n

d
p

a
re

n
ta

l 
ed

u
ca

ti
o
n

 a
n

d
 g

ra
n

d
p

a
re

n
ta

l 
a

st
h

m
a

.2
 A

ll
 p

-v
a

lu
es

 <
 0

.0
5

 =
 s

ig
n

if
ic

a
n

t 
a

n
d

 m
a

rk
ed

 b
o
ld

. 
 

2
5

 
 

2
6

 
S

6
b

. 
H

ay
 f

ev
er

 
2

7
 

 
 

U
n

iv
a

ri
a

b
le

 
 

M
u

lt
iv

a
ri

a
b

le
1
 

 
U

n
iv

a
ri

a
b

le
 

 
M

u
lt

iv
a
ri

a
b

le
1
 

 

E
x

p
o

su
re

 
E

x
p

o
su

re
 

le
v

el
 

F
a

th
er

s 
(O

R
, 

9
5

%
 C

I)
 

p
2
 

F
a

th
er

s 
(O

R
, 

9
5

%
 C

I)
 

p
2
 

M
o

th
er

s 
(O

R
, 

9
5

%
 C

I)
 

p
2
 

M
o

th
er

s 
(O

R
, 

9
5

%
 C

I)
 

p
2
 

N
D

V
I 

(1
0

0
m

)  
M

ed
iu

m
 

0
.7

6
 (

0
.2

6
-2

.2
3

) 
0

.6
2

0
 

0
.6

9
 (

0
.2

6
-1

.8
4

) 
0

.4
6

0
 

1
.6

6
 (

0
.8

5
-3

.2
4

) 
0

.1
4

1
 

1
.9

2
 (

0
.9

4
-3

.9
0

) 
0

.0
7

2
 

 
H

ig
h
 

1
.6

8
 (

0
.6

2
-4

.5
8

) 
0

.3
0

8
 

2
.0

4
 (

0
.6

2
-6

.7
3

) 
0

.2
4

0
 

1
.4

5
 (

0
.7

2
-2

.9
1

) 
0

.2
9

6
 

1
.9

2
 (

0
.8

3
-4

.4
6

) 
0

.1
2

9
 

N
D

V
I 

(5
0

0
m

) 
M

ed
iu

m
 

0
.8

8
 (

0
.3

0
-2

.6
1

) 
0

.8
1

8
 

0
.8

7
 (

0
.3

0
-2

.5
4

) 
0

.7
9

9
 

1
.7

5
 (

0
.9

1
-3

.3
7

) 
0

.0
9

6
 

1
.8

9
 (

0
.9

6
-3

.7
3

) 
0

.0
6

5
 

 
H

ig
h
 

1
.2

7
 (

0
.5

0
-3

.2
6

) 
0

.6
1

3
 

1
.2

4
 (

0
.4

3
-3

.6
2

) 
0

.6
9

1
 

1
.1

8
 (

0
.5

7
-2

.4
7

) 
0

.6
5

7
 

1
.4

5
 (

0
.6

3
-3

.3
4

) 
0

.3
8

1
 

N
D

V
I 

(1
0

0
0
m

) 
M

ed
iu

m
 

1
.5

5
 (

0
.5

1
-4

.7
2

) 
0

.4
4

1
 

1
.4

5
 (

0
.5

0
-4

.2
3

) 
0

.4
9

5
 

1
.3

3
 (

0
.6

6
-2

.6
6

) 
0

.4
2

0
 

1
.3

4
 (

0
.6

6
-2

.7
2

) 
0

.4
1

5
 

 
H

ig
h
 

2
.0

8
 (

0
.7

3
-5

.9
2

) 
0

.1
7

0
 

1
.8

0
 (

0
.5

8
-5

.5
8

) 
0

.3
1

0
 

1
.3

9
 (

0
.6

9
-2

.8
2

) 
0

.3
6

0
 

1
.6

9
 (

0
.7

9
-3

.6
3

) 
0

.1
8

0
 



A
b

b
re

vi
a

ti
o

n
s:

 C
I,

 c
o
n

fi
d

en
ce

 i
n

te
rv

a
l;

 N
D

V
I,

 n
o

rm
a

li
ze

d
 d

if
fe

re
n
ce

 v
eg

et
a

ti
o

n
 i

n
d

ex
; 

O
R

, 
o
d

d
s 

ra
ti

o
. 

1
 P

er
fo

rm
ed

 f
o

r 
a

ll
 s

ig
n

if
ic

a
n

t 
re

su
lt

s 
fr

o
m

 t
h

e 
u

n
iv

a
ri

a
b

le
 a

n
a

ly
se

s.
 A

ll
 m

o
d

el
s 

w
er

e 
2

8
 

a
d

ju
st

ed
 f

o
r 

O
3
 a

n
d
 N

O
2
, 

a
n

d
 i

n
 a

d
d

it
io

n
 a

d
ju

st
ed

 f
o

r 
g

ra
n

d
p

a
re

n
ta

l 
ed

u
ca

ti
o
n

 a
n

d
 g

ra
n

d
p

a
re

n
ta

l 
a

st
h

m
a

.2
 A

ll
 p

-v
a

lu
es

 <
 0

.0
5

 =
 s

ig
n

if
ic

a
n

t 
a

n
d

 m
a

rk
ed

 b
o
ld

. 
 

2
9

 
 

3
0

 
T

a
b

le
 S

7
. 
C

o
rr

el
at

io
n
 c

o
ef

fi
ci

en
ts

 f
o

r 
th

e 
ex

p
o
su

re
 t

im
e 

w
in

d
o
w

s:
 p

ar
en

t 
(0

-1
0

 y
ea

rs
) 

an
d
 p

ar
en

t 
(1

0
-1

8
 y

ea
rs

).
 

3
1

 
S

7
a
. 
N

O
2
 

3
2

 
 

 P
a

re
n

ts
 (

0
-1

0
 y

ea
rs

) 

 P
a

re
n

ts
 (

1
0
-1

8
 y

ea
rs

) 

P
a

re
n

ts
 (

0
-1

0
 y

ea
rs

) 
1

.0
 

0
.8

7
6
 

P
a

re
n

ts
 (

1
0
-1

8
 y

ea
rs

) 
0

.8
7

6
 

1
.0

 
A

b
b

re
vi

a
ti

o
n

s:
 N

O
2
, 

n
it

ro
g

en
 d

io
xi

d
e.

 
3

3
 

 
3

4
 

S
7
b

. 
P

M
2

.5
 

3
5

 
 

 P
a

re
n

ts
 (

0
-1

0
 y

ea
rs

) 

 P
a

re
n

ts
 (

1
0
-1

8
 y

ea
rs

) 

P
a

re
n

ts
 (

0
-1

0
 y

ea
rs

) 
1

.0
 

0
.9

0
9
 

P
a

re
n

ts
 (

1
0
-1

8
 y

ea
rs

) 
0

.9
0

9
 

1
.0

 
A

b
b

re
vi

a
ti

o
n

s:
 P

M
2
.5

, 
p

a
rt

ic
u
la

te
 m

a
tt

er
 w

it
h

 a
n
 a

er
o
d

yn
a

m
ic

 d
ia

m
et

er
 l

o
w

er
 t

h
a
n

 2
.5

 µ
m

. 
3

6
 

 
3

7
 

S
7
c.

 P
M

1
0
 

3
8

 
 

 P
a

re
n

ts
 (

0
-1

0
 y

ea
rs

) 

 P
a

re
n

ts
 (

1
0
-1

8
 y

ea
rs

) 

P
a

re
n

ts
 (

0
-1

0
 y

ea
rs

) 
1

.0
 

0
.8

7
9
 

P
a

re
n

ts
 (

1
0
-1

8
 y

ea
rs

) 
0

.8
7

9
 

1
.0

 
A

b
b

re
vi

a
ti

o
n

s:
 P

M
1

0
, 
p
a

rt
ic

u
la

te
 m

a
tt

er
 w

it
h

 a
n
 a

er
o
d

yn
a

m
ic

 d
ia

m
et

er
 l

o
w

er
 t

h
a
n

 1
0

 µ
m

. 
3

9
 

 
4

0
 

S
7
d

. 
B

C
 

4
1

 
 

 P
a

re
n

ts
 (

0
-1

0
 y

ea
rs

) 

 P
a

re
n

ts
 (

1
0
-1

8
 y

ea
rs

) 

P
a

re
n

ts
 (

0
-1

0
 y

ea
rs

) 
1

.0
 

0
.9

2
2
 

P
a

re
n

ts
 (

1
0
-1

8
 y

ea
rs

) 
0

.9
2

2
 

1
.0

 
A

b
b

re
vi

a
ti

o
n

s:
 B

C
, 
b

la
ck

 c
a

rb
o

n
. 

4
2

 
 

4
3

 
S

7
e.

 O
3
 

4
4

 
 

 P
a

re
n

ts
 (

0
-1

0
 y

ea
rs

) 

 P
a

re
n

ts
 (

1
0
-1

8
 y

ea
rs

) 



P
a

re
n

ts
 (

0
-1

0
 y

ea
rs

) 
1

.0
 

0
.9

0
3
 

P
a

re
n

ts
 (

1
0
-1

8
 y

ea
rs

) 
0

.9
0

3
 

1
.0

 
A

b
b

re
vi

a
ti

o
n

s:
 O

3
, 

o
zo

n
e.

 
4

5
 

 
4

6
 

S
7
f.

 N
D

V
I 

4
7

 
 

 P
a

re
n

ts
 (

0
-1

0
 y

ea
rs

) 

 P
a

re
n

ts
 (

1
0
-1

8
 y

ea
rs

) 

P
a

re
n

ts
 (

0
-1

0
 y

ea
rs

) 
1

.0
 

0
.7

2
8
 

P
a

re
n

ts
 (

1
0
-1

8
 y

ea
rs

) 
0

.7
2

8
 

1
.0

 
A

b
b

re
vi

a
ti

o
n

s:
 N

D
V

I,
 n

o
rm

a
li

ze
d
 d

if
fe

re
n

ce
 v

eg
et

a
ti

o
n

 i
n
d

ex
. 

4
8

 
 

4
9

 
T

a
b

le
 S

8
. 
A

n
al

y
se

s 
st

ra
ti

fi
ed

 p
er

 c
o
u
n
tr

y
 (

S
w

ed
is

h
 c

en
te

rs
 v

er
su

s 
B

er
g

en
):

 A
ss

o
ci

at
io

n
s 

b
et

w
ee

n
 p

at
er

n
al

 (
N

 =
 4

0
0
) 

an
d
 m

at
er

n
al

 (
N

 =
 7

0
6
) 

5
0

 
ex

p
o
su

re
 t

o
 a

ir
 p

o
ll

u
ti

o
n
 a

n
d
 N

D
V

I 
(3

0
0
m

) 
an

d
 o

ff
sp

ri
n
g

 (
N

 =
 1

9
4
9

) 
ea

rl
y
 o

n
se

t 
as

th
m

a 
(t

ab
le

 S
8
a)

 a
n
d
 h

ay
 f

ev
er

 (
ta

b
le

 S
8

b
) 

in
 t

h
e 

R
H

IN
E

S
S

A
 

5
1

 
g
en

er
at

io
n
 s

tu
d
y
. 

  
5

2
 

S
8
a
. 

E
ar

ly
 o

n
se

t 
as

th
m

a 
5

3
 

 
 

 
U

n
iv

a
ri

a
b

le
  

 
M

u
lt

iv
a
ri

a
b

le
2
 

 
U

n
iv

a
ri

a
b

le
 

 
M

u
lt

iv
a
ri

a
b

le
2
 

 

E
x

p
o

su
re

1
 

C
en

tr
e 

E
x

p
o

su
re

 

le
v

el
 

F
a

th
er

s 
(O

R
, 

9
5

%
 C

I)
 

p
3
 

F
a

th
er

s 
(O

R
, 

9
5

%
 C

I)
 

p
3
 

M
o

th
er

s 
(O

R
, 

9
5

%
 C

I)
 

p
3
 

M
o

th
er

s 
(O

R
, 

9
5

%
 

C
I)

 

p
3
 

N
O

2
 

S
w

ed
is

h
 

M
ed

iu
m

 
2

.1
4

 (
0

.8
4

-5
.4

8
) 

0
.1

1
3
 

1
.7

7
 (

0
.9

3
-3

.3
7

) 
0

.0
8

1
 

1
.5

3
 (

0
.7

8
-3

.0
0

) 
0

.2
1

3
 

2
.0

4
 (

1
.0

7
-3

.8
7

) 
0

.0
3

0
 

H
ig

h
 

1
.0

9
 (

0
.4

4
-2

.7
5

) 
0

.8
4

8
 

1
.8

0
 (

0
.8

0
-4

.0
5

) 
0

.1
5

8
 

1
.7

7
 (

0
.9

4
-3

.3
6

) 
0

.0
7

8
 

2
.2

0
 (

1
.0

0
-4

.8
4

) 
0

.0
5

1
 

 
B

er
g

en
 

M
ed

iu
m

 
0

.4
4

 (
0

.1
7

-1
.1

8
) 

0
.1

0
4
 

0
.6

1
 (

0
.1

5
-2

.4
1

) 
0

.4
7

8
 

1
.3

8
 (

0
.6

9
-2

.7
8

) 
0

.3
6

8
 

1
.0

3
 (

0
.4

3
-2

.4
7

) 
0

.9
4

1
 

 
H

ig
h
 

0
.2

6
 (

0
.0

8
-0

.8
6

) 
0

.0
2

7
 

0
.4

3
 (

0
.0

9
-2

.0
8

) 
0

.2
9

5
 

1
.2

8
 (

0
.6

3
-2

.6
2

) 
0

.4
9

7
 

0
.9

1
 (

0
.3

3
-2

.4
9

) 
0

.8
5

7
 

P
M

2
.5
 

S
w

ed
is

h
 

M
ed

iu
m

 
1

.1
2

 (
0

.3
2

-3
.8

4
) 

0
.8

6
2
 

1
.1

9
 (

0
.5

9
-2

.3
6

) 
0

.6
2

9
 

1
.3

6
 (

0
.6

4
-2

.8
7

) 
0

.4
2

2
 

1
.3

9
 (

0
.6

8
-2

.8
6

) 
0

.3
6

8
 

H
ig

h
 

1
.1

4
 (

0
.4

6
-2

.8
4

) 
0

.7
7

5
 

1
.4

0
 (

0
.7

0
-2

.8
2

) 
0

.3
3

9
 

1
.5

2
 (

0
.8

1
-2

.8
5

) 
0

.1
9

4
 

1
.5

6
 (

0
.7

7
-3

.1
5

) 
0

.2
1

5
 

 
B

er
g

en
 

M
ed

iu
m

 
0

.2
8

 (
0

.1
2

-0
.6

8
) 

0
.0

0
5
 

0
.2

3
 (

0
.0

8
-0

.6
9

) 
0

.0
0

9
 

2
.4

5
 (

1
.2

6
-4

.7
5

) 
0

.0
0

8
 

2
.6

9
 (

1
.2

5
-5

.8
0

) 
0

.0
1

1
 

 
H

ig
h
 

- 
- 

- 
- 

1
.7

6
 (

0
.7

3
-4

.2
6

) 
0

.2
0

7
 

2
.1

3
 (

0
.8

3
-5

.4
4

) 
0

.1
1

5
 

P
M

1
0
 

S
w

ed
is

h
 

M
ed

iu
m

 
0

.6
5

 (
0

.1
7

-2
.4

3
) 

0
.5

2
4
 

1
.0

2
 (

0
.4

9
-2

.1
1

) 
0

.9
5

4
 

1
.4

6
 (

0
.6

8
-2

.1
6

) 
0

.3
3

0
 

1
.2

6
 (

0
.6

1
-2

.5
9

) 
0

.5
3

6
 

H
ig

h
 

1
.0

7
 (

0
.4

3
-2

.6
2

) 
0

.8
8

6
 

1
.3

5
 (

0
.7

2
-2

.5
2

) 
0

.3
4

8
 

1
.4

9
 (

0
.8

1
-2

.7
4

) 
0

.2
0

5
 

1
.5

3
 (

0
.8

2
-2

.8
7

) 
0

.1
8

1
 

 
B

er
g

en
 

M
ed

iu
m

 
0

.3
3

 (
0

.1
3

-0
.8

4
) 

0
.0

2
0
 

0
.3

7
 (

0
.1

3
-1

.0
7

) 
0

.0
6

8
 

2
.2

2
 (

1
.1

8
-4

.1
9

) 
0

.0
1

4
 

2
.3

1
 (

1
.1

7
-4

.5
5

) 
0

.0
1

6
 

 
H

ig
h
 

0
.5

6
 (

0
.1

3
-2

.4
1

) 
0

.4
3

3
 

0
.8

0
 (

0
.1

4
-4

.3
7

) 
0

.7
9

2
 

1
.0

4
 (

0
.3

1
-3

.5
5

) 
0

.9
4

8
 

0
.9

8
 (

0
.2

8
-3

.4
1

) 
0

.9
7

4
 

B
C

 
S

w
ed

is
h
 

M
ed

iu
m

 
1

.2
1

 (
0

.5
3

-2
.7

5
) 

0
.6

4
4
 

1
.2

3
 (

0
.6

9
-2

.2
1

) 
0

.4
8

3
 

1
.4

6
 (

0
.7

8
-2

.7
2

) 
0

.2
3

3
 

1
.2

7
 (

0
.7

1
-2

.2
5

) 
0

.4
2

1
 

H
ig

h
 

0
.4

8
 (

0
.1

6
-1

.4
5

) 
0

.1
9

3
 

0
.3

4
 (

0
.1

2
-0

.9
6

) 
0

.0
4

3
 

1
.1

6
 (

0
.5

8
-2

.3
0

) 
0

.6
7

9
 

0
.8

6
 (

0
.3

8
-1

.9
8

) 
0

.7
2

7
 

 
B

er
g

en
 

M
ed

iu
m

 
1

.1
5

 (
0

.2
8

-4
.6

7
) 

0
.8

4
4
 

1
.7

6
 (

0
.4

1
-7

.5
9

) 
0

.4
4

8
 

1
.8

2
 (

0
.7

0
-4

.7
5

) 
0

.2
2

2
 

1
.3

8
 (

0
.4

9
-3

.9
2

) 
0

.5
4

5
 

 
H

ig
h
 

0
.4

2
 (

0
.1

0
-1

.7
7

) 
0

.2
3

6
 

0
.9

4
 (

0
.1

6
-5

.7
1

) 
0

.9
5

0
 

1
.9

5
 (

0
.7

8
-5

-0
2

) 
0

.1
6

6
 

1
.5

1
 (

0
.4

8
-4

.6
9

) 
0

.4
8

0
 



O
3
 

S
w

ed
is

h
 

M
ed

iu
m

 
1

.6
3

 (
0

.4
1

-6
.4

1
) 

0
.4

8
5
 

2
.1

7
 (

0
.6

0
-7

.8
6

) 
0

.2
3

6
 

1
.6

4
 (

0
.5

9
-4

.5
3

) 
0

.3
3

9
 

2
.0

8
 (

0
.7

4
-5

.8
6

) 
0

.1
6

5
 

H
ig

h
 

1
.0

9
 (

0
.2

8
-4

.2
3

) 
0

.9
0

1
 

2
.3

0
 (

0
.5

8
-9

.1
9

) 
0

.2
3

7
 

1
.3

1
 (

0
.4

8
-3

.5
5

) 
0

.6
0

0
 

2
.1

6
 (

0
.6

6
-7

.0
3

) 
0

.2
0

1
 

 
B

er
g

en
 

M
ed

iu
m

 
2

.2
1

 (
0

.8
6

-5
.6

7
) 

0
.0

9
8
 

1
.8

1
 (

0
.5

0
-6

.5
0

) 
0

.3
6

2
 

0
.7

2
 (

0
.3

7
-1

.4
0

) 
0

.3
3

7
 

0
.7

5
 (

0
.3

4
-1

.6
3

) 
0

.4
6

7
 

 
H

ig
h
 

2
.9

2
 (

0
.5

2
-1

6
.4

) 
0

.2
2

4
 

1
.0

9
 (

0
.0

9
-1

2
.6

) 
0

.9
4

7
 

0
.8

2
 (

0
.3

0
-2

.2
4

) 
0

.6
9

9
 

1
.2

5
 (

0
.3

3
-4

.6
4

) 
0

.7
4

2
 

N
D

V
I 

(3
0

0
m

) 

 

S
w

ed
is

h
 

M
ed

iu
m

 
0

.6
4

 (
0

.2
2

-1
.8

4
) 

0
.4

0
8
 

1
.1

4
 (

0
.6

4
-2

.0
5

) 
0

.6
5

6
 

1
.7

3
 (

0
.8

6
-3

.4
8

) 
0

.1
2

4
 

1
.4

9
 (

0
.8

4
-2

.6
4

) 
0

.1
7

5
 

H
ig

h
 

0
.5

4
 (

0
.2

3
-1

.2
6

) 
0

.1
5

3
 

0
.9

3
 (

0
.4

7
-1

.8
3

) 
0

.8
4

1
 

1
.0

2
 (

0
.4

6
-2

.2
7

) 
0

.9
6

6
 

1
.0

8
 (

0
.5

5
-2

.1
2

) 
0

.8
1

4
 

 
B

er
g

en
 

M
ed

iu
m

 
0

.6
8

 (
0

.2
2

-2
.0

9
) 

0
.5

0
7
 

0
.6

3
 (

0
.1

8
-2

.1
7

) 
0

.4
6

3
 

0
.8

1
 (

0
.4

3
-1

.5
3

) 
0

.5
1

6
 

0
.8

0
 (

0
.4

2
-1

.5
4

) 
0

.5
0

9
 

 
H

ig
h
 

1
.3

6
 (

0
.4

7
-3

.9
3

) 
0

.5
6

6
 

1
.2

3
 (

0
.4

3
-3

.4
9

) 
0

.7
0

1
 

0
.6

5
 (

0
.3

3
-1

.2
8

) 
0

.2
1

2
 

0
.6

9
 (

0
.3

2
-1

.4
9

) 
0

.3
4

1
 

A
b

b
re

vi
a

ti
o

n
s:

 B
C

, 
b

la
ck

 c
a

rb
o

n
; 

C
I,

 c
o

n
fi

d
en

ce
 i

n
te

rv
a

l;
 N

D
V

I,
 n

o
rm

a
li

ze
d

 d
if

fe
re

n
ce

 v
eg

et
a

ti
o

n
 i

n
d

ex
; 

N
O

2
, 

n
it

ro
g

en
 d

io
xi

d
e;

 O
3
, 
o

zo
n

e;
 O

R
, 

o
d

d
s 

ra
ti

o
; 

P
M

2
.5

, 
p

a
rt

ic
u

la
te

 m
a

tt
er

 w
it

h
 a

n
 

5
4

 
a

er
o

d
yn

a
m

ic
 d

ia
m

et
er

 l
o

w
er

 t
h
a

n
 2

.5
 µ

m
; 

P
M

1
0
, 

p
a

rt
ic

u
la

te
 m

a
tt

er
 w

it
h

 a
n
 a

er
o
d

yn
a

m
ic

 d
ia

m
et

er
 l

o
w

er
 t

h
a

n
 1

0
 µ

m
. 

1
 A

ll
 a

ir
 p

o
ll

u
ta

n
ts

 e
xp

o
su

re
s 

w
er

e 
b

a
ck

-e
xt

ra
p

o
la

te
d

 i
n
 t

im
e 

w
it

h
 t

h
e 

ra
ti

o
 

5
5

 
m

et
h

o
d

. 
2

 A
ll

 m
o
d

el
s 

w
er

e 
a

d
ju

st
ed

 f
o

r 
O

3
 a

n
d

 N
D

V
I 

(3
0

0
m

 b
u

ff
er

),
 e

xc
ep

t 
fo

r 
th

e 
O

3
-m

o
d

el
 t

h
a

t 
w

a
s 

a
d

ju
st

ed
 f

o
r 

N
O

2
 a

n
d
 N

D
V

I 
(3

0
0
m

 b
u

ff
er

) 
a

n
d

 t
h

e 
N

D
V

I-
m

o
d

el
 t

h
a

t 
w

a
s 

a
d
ju

st
ed

 f
o

r 
O

3
 

5
6

 
a

n
d
 N

O
2
. 

A
ll

 m
o
d

el
s 

w
er

e 
a

ls
o

 a
d
ju

st
ed

 f
o

r 
g

ra
n
d

p
a

re
n

ta
l 

ed
u

ca
ti

o
n

 a
n

d
 g

ra
n

d
p

a
re

n
ta

l 
a

st
h

m
a

. 
3
 A

ll
 p

-v
a

lu
es

 <
 0

.0
5

 =
 s

ig
n

if
ic

a
n

t 
a

n
d

 m
a

rk
ed

 b
o

ld
. 

- 
=

 T
o

o
 f

ew
 o

b
se

rv
a

ti
o
n

s.
 

5
7

 
 

5
8

 
S

8
b

. 
H

ay
 f

ev
er

 
5

9
 

 
 

 
U

n
iv

a
ri

a
b

le
 

 
M

u
lt

iv
a
ri

a
b

le
2
 

 
U

n
iv

a
ri

a
b

le
 

 
M

u
lt

iv
a
ri

a
b

le
2
 

 

E
x

p
o

su
re

1
 

C
en

tr
e 

E
x

p
o

su
re

 

le
v

el
 

F
a

th
er

s 
(O

R
, 

9
5

%
 

C
I)

 

p
3
 

F
a

th
er

s 
(O

R
, 

9
5

%
 C

I)
 

p
3
 

M
o

th
er

s 
(O

R
, 

9
5

%
 C

I)
 

p
3
 

M
o

th
er

s 
(O

R
, 

9
5

%
 

C
I)

 

p
3
 

N
O

2
 

S
w

ed
is

h
 

M
ed

iu
m

 
4

.6
3

 (
1

.3
4

-1
6
.0

1
) 

0
.0

1
6
 

2
.9

6
 (

1
.2

8
-6

.8
9

) 
0

.0
1

1
 

2
.2

4
 (

0
.9

0
-5

.5
9

) 
0

.0
8

3
 

3
.8

1
 (

1
.6

0
-9

.1
4

) 
0

.0
0

3
 

H
ig

h
 

2
.5

4
 (

0
.7

2
-9

.0
2

) 
0

.1
4

9
 

2
.0

2
 (

0
.5

7
-7

.1
1

) 
0

.2
7

5
 

3
.1

0
 (

1
.3

3
-7

.2
2

) 
0

.0
0

9
 

3
.8

0
 (

1
.2

2
-1

1
.8

5
) 

0
.0

2
1
 

 
B

er
g

en
 

M
ed

iu
m

 
0

.3
2

 (
0

.0
7

-1
.4

3
) 

0
.1

3
5
 

0
.3

3
 (

0
.0

4
-3

.0
5

) 
0

.3
2

7
 

0
.3

6
 (

0
.1

1
-1

.2
1

) 
0

.0
9

8
 

0
.3

2
 (

0
.0

5
-2

.2
1

) 
0

.2
4

7
 

 
H

ig
h
 

0
.1

8
 (

0
.0

2
-1

.5
6

) 
0

.1
1

9
 

0
.5

2
 (

0
.0

2
-1

2
.6

) 
0

.6
8

8
 

0
.8

0
 (

0
.2

7
-2

.3
2

) 
0

.6
7

6
 

0
.7

6
 (

0
.1

1
-5

.2
2

) 
0

.7
7

8
 

P
M

2
.5
 

S
w

ed
is

h
 

M
ed

iu
m

 
1

.9
5

 (
0

.4
1

-9
.2

9
) 

0
.4

0
2
 

1
.0

5
 (

0
.4

1
-2

.6
8

) 
0

.9
1

5
 

1
.1

5
 (

0
.3

7
-3

.5
8

) 
0

.8
0

4
 

1
.3

2
 (

0
.5

2
-3

.3
9

) 
0

.5
6

1
 

H
ig

h
 

2
.4

1
 (

0
.6

2
-9

.4
1

) 
0

.2
0

5
 

1
.4

4
 (

0
.5

8
-3

.5
4

) 
0

.4
2

8
 

2
.0

2
 (

0
.9

3
-4

.3
9

) 
0

.0
7

5
 

1
.9

6
 (

0
.8

4
-4

.6
0

) 
0

.1
1

9
 

 
B

er
g

en
 

M
ed

iu
m

 
1

.2
8

 (
0

.2
6

-6
.2

3
) 

0
.7

5
7
 

1
.9

3
 (

0
.3

2
-1

1
.6

) 
0

.4
7

3
 

2
.5

6
 (

0
.8

4
-7

.8
5

) 
0

.1
0

0
 

3
.0

2
 (

1
.0

7
-8

.5
6

) 
0

.0
3

7
 

 
H

ig
h
 

- 
- 

- 
- 

0
.5

1
 (

0
.0

6
-4

.6
2

) 
0

.5
5

3
 

- 
- 

P
M

1
0
 

S
w

ed
is

h
 

M
ed

iu
m

 
1

.3
4

 (
0

.2
5

-7
.1

9
) 

0
.7

3
6
 

1
.0

4
 (

0
.3

5
-3

.0
5

) 
0

.9
4

7
 

1
.3

1
 (

0
.3

3
-5

.2
0

) 
0

.6
9

9
 

1
.4

6
 (

0
.5

2
-4

.1
3

) 
0

.4
7

1
 

H
ig

h
 

2
.5

2
 (

0
.6

6
-9

.6
6

) 
0

.1
7

8
 

2
.3

1
 (

0
.9

4
-5

.6
9

) 
0

.0
6

9
 

2
.8

3
 (

1
.3

1
-6

.0
8

) 
0

.0
0

8
 

2
.9

4
 (

1
.2

3
-7

.0
3

) 
0

.0
1

6
 

 
B

er
g

en
 

M
ed

iu
m

 
1

.2
3

 (
0

.2
5

-6
.1

1
) 

0
.7

9
8
 

3
.5

7
 (

0
.3

3
-3

9
.1

) 
0

.2
9

8
 

1
.8

1
 (

0
.6

4
-5

.0
7

) 
0

.2
6

1
 

2
.6

9
 (

0
.8

3
-8

.7
7

) 
0

.1
0

1
 

 
H

ig
h
 

- 
- 

- 
- 

- 
- 

- 
- 

B
C

 
S

w
ed

is
h
 

M
ed

iu
m

 
2

.3
8

 (
0

.7
8

-7
.2

8
) 

0
.1

2
8
 

1
.8

7
 (

0
.8

8
-3

.9
7

) 
0

.1
0

4
 

2
.3

5
 (

1
.0

5
-5

.2
6

) 
0

.0
3

8
 

2
.3

1
 (

1
.0

8
-4

.9
6

) 
0

.0
3

1
 

H
ig

h
 

1
.4

9
 (

0
.4

2
-5

.2
9

) 
0

.5
3

8
 

1
.0

0
 (

0
.2

8
-3

.5
3

) 
0

.9
9

7
 

3
.0

0
 (

1
.2

6
-7

.1
0

) 
0

.0
1

3
 

2
.7

4
 (

0
.9

5
-7

.9
3

) 
0

.0
6

3
 

 
B

er
g

en
 

M
ed

iu
m

 
1

.2
6

 (
0

.3
2

-4
.9

8
) 

0
.7

4
6
 

0
.8

2
 (

0
.2

1
-3

.1
8

) 
0

.7
7

2
 

0
.5

3
 (

0
.1

2
-2

.2
4

) 
0

.3
8

5
 

0
.6

8
 (

0
.1

1
-4

.3
5

) 
0

.6
8

3
 

 
H

ig
h
 

- 
- 

- 
- 

0
.9

4
 (

0
.2

7
-3

.3
6

) 
0

.9
1

9
 

1
.1

5
 (

0
.2

1
-6

.4
0

) 
0

.8
7

4
 

O
3
 

S
w

ed
is

h
 

M
ed

iu
m

 
2

.1
6

 (
0

.4
6

-1
0

.2
6

) 
0

.3
3

1
 

1
.0

9
 (

0
.2

8
-4

.2
4

) 
0

.9
0

0
 

0
.8

5
 (

0
.3

4
-2

.1
4

) 
0

.7
3

1
 

0
.9

1
 (

0
.3

4
-2

.4
2

) 
0

.8
5

5
 



H
ig

h
 

1
.0

3
 (

0
.2

1
-4

.9
3

) 
0

.9
7

5
 

0
.8

6
 (

0
.1

7
-4

.3
2

) 
0

.8
5

3
 

0
.5

4
 (

0
.2

1
-1

.3
4

) 
0

.1
8

1
 

0
.9

7
 (

0
.2

6
-3

.6
5

) 
0

.9
6

1
 

 
B

er
g

en
 

M
ed

iu
m

 
3

.0
6

 (
0

.7
0

-1
3

.4
0

) 
0

.1
3

9
 

1
.9

5
 (

0
.5

0
-7

.5
9

) 
0

.3
3

4
 

1
.2

8
 (

0
.4

6
-3

.5
5

) 
0

.6
3

5
 

1
.0

9
 (

0
.2

6
-4

.6
8

) 
0

.9
0

4
 

 
H

ig
h
 

5
.5

2
 (

0
.5

0
-6

0
.9

0
) 

0
.1

6
3
 

- 
- 

- 
- 

- 
- 

N
D

V
I 

(3
0

0
m

) 

 

S
w

ed
is

h
 

M
ed

iu
m

 
0

.6
6

 (
0

.1
8

-2
.3

8
) 

0
.5

2
6
 

1
.1

0
 (

0
.5

2
-2

.3
5

) 
0

.7
9

8
 

1
.1

9
 (

0
.5

3
-2

.6
8

) 
0

.6
6

6
 

1
.2

6
 (

0
.6

2
-2

.5
6

) 
0

.5
2

3
 

H
ig

h
 

0
.7

6
 (

0
.2

5
-2

.3
1

) 
0

.6
2

3
 

1
.4

6
 (

0
.5

7
-3

.7
4

) 
0

.4
2

5
 

0
.7

6
 (

0
.3

2
-1

.8
4

) 
0

.5
4

5
 

1
.3

6
 (

0
.6

0
-3

.0
6

) 
0

.4
6

2
 

 
B

er
g

en
 

M
ed

iu
m

 
2

.1
6

 (
0

.2
0

-2
3

.3
2

) 
0

.5
2

7
 

1
.9

5
 (

0
.5

0
-7

.5
9

) 
0

.3
3

4
 

1
.1

3
 (

0
.3

2
-4

.0
0

) 
0

.8
5

1
 

1
.0

0
 (

0
.3

0
-3

.3
2

) 
0

.9
9

7
 

 
H

ig
h
 

5
.5

3
 (

0
.6

3
-4

8
.4

9
) 

0
.1

2
2
 

- 
- 

2
.3

1
 (

0
.7

5
-7

.1
4

) 
0

.1
4

7
 

1
.7

0
 (

0
.4

4
-6

.6
6

) 
0

.4
4

3
 

A
b

b
re

vi
a

ti
o

n
s:

 B
C

, 
b

la
ck

 c
a

rb
o

n
; 

C
I,

 c
o

n
fi

d
en

ce
 i

n
te

rv
a

l;
 N

D
V

I,
 n

o
rm

a
li

ze
d

 d
if

fe
re

n
ce

 v
eg

et
a

ti
o

n
 i

n
d

ex
; 

N
O

2
, 

n
it

ro
g

en
 d

io
xi

d
e;

 O
3
, 
o

zo
n

e;
 O

R
, 

o
d

d
s 

ra
ti

o
; 

P
M

2
.5

, 
p

a
rt

ic
u

la
te

 m
a

tt
er

 w
it

h
 a

n
 

6
0

 
a

er
o

d
yn

a
m

ic
 d

ia
m

et
er

 l
o

w
er

 t
h
a

n
 2

.5
 µ

m
; 

P
M

1
0
, 

p
a

rt
ic

u
la

te
 m

a
tt

er
 w

it
h

 a
n
 a

er
o
d

yn
a

m
ic

 d
ia

m
et

er
 l

o
w

er
 t

h
a

n
 1

0
 µ

m
. 

1
 A

ll
 a

ir
 p

o
ll

u
ta

n
ts

 e
xp

o
su

re
s 

w
er

e 
b

a
ck

-e
xt

ra
p

o
la

te
d

 i
n
 t

im
e 

w
it

h
 t

h
e 

ra
ti

o
 

6
1

 
m

et
h

o
d

. 
2

 A
ll

 m
o
d

el
s 

w
er

e 
a

d
ju

st
ed

 f
o

r 
O

3
 a

n
d

 N
D

V
I 

(3
0

0
m

 b
u

ff
er

),
 e

xc
ep

t 
fo

r 
th

e 
O

3
-m

o
d

el
 t

h
a

t 
w

a
s 

a
d

ju
st

ed
 f

o
r 

N
O

2
 a

n
d
 N

D
V

I 
(3

0
0
m

 b
u

ff
er

) 
a

n
d

 t
h

e 
N

D
V

I-
m

o
d

el
 t

h
a

t 
w

a
s 

a
d
ju

st
ed

 f
o

r 
O

3
 

6
2

 
a

n
d
 N

O
2
. 

A
ll

 m
o
d

el
s 

w
er

e 
a

ls
o

 a
d
ju

st
ed

 f
o

r 
g

ra
n
d

p
a

re
n

ta
l 

ed
u

ca
ti

o
n

 a
n

d
 g

ra
n

d
p

a
re

n
ta

l 
a

st
h

m
a

. 
3
 A

ll
 p

-v
a

lu
es

 <
 0

.0
5

 =
 s

ig
n

if
ic

a
n

t 
a

n
d

 m
a

rk
ed

 b
o

ld
. 

- 
=

 T
o

o
 f

ew
 o

b
se

rv
a

ti
o
n

s.
 

6
3

 
 

6
4

 
T

a
b

le
 S

9
. 
A

n
al

y
se

s 
fo

r 
p
ar

en
ts

 b
o

rn
 a

ft
er

 1
9
8
5
: 

A
ss

o
ci

at
io

n
s 

o
f 

p
at

er
n
al

 (
N

 =
 7

3
) 

an
d
 m

at
er

n
al

 (
N

 =
 1

5
4

) 
ex

p
o
su

re
 t

o
 a

ir
 p

o
ll

u
ta

n
ts

 a
n
d
 N

D
V

I 
6

5
 

w
it

h
 o

ff
sp

ri
n
g
 (

N
 =

 3
0
9

) 
ea

rl
y
 o

n
se

t 
as

th
m

a 
(T

ab
le

 9
a)

 a
n
d
 h

ay
 f

ev
er

 (
T

ab
le

 9
b
) 

in
 t

h
e 

R
H

IN
E

S
S

A
 g

en
er

at
io

n
 s

tu
d
y
. 

6
6

 
T

a
b

le
 S

9
a
. 
E

ar
ly

 o
n
se

t 
as

th
m

a 
6

7
 

 
 

U
n

iv
a

ri
a

b
le

 
 

M
u

lt
iv

a
ri

a
b

le
2
 

 
U

n
iv

a
ri

a
b

le
 

 
M

u
lt

iv
a
ri

a
b

le
2
 

 

E
x

p
o

su
re

1
 

E
x

p
o

su
re

 

le
v

el
 

F
a

th
er

s 
(O

R
, 

9
5

%
 C

I)
 

p
3
 

F
a

th
er

s 
(O

R
, 

9
5

%
 C

I)
 

p
3
 

M
o

th
er

s 
(O

R
, 

9
5

%
 C

I)
 

p
3
 

M
o

th
er

s 
(O

R
, 

9
5

%
 C

I)
 

p
3
 

N
O

2
 

M
ed

iu
m

 
1

.2
1

 (
0

.2
4

-6
.2

5
) 

0
.8

1
6
 

0
.3

9
 (

0
.0

4
-4

.0
4

) 
0

.4
3

0
 

2
.4

0
 (

0
.6

6
-8

.7
0

) 
0

.1
8

3
 

7
.7

6
 (

0
.8

8
-6

8
.0

3
) 

0
.0

6
4
 

 
H

ig
h
 

0
.7

7
 (

0
.1

4
-4

.4
2

) 
0

.7
7

2
 

0
.1

0
 (

0
.0

0
-3

.0
9

) 
0

.1
9

0
 

2
.9

9
 (

0
.8

5
-1

0
.4

7
) 

0
.0

8
7
 

1
4

.0
 (

1
.3

2
-1

4
7

.5
8
) 

0
.0

2
8
 

P
M

2
.5
 

M
ed

iu
m

 
- 

- 
- 

- 
2

.2
2

 (
0

.6
7

-7
.4

1
) 

0
.1

9
5
 

2
.6

5
 (

0
.6

3
-1

1
.2

2
) 

0
.1

8
4
 

 
H

ig
h
 

0
.3

7
 (

0
.0

5
-2

.9
9

) 
0

.3
5

3
 

0
.1

3
 (

0
.0

1
-3

.2
7

) 
0

.2
1

6
 

1
.9

5
 (

0
.5

1
-7

.4
9

) 
0

.3
3

1
 

3
.6

3
 (

0
.8

5
-1

5
.4

8
) 

0
.0

8
1
 

P
M

1
0
 

M
ed

iu
m

 
0

.1
8

 (
0

.0
2

-1
.6

1
) 

0
.1

2
6
 

0
.0

9
 (

0
.0

1
-0

.8
8

) 
0

.0
3

9
 

1
.6

1
 (

0
.4

6
-5

.6
6

) 
0

.4
5

6
 

1
.9

2
 (

0
.4

9
-7

.4
6

) 
0

.3
4

9
 

 
H

ig
h
 

0
.4

0
 (

0
.0

5
-3

.2
8

) 
0

.3
9

6
 

0
.1

1
 (

0
.0

0
-4

.7
7

) 
0

.2
5

0
 

1
.8

2
 (

0
.4

9
-6

.8
0

) 
0

.3
7

1
 

3
.3

6
 (

0
.8

9
-1

2
.7

1
) 

0
.0

7
4
 

B
C

 
M

ed
iu

m
 

1
.8

3
 (

0
.3

6
-9

.2
3

) 
0

.4
6

2
 

1
.1

5
 (

0
.1

7
-7

.6
1

) 
0

.8
8

5
 

3
.0

6
 (

0
.8

2
-1

1
.3

7
) 

0
.0

9
5
 

4
.8

4
 (

0
.8

4
-2

8
.0

0
) 

0
.0

7
8
 

 
H

ig
h
 

1
.0

5
 (

0
.1

6
-6

.6
6

) 
0

.9
6

1
 

0
.2

1
 (

0
.0

1
-4

.2
3

) 
0

.3
0

7
 

2
.2

2
 (

0
.5

9
-8

.3
0

) 
0

.2
3

6
 

3
.6

6
 (

0
.4

4
-3

0
.8

4
) 

0
.2

3
2
 

O
3
 

M
ed

iu
m

 
0

.8
6

 (
0

.1
6

-4
.5

6
) 

0
.8

5
8
 

0
.5

9
 (

0
.0

6
-5

.4
8

) 
0

.6
3

8
 

0
.6

1
 (

0
.1

4
-2

.5
9

) 
0

.5
0

1
 

0
.4

9
 (

0
.1

1
-2

.0
7

) 
0

.3
3

0
 

 
H

ig
h
 

0
.3

3
 (

0
.0

5
-2

.2
2

) 
0

.2
5

6
 

0
.0

8
 (

0
.0

0
-2

.8
2

) 
0

.1
6

3
 

0
.6

1
 (

0
.1

9
-1

.9
6

) 
0

.4
0

7
 

3
.7

9
 (

0
.5

2
-2

7
.7

8
) 

0
.1

9
0
 

N
D

V
I 

(3
0

0
m

) 
M

ed
iu

m
 

0
.2

0
 (

0
.0

2
-1

.7
3

) 
0

.1
4

4
 

0
.2

5
 (

0
.0

3
-2

.3
2

) 
0

.2
1

4
 

1
.1

5
 (

0
.3

1
-4

.2
2

) 
0

.8
3

4
 

1
.2

0
 (

0
.2

9
-5

.0
1

) 
0

.8
0

7
 

 
H

ig
h
 

0
.5

9
 (

0
.1

2
-2

.8
7

) 
0

.5
1

1
 

0
.4

1
 (

0
.0

7
-2

.5
5

) 
0

.3
4

0
 

0
.2

5
 (

0
.0

4
-1

.5
2

) 
0

.1
3

2
 

0
.2

6
 (

0
.0

5
-1

.3
6

) 
0

.1
1

1
 

A
b

b
re

vi
a

ti
o

n
s:

 B
C

, 
b

la
ck

 c
a

rb
o

n
; 

C
I,

 c
o

n
fi

d
en

ce
 i

n
te

rv
a

l;
 N

D
V

I,
 n

o
rm

a
li

ze
d

 d
if

fe
re

n
ce

 v
eg

et
a

ti
o

n
 i

n
d

ex
; 

N
O

2
, 

n
it

ro
g

en
 d

io
xi

d
e;

 O
3
, 
o

zo
n

e;
 O

R
, 

o
d

d
s 

ra
ti

o
; 

P
M

2
.5

, 
p

a
rt

ic
u

la
te

 m
a

tt
er

 w
it

h
 a

n
 

6
8

 
a

er
o

d
yn

a
m

ic
 d

ia
m

et
er

 l
o

w
er

 t
h
a

n
 2

.5
 µ

m
; 

P
M

1
0
, 

p
a

rt
ic

u
la

te
 m

a
tt

er
 w

it
h

 a
n
 a

er
o
d

yn
a

m
ic

 d
ia

m
et

er
 l

o
w

er
 t

h
a

n
 1

0
 µ

m
. 

1
 A

ll
 a

ir
 p

o
ll

u
ta

n
ts

 e
xp

o
su

re
s 

w
er

e 
b

a
ck

-e
xt

ra
p

o
la

te
d

 i
n
 t

im
e 

w
it

h
 t

h
e 

ra
ti

o
 

6
9

 
m

et
h

o
d

. 
2

 A
ll

 m
o
d

el
s 

w
er

e 
a

d
ju

st
ed

 f
o

r 
O

3
 a

n
d

 N
D

V
I 

(3
0

0
m

 b
u

ff
er

),
 e

xc
ep

t 
fo

r 
th

e 
O

3
-m

o
d

el
 t

h
a

t 
w

a
s 

a
d

ju
st

ed
 f

o
r 

N
O

2
 a

n
d
 N

D
V

I 
(3

0
0
m

 b
u

ff
er

) 
a

n
d

 t
h

e 
N

D
V

I-
m

o
d

el
 t

h
a

t 
w

a
s 

a
d
ju

st
ed

 f
o

r 
O

3
 

7
0

 
a

n
d
 N

O
2
. 

A
ll

 m
o
d

el
s 

w
er

e 
a

ls
o

 a
d
ju

st
ed

 f
o

r 
g

ra
n
d

p
a

re
n

ta
l 

ed
u

ca
ti

o
n

 a
n

d
 g

ra
n

d
p

a
re

n
ta

l 
a

st
h

m
a

. 
3
 A

ll
 p

-v
a

lu
es

 <
 0

.0
5

 =
 s

ig
n

if
ic

a
n

t 
a

n
d

 m
a

rk
ed

 b
o

ld
. 

- 
=

 T
o

o
 f

ew
 o

b
se

rv
a

ti
o
n

s.
 

7
1

 
 

7
2

 



T
a
b

le
 S

9
b

. 
H

ay
 f

ev
er

 
7

3
 

 
 

U
n

iv
a

ri
a

b
le

 
 

M
u

lt
iv

a
ri

a
b

le
2
 

 
U

n
iv

a
ri

a
b

le
 

 
M

u
lt

iv
a
ri

a
b

le
2
 

 

E
x

p
o

su
re

1
 

E
x

p
o

su
re

 

le
v

el
 

F
a

th
er

s 
(O

R
, 

9
5

%
 C

I)
 

p
3
 

F
a

th
er

s 
(O

R
, 

9
5

%
 C

I)
 

p
3
 

M
o

th
er

s 
(O

R
, 

9
5

%
 C

I)
 

p
3
 

M
o

th
er

s 
(O

R
, 

9
5

%
 C

I)
 

p
3
 

N
O

2
 

M
ed

iu
m

 
- 

- 
- 

- 
2

.1
4

 (
0

.2
9

-1
5

.9
7

) 
0

.4
5

8
 

5
.7

8
 (

0
.3

6
-9

3
.5

2
) 

0
.2

1
6
 

 
H

ig
h
 

3
.3

6
 (

0
.1

9
-5

9
.5

4
) 

0
.4

0
8
 

- 
- 

3
.5

5
 (

0
.5

6
-2

2
.4

6
) 

0
.1

7
8
 

8
.9

3
 (

0
.3

2
-2

4
5

.9
7
) 

0
.1

9
6
 

P
M

2
.5
 

M
ed

iu
m

 
- 

- 
- 

- 
3

.6
7

 (
0

.4
9

-2
7

.3
5

) 
0

.2
0

5
 

4
.6

8
 (

0
.7

6
-2

8
.9

2
) 

0
.0

9
7
 

 
H

ig
h
 

0
.3

0
 (

0
.0

2
-5

.5
6

) 
0

.4
1

5
 

- 
- 

5
.2

4
 (

0
.8

3
-3

3
.1

3
) 

0
.0

7
8
 

4
.2

3
 (

0
.5

4
-3

3
.1

7
) 

0
.1

6
9
 

P
M

1
0
 

M
ed

iu
m

 
- 

- 
- 

- 
3

.6
2

 (
0

.4
9

-2
6

.9
7

) 
0

.2
0

9
 

3
.8

0
 (

0
.5

9
-2

4
.4

5
) 

0
.1

6
0
 

 
H

ig
h
 

0
.2

1
 (

0
.0

1
-3

.8
5

) 
0

.2
9

1
 

- 
- 

5
.5

5
 (

0
.8

8
-3

5
.1

4
) 

0
.0

6
9
 

3
.9

0
 (

0
.6

0
-2

5
.4

1
) 

0
.1

5
5
 

B
C

 
M

ed
iu

m
 

- 
- 

- 
- 

2
.2

8
 (

0
.3

7
-1

4
.1

5
) 

0
.3

7
6
 

3
.1

1
 (

0
.2

6
-3

7
.3

3
) 

0
.3

7
1
 

 
H

ig
h
 

0
.3

1
 (

0
.0

2
-5

.4
8

) 
0

.4
2

3
 

- 
- 

1
.8

3
 (

0
.2

4
-1

3
.9

1
) 

0
.5

6
1
 

3
.9

3
 (

0
.1

7
-9

0
.6

1
) 

0
.3

9
3
 

O
3
 

M
ed

iu
m

 
- 

- 
- 

- 
6

.2
3

 (
0

.7
1

-5
4

.2
5

) 
0

.0
9

8
 

3
.5

9
 (

0
.3

6
-3

5
.8

6
) 

0
.2

7
6
 

 
H

ig
h
 

1
.9

4
 (

0
.1

1
-3

3
.8

2
) 

0
.6

4
8
 

- 
- 

2
.5

4
 (

0
.2

3
-2

8
.4

6
) 

0
.4

5
0
 

6
.5

7
 (

0
.2

4
-1

8
0

.4
0
) 

0
.2

6
6
 

N
D

V
I 

(3
0

0
m

) 
M

ed
iu

m
 

- 
- 

- 
- 

1
.0

2
 (

0
.1

4
-7

.3
8

) 
0

.9
8

8
 

1
.4

8
 (

0
.1

4
-1

5
.5

0
) 

0
.7

4
1
 

 
H

ig
h
 

0
.3

8
 (

0
.0

2
-6

.6
3

) 
0

.5
0

6
 

- 
- 

1
.1

1
 (

0
.1

9
-6

.6
7

) 
0

.9
0

6
 

1
.8

4
 (

0
.2

1
-1

5
.8

9
) 

0
.5

8
0
 

A
b

b
re

vi
a

ti
o

n
s:

 B
C

, 
b

la
ck

 c
a

rb
o

n
; 

C
I,

 c
o

n
fi

d
en

ce
 i

n
te

rv
a

l;
 N

D
V

I,
 n

o
rm

a
li

ze
d

 d
if

fe
re

n
ce

 v
eg

et
a

ti
o

n
 i

n
d

ex
; 

N
O

2
, 

n
it

ro
g

en
 d

io
xi

d
e;

 O
3
, 
o

zo
n

e;
 O

R
, 

o
d

d
s 

ra
ti

o
; 

P
M

2
.5

, 
p

a
rt

ic
u

la
te

 m
a

tt
er

 w
it

h
 a

n
 

7
4

 
a

er
o

d
yn

a
m

ic
 d

ia
m

et
er

 l
o

w
er

 t
h
a

n
 2

.5
 µ

m
; 

P
M

1
0
, 

p
a

rt
ic

u
la

te
 m

a
tt

er
 w

it
h

 a
n
 a

er
o
d

yn
a

m
ic

 d
ia

m
et

er
 l

o
w

er
 t

h
a

n
 1

0
 µ

m
. 

1
 A

ll
 a

ir
 p

o
ll

u
ta

n
ts

 e
xp

o
su

re
s 

w
er

e 
b

a
ck

-e
xt

ra
p

o
la

te
d

 i
n
 t

im
e 

w
it

h
 t

h
e 

ra
ti

o
 

7
5

 
m

et
h

o
d

. 
2

 A
ll

 m
o
d

el
s 

w
er

e 
a

d
ju

st
ed

 f
o

r 
O

3
 a

n
d

 N
D

V
I 

(3
0

0
m

 b
u

ff
er

),
 e

xc
ep

t 
fo

r 
th

e 
O

3
-m

o
d

el
 t

h
a

t 
w

a
s 

a
d

ju
st

ed
 f

o
r 

N
O

2
 a

n
d
 N

D
V

I 
(3

0
0
m

 b
u

ff
er

) 
a

n
d

 t
h

e 
N

D
V

I-
m

o
d

el
 t

h
a

t 
w

a
s 

a
d
ju

st
ed

 f
o

r 
O

3
 

7
6

 
a

n
d
 N

O
2
. 

A
ll

 m
o
d

el
s 

w
er

e 
a

ls
o

 a
d
ju

st
ed

 f
o

r 
g

ra
n
d

p
a

re
n

ta
l 

ed
u

ca
ti

o
n

 a
n

d
 g

ra
n

d
p

a
re

n
ta

l 
a

st
h

m
a

. 
3
 A

ll
 p

-v
a

lu
es

 <
 0

.0
5

 =
 s

ig
n

if
ic

a
n

t 
a

n
d

 m
a

rk
ed

 b
o

ld
. 

- 
=

 T
o

o
 f

ew
 o

b
se

rv
a

ti
o
n

s.
 

7
7

 
 

7
8

 
T

a
b

le
 S

1
0
. 
C

o
rr

el
at

io
n
 c

o
ef

fi
ci

en
ts

 f
o

r 
th

e 
in

cl
u
d

ed
 a

ir
 p

o
ll

u
ta

n
ts

 a
n
d
 N

D
V

I.
 

7
9

 
S

1
0

a
. 
P

ar
en

ta
l 

ex
p
o
su

re
 

8
0

 
A

ir
 p

o
ll

u
ta

n
t 

P
M

2
.5

 
P

M
1
0
 

N
O

2
 

B
C

 
O

3
 

N
D

V
I 

P
M

2
.5
 

1
.0

 
0

.9
1

7
 

0
.8

7
3
 

0
.6

5
7
 

-0
.4

0
4

 
-0

.2
6

7
 

P
M

1
0
 

0
.9

1
7
 

1
.0

 
0

.7
9

3
 

0
.6

3
9
 

-0
.2

9
1

 
-0

.2
5

1
 

N
O

2
 

0
.8

7
3
 

0
.7

9
3
 

1
.0

 
0

.7
8

6
 

-0
.6

5
1

 
-0

.4
3

2
 

B
C

 
0

.6
5

7
 

0
.6

2
9
 

0
.7

8
6
 

1
.0

 
-0

.8
1

4
 

-0
.3

1
0

 

O
3
 

-0
.4

0
4

 
-0

.2
9

1
 

-0
.6

5
1

 
-0

.8
1

4
 

1
.0

 
0

.3
8

0
 

N
D

V
I1

 
-0

.2
6

7
 

-0
.2

5
1

 
-0

.4
3

2
 

-0
.3

1
0

 
0

.3
8

0
 

1
.0

 
A

b
b

re
vi

a
ti

o
n

s:
 B

C
, 
b

la
ck

 c
a

rb
o

n
; 

N
D

V
I,

 n
o

rm
a

li
ze

d
 d

if
fe

re
n

ce
 v

eg
et

a
ti

o
n

 i
n

d
ex

; 
N

O
2
, 
n

it
ro

g
en

 d
io

xi
d

e;
 O

3
, 

o
zo

n
e;

 P
M

2
.5
, 

p
a

rt
ic

u
la

te
 m

a
tt

er
 w

it
h

 a
n
 a

er
o
d

yn
a

m
ic

 d
ia

m
et

er
 l

o
w

er
 t

h
a
n

 2
.5

 µ
m

; 
8

1
 

P
M

1
0
, 
p

a
rt

ic
u

la
te

 m
a

tt
er

 w
it

h
 a

n
 a

er
o

d
yn

a
m

ic
 d

ia
m

et
er

 l
o

w
er

 t
h
a

n
 1

0
 µ

m
. 

8
2

 
1
3

0
0
-m

 b
u

ff
er

. 
8

3
 

 
8

4
 

S
1
0

b
. 

O
ff

sp
ri

n
g

’s
 e

x
p
o
su

re
 

8
5

 
A

ir
 p

o
ll

u
ta

n
t 

P
M

2
.5

 
P

M
1
0
 

N
O

2
 

B
C

 
O

3
 

N
D

V
I 



P
M

2
.5
 

1
.0

 
0

.9
6

6
 

0
.7

4
2
 

0
.6

9
7
 

-0
.2

9
8

 
0

.1
9

0
 

P
M

1
0
 

0
.9

6
6
 

1
.0

 
0

.7
2

5
 

0
.7

3
8
 

-0
.3

1
0

 
0

.2
1

3
 

N
O

2
 

0
.7

4
2
 

0
.7

2
5
 

1
.0

 
0

.8
7

2
 

-0
.3

1
8

 
0

.0
1

3
 

B
C

 
0

.6
9

7
 

0
.7

3
8
 

0
.8

7
2
 

1
.0

 
-0

.2
3

0
 

0
.1

1
2
 

O
3
 

-0
.2

9
8

 
-0

.3
1

0
 

-0
.3

1
8

 
-0

.2
3

0
 

1
.0

 
0

.0
0

7
 

N
D

V
I1

 
0

.1
9

0
 

0
.2

1
3
 

0
.0

1
3
 

0
.1

1
2
 

0
.0

0
7
 

1
.0

 
 

8
6

 
A

b
b

re
vi

a
ti

o
n

s:
 B

C
, 
b

la
ck

 c
a

rb
o

n
; 

N
D

V
I,

 n
o

rm
a

li
ze

d
 d

if
fe

re
n

ce
 v

eg
et

a
ti

o
n

 i
n

d
ex

; 
N

O
2
, 
n

it
ro

g
en

 d
io

xi
d

e;
 O

3
, 

o
zo

n
e;

 P
M

2
.5
, 

p
a

rt
ic

u
la

te
 m

a
tt

er
 w

it
h

 a
n
 a

er
o
d

yn
a

m
ic

 d
ia

m
et

er
 l

o
w

er
 t

h
a
n

 2
.5

 µ
m

; 
8

7
 

P
M

1
0
, 
p

a
rt

ic
u

la
te

 m
a

tt
er

 w
it

h
 a

n
 a

er
o

d
yn

a
m

ic
 d

ia
m

et
er

 l
o

w
er

 t
h
a

n
 1

0
 µ

m
. 

8
8

 
1
3

0
0
-m

 b
u

ff
er

. 
8

9
 

 
9

0
 

T
a
b

le
 S

1
1
. 
C

o
rr

el
at

io
n
 c

o
ef

fi
ci

en
ts

 f
o

r 
th

e 
ex

p
o
su

re
 t

im
e 

w
in

d
o
w

s:
 p

ar
en

t 
(0

-1
8
 y

ea
rs

),
 p

re
g
n
an

cy
 a

n
d
 o

ff
sp

ri
n
g
 (

0
-1

0
 y

ea
rs

).
 

9
1

 
S

1
1

a
. 
N

O
2
 

9
2

 
 

 P
a

re
n

ts
 (

0
-1

8
 y

ea
rs

) 

 P
re

g
n

a
n

cy
 

 O
ff

sp
ri

n
g

 (
0

-1
0

 y
ea

rs
) 

P
a

re
n

ts
 (

0
-1

8
 y

ea
rs

) 
1

.0
 

0
.4

1
8
 

0
.4

3
3
 

P
re

g
n

a
n

cy
 

0
.4

1
8
 

1
.0

 
0

.8
5

9
 

O
ff

sp
ri

n
g

 (
0

-1
0

 y
ea

rs
) 

0
.4

3
3
 

0
.8

5
9
 

1
.0

 
A

b
b

re
vi

a
ti

o
n

s:
 N

O
2
, 

n
it

ro
g

en
 d

io
xi

d
e.

 
9

3
 

 
9

4
 

S
1
1

b
. 

P
M

2
.5
 

9
5

 
 

 P
a

re
n

ts
 (

0
-1

8
 y

ea
rs

) 

 P
re

g
n

a
n

cy
 

 O
ff

sp
ri

n
g

 (
0

-1
0

 y
ea

rs
) 

P
a

re
n

ts
 (

0
-1

8
 y

ea
rs

) 
1

.0
 

0
.5

4
2
 

0
.5

9
0
 

P
re

g
n

a
n

cy
 

0
.5

4
2
 

1
.0

 
0

.8
3

9
 

O
ff

sp
ri

n
g

 (
0

-1
0

 y
ea

rs
) 

0
.5

9
0
 

0
.8

3
9
 

1
.0

 
A

b
b

re
vi

a
ti

o
n

s:
 P

M
2
.5

, 
p

a
rt

ic
u
la

te
 m

a
tt

er
 w

it
h

 a
n
 a

er
o
d

yn
a

m
ic

 d
ia

m
et

er
 l

o
w

er
 t

h
a
n

 2
.5

 µ
m

. 
9

6
 

 
9

7
 

S
1
1

c.
 P

M
1

0
 

9
8

 
 

 P
a

re
n

ts
 (

0
-1

8
 y

ea
rs

) 

 P
re

g
n

a
n

cy
 

 O
ff

sp
ri

n
g

 (
0

-1
0

 y
ea

rs
) 

P
a

re
n

ts
 (

0
-1

8
 y

ea
rs

) 
1

.0
 

0
.5

2
2
 

0
.5

7
4
 

P
re

g
n

a
n

cy
 

0
.5

2
2
 

1
.0

 
0

.8
0

1
 

O
ff

sp
ri

n
g

 (
0

-1
0

 y
ea

rs
) 

0
.5

7
4
 

0
.8

0
1
 

1
.0

 
A

b
b

re
vi

a
ti

o
n

s:
 P

M
1

0
, 
p
a

rt
ic

u
la

te
 m

a
tt

er
 w

it
h

 a
n
 a

er
o
d

yn
a

m
ic

 d
ia

m
et

er
 l

o
w

er
 t

h
a
n

 1
0

 µ
m

. 
9

9
 

 
1

0
0

 



S
1
1

d
. 
B

C
 

1
0

1
 

 
 P

a
re

n
ts

 (
0
-1

8
 y

ea
rs

) 

 P
re

g
n

a
n

cy
 

 O
ff

sp
ri

n
g

 (
0

-1
0

 y
ea

rs
) 

P
a

re
n

ts
 (

0
-1

8
 y

ea
rs

) 
1

.0
 

0
.4

6
7
 

0
.4

7
6
 

P
re

g
n

a
n

cy
 

0
.4

6
7
 

1
.0

 
0

.8
5

7
 

O
ff

sp
ri

n
g

 (
0

-1
0

 y
ea

rs
) 

0
.4

7
6
 

0
.8

5
7
 

1
.0

 
A

b
b

re
vi

a
ti

o
n

s:
 B

C
, 
b

la
ck

 c
a

rb
o

n
. 

1
0

2
 

 
1

0
3

 
S

1
1

e.
 O

3
 

1
0

4
 

 
 P

a
re

n
ts

 (
0
-1

8
 y

ea
rs

) 

 P
re

g
n

a
n

cy
 

 O
ff

sp
ri

n
g

 (
0

-1
0

 y
ea

rs
) 

P
a

re
n

ts
 (

0
-1

8
 y

ea
rs

) 
1

.0
 

0
.4

6
5
 

0
.4

7
8
 

P
re

g
n

a
n

cy
 

0
.4

6
5
 

1
.0

 
0

.8
4

1
 

O
ff

sp
ri

n
g

 (
0

-1
0

 y
ea

rs
) 

0
.4

7
8
 

0
.8

4
1
 

1
.0

 
A

b
b

re
vi

a
ti

o
n

s:
 O

3
, 

o
zo

n
e.

 
1

0
5

 
 

1
0

6
 

S
1
1

f.
 N

D
V

I 
1

0
7

 
 

 P
a

re
n

ts
 (

0
-1

8
 y

ea
rs

) 

 P
re

g
n

a
n

cy
 

 O
ff

sp
ri

n
g

 (
0

-1
0

 y
ea

rs
) 

P
a

re
n

ts
 (

0
-1

8
 y

ea
rs

) 
1

.0
 

0
.2

0
5
 

0
.1

7
6
 

P
re

g
n

a
n

cy
 

0
.2

0
5
 

1
.0

 
0

.7
3

7
 

O
ff

sp
ri

n
g

 (
0

-1
0

 y
ea

rs
) 

0
.1

7
6
 

0
.7

3
7
 

1
.0

 
A

b
b

re
vi

a
ti

o
n

s:
 N

D
V

I,
 n

o
rm

a
li

ze
d
 d

if
fe

re
n

ce
 v

eg
et

a
ti

o
n

 i
n
d

ex
. 

1
0

8
 

 
1

0
9

 
T

a
b

le
 S

1
2
. 
M

ea
n
 a

n
n
u
al

 a
v
er

ag
e 

ex
p
o
su

re
 (

ra
n
g
e)

 f
o
r 

ai
r 

p
o
ll

u
ta

n
ts

 a
n
d
 N

D
V

I 
(3

0
0
m

) 
p

er
 c

en
te

r 
fo

r 
p
ar

en
t 

ex
p
o
su

re
 (

0
-1

8
 y

ea
rs

) 
an

d
 o

ff
sp

ri
n
g
 

1
1

0
 

ex
p
o
su

re
 (

0
-1

0
 y

ea
rs

).
  

1
1

1
 

A
v

er
a

g
e 

ex
p

o
su

re
 

(r
a

n
g

e)
a
 

U
m

ea
 

U
p

p
sa

la
 

G
o

th
en

b
u

rg
 

B
er

g
en

 
E

U
 

li
m

it
 

v
a

lu
es

 

W
H

O
 

li
m

it
 

v
a

lu
es

 
P

a
re

n
t 

(0
-1

8
 

y
ea

rs
) 

O
ff

sp
ri

n
g

 (
0

-

1
0

 y
ea

rs
) 

P
a

re
n

t 
(0

-1
8

 

y
ea

rs
) 

O
ff

sp
ri

n
g

 (
0

-

1
0

 y
ea

rs
) 

P
a

re
n

t 
(0

-1
8

 

y
ea

rs
) 

O
ff

sp
ri

n
g

 (
0

-1
0

 

y
ea

rs
) 

P
a

re
n

t 
(0

-1
8

 

y
ea

rs
) 

O
ff

sp
ri

n
g

 (
0

-1
0

 

y
ea

rs
) 

N
D

V
I 

3
0
0
m

 
0

.5
6

1
 (

0
.2

7
6

-

0
.7

7
7
) 

 0
.5

1
5

 (
0
.1

5
4

-

0
.8

1
5
) 

0
.5

8
5
 (

0
.3

7
6

-

0
.7

6
8
) 

0
.5

8
1
 (

0
.2

1
6

-

0
.8

4
6
) 

0
.5

4
2
 (

0
.2

3
6

-

0
.7

1
0
) 

0
.6

1
5
 (

0
.1

7
0

-

0
.8

3
3
) 

0
.5

4
8
 (

0
.1

8
8

-

0
.7

7
3
) 

0
.5

4
5
 (

0
.0

9
6

-

0
.7

8
8
) 

 
 

N
O

2
 µ

g
/m

3
 

1
4
.0

 (
1
.3

-3
3
.4

) 
1
0
.9

 (
0
.3

-3
4
.1

) 
2
2
.5

 (
5
.4

-4
6
.3

) 
1

4
.4

 (
2

.6
-3

3
.5

) 
3

8
.0

 (
1

5
.3

-6
9

.7
) 

1
9
.0

 (
2

.3
-4

0
.5

) 
2

3
.7

 (
2

.9
-4

4
.9

) 
1
6

.1
 (

3
.4

-3
3
.4

) 
4

0
b
 

4
0

b
 

P
M

2
.5
 µ

g
/m

3
 

1
0
.3

 (
1
.2

-2
0
.0

) 
7
.3

 (
0

.5
-1

9
.1

) 
1
7
.4

 (
9
.8

-2
5
.7

) 
9

.9
 (

4
.5

-1
7
.6

) 
2

4
.4

 (
1

4
.8

-2
9

.8
) 

1
1
.9

 (
6

.0
-1

7
.1

) 
1

4
.5

 (
3

.9
-2

2
.8

) 
8

.9
 (

2
.4

-1
4

.9
) 

2
5

b
 

1
0

b
 

P
M

1
0
 µ

g
/m

3
 

1
6
.5

 (
1
1
.8

-2
5
.1

) 
1
1
.3

 (
7
.6

-1
9
.3

) 
2

3
.7

 (
1
6
.7

-3
2

.5
) 

1
4

.2
 (

9
.2

-2
0
.2

) 
2

8
.6

 (
1

9
.8

-3
7

.0
) 

1
5
.0

 (
1

0
.8

-2
0

.9
) 

1
9

.7
 (

1
3

.3
-2

7
.0

) 
1
3

.0
 (

7
.7

-1
8
.9

) 
4

0
b
 

2
0

b
 

B
C

 µ
g
/m

3
 

0
.0

9
 (

0
-1

.0
9
) 

0
.2

3
 (

0
-1

.5
0
) 

0
.6

4
 (

0
.2

0
-1

.4
2

) 
 

0
.5

2
 (

0
-1

.4
5

) 
1

.0
9
 (

0
.5

1
-1

.8
9
) 

0
.6

7
 (

0
.1

0
-1

.5
9
) 

0
.9

1
 (

0
-2

.4
3
) 

0
.4

5
 (

0
-1

.2
1

) 
- 

- 



O
3
 µ

g
/m

3
 

6
8
.4

 (
6
2
.6

-7
3
.3

) 
 

6
7
.6

 (
5

8
.1

-7
5
.0

) 
6

7
.4

 (
6
2
.3

-7
1

.3
) 

6
8

.4
 (

5
6

.3
-7

5
.5

) 
6

4
.2

 (
5

7
.6

-7
0

.5
) 

6
7
.1

 (
5

7
.3

-7
6

.2
) 

6
2

.7
 (

5
1

.2
-7

4
.6

) 
6

4
.0

 (
5

4
.3

-7
6

.6
) 

-c  
-c 

A
b

b
re

vi
a

ti
o

n
s:

 B
C

, 
b

la
ck

 c
a

rb
o

n
; 

E
U

, 
E

u
ro

p
ea

n
 U

n
io

n
; 

N
D

V
I,

 n
o

rm
a

li
ze

d
 d

if
fe

re
n

ce
 v

eg
et

a
ti

o
n

 i
n

d
ex

; 
N

O
2
, 

n
it

ro
g

en
 d

io
xi

d
e;

 O
3
, 

o
zo

n
e;

 P
M

2
.5

, 
p
a

rt
ic

u
la

te
 m

a
tt

er
 w

it
h

 a
n

 a
er

o
d

yn
a

m
ic

 
1

1
2

 
d

ia
m

et
er

 l
o

w
er

 t
h

a
n

 2
.5

 µ
m

; 
P

M
1
0
, 

p
a

rt
ic

u
la

te
 m

a
tt

er
 w

it
h

 a
n

 a
er

o
d

yn
a

m
ic

 d
ia

m
et

er
 l

o
w

er
 t

h
a
n

 1
0

 µ
m

; 
W

H
O

, 
W

o
rl

d
 H

ea
lt

h
 O

rg
a
n

iz
a

ti
o
n

.a
 A

ll
 a

ir
 p

o
ll

u
ta

n
ts

 e
xp

o
su

re
s 

w
er

e 
b

a
ck

-e
xt

ra
p

o
la

te
d

 
1

1
3

 
in

 t
im

e 
w

it
h

 t
h

e 
ra

ti
o

 m
et

h
o

d
. 

b
 A

n
n

u
a

l 
m

ea
n

 v
a
lu

es
. 

c 
O

n
ly

 m
a

xi
m

u
m

 d
a

il
y 

8
-h

o
u

r 
m

ea
n
 v

a
lu

es
 a

va
il

a
b

le
. 

1
1

4
 

 
1

1
5

 

 
1

1
6

 
F

ig
u

re
 S

1
. 

D
ir

ec
te

d
 A

cy
cl

ic
 G

ra
p
h
 f

o
r 

p
ar

en
ta

l 
ai

r 
p
o
ll

u
ti

o
n

 e
x
p
o
su

re
 a

n
d
 o

ff
sp

ri
n
g

’s
 e

ar
ly

 o
n
se

t 
as

th
m

a.
 G

re
en

 c
ir

cl
e 

w
it

h
 a

rr
o
w

: 
m

ai
n
 

1
1

7
 

ex
p
o
su

re
 i

n
 t

h
e 

an
al

y
si

s.
 B

lu
e 

ci
rc

le
 w

it
h
 “

I”
: 

m
ai

n
 o

u
tc

o
m

e.
 O

th
er

 b
lu

e 
ci

rc
le

s:
 r

is
k
 f

ac
to

rs
 f

o
r 

th
e 

o
u
tc

o
m

e 
th

at
 a

re
 n

o
t 

ri
sk

 f
ac

to
rs

 f
o

r 
th

e 
1

1
8

 
ex

p
o
su

re
. 
R

ed
 c

ir
cl

es
: 

ri
sk

 f
ac

to
rs

 f
o

r 
b
o
th

 t
h
e 

o
u
tc

o
m

e 
an

d
 t

h
e 

m
ai

n
 e

x
p
o
su

re
. 

G
re

en
 a

rr
o
w

s:
 p

at
h
s 

fr
o
m

 t
h
e 

m
ai

n
 e

x
p
o
su

re
. 

R
ed

 a
rr

o
w

s:
 p

at
h
s 

1
1

9
 

fr
o
m

 o
th

er
 r

is
k
 f

ac
to

rs
. 

 
1

2
0

 
 

1
2

1
 



 
1

2
2

 
F

ig
u

re
 S

2
. 

D
ir

ec
te

d
 A

cy
cl

ic
 G

ra
p
h
 f

o
r 

p
ar

en
ta

l 
g
re

en
n
es

s 
ex

p
o
su

re
 a

n
d
 o

ff
sp

ri
n
g

’s
 e

ar
ly

 o
n
se

t 
as

th
m

a.
 G

re
en

 c
ir

cl
e 

w
it

h
 a

rr
o
w

: 
m

ai
n
 e

x
p
o
su

re
 

1
2

3
 

in
 t

h
e 

an
al

y
si

s.
 B

lu
e 

ci
rc

le
 w

it
h
 “

I”
: 

m
ai

n
 o

u
tc

o
m

e.
 O

th
er

 b
lu

e 
ci

rc
le

s:
 r

is
k
 f

ac
to

rs
 f

o
r 

th
e 

o
u
tc

o
m

e 
th

at
 a

re
 n

o
t 

ri
sk

 f
ac

to
rs

 f
o

r 
th

e 
ex

p
o
su

re
. 
R

ed
 

1
2

4
 

ci
rc

le
s:

 r
is

k
 f

ac
to

rs
 f

o
r 

b
o
th

 t
h
e 

o
u
tc

o
m

e 
an

d
 t

h
e 

m
ai

n
 e

x
p
o
su

re
. 
G

re
en

 a
rr

o
w

s:
 p

at
h
s 

fr
o
m

 t
h
e 

m
ai

n
 e

x
p
o
su

re
. 
R

ed
 a

rr
o
w

s:
 p

at
h
s 

fr
o
m

 o
th

er
 r

is
k
 

1
2

5
 

fa
ct

o
rs

. 
1

2
6

 
 

1
2

7
 



 
1

2
8

 
F

ig
u

re
 S

3
. 

D
ir

ec
te

d
 A

cy
cl

ic
 G

ra
p
h
 f

o
r 

p
ar

en
ta

l 
ai

r 
p
o
ll

u
ti

o
n
 e

x
p
o
su

re
 a

n
d
 o

ff
sp

ri
n
g

’s
 h

ay
 f

ev
er

. 
1

2
9

 
G

re
en

 c
ir

cl
e 

w
it

h
 a

rr
o
w

: 
m

ai
n
 e

x
p
o
su

re
 i

n
 t

h
e 

an
al

y
si

s.
 B

lu
e 

ci
rc

le
 w

it
h
 “

I”
: 

m
ai

n
 o

u
tc

o
m

e.
 O

th
er

 b
lu

e 
ci

rc
le

s:
 r

is
k
 f

ac
to

rs
 f

o
r 

th
e 

o
u
tc

o
m

e 
th

at
 

1
3

0
 

ar
e 

n
o
t 

ri
sk

 f
ac

to
rs

 f
o

r 
th

e 
ex

p
o
su

re
. 
R

ed
 c

ir
cl

es
: 

ri
sk

 f
ac

to
rs

 f
o
r 

b
o
th

 t
h
e 

o
u
tc

o
m

e 
an

d
 t

h
e 

m
ai

n
 e

x
p

o
su

re
. 
G

re
en

 a
rr

o
w

s:
 p

at
h
s 

fr
o
m

 t
h
e 

m
ai

n
 

1
3

1
 

ex
p
o
su

re
. 
R

ed
 a

rr
o
w

s:
 p

at
h
s 

fr
o
m

 o
th

er
 r

is
k
 f

ac
to

rs
. 

 
1

3
2

 
 

1
3

3
 



 
1

3
4

 
F

ig
u

re
 S

4
. 

D
ir

ec
te

d
 A

cy
cl

ic
 G

ra
p
h
 f

o
r 

p
ar

en
ta

l 
g
re

en
n
es

s 
ex

p
o
su

re
 a

n
d
 o

ff
sp

ri
n
g

’s
 h

ay
 f

ev
er

. 
G

re
en

 c
ir

cl
e 

w
it

h
 a

rr
o
w

: 
m

ai
n
 e

x
p
o
su

re
 i

n
 t

h
e 

1
3

5
 

an
al

y
si

s.
 B

lu
e 

ci
rc

le
 w

it
h

 “
I”

: 
m

ai
n
 o

u
tc

o
m

e.
 O

th
er

 b
lu

e 
ci

rc
le

s:
 r

is
k

 f
ac

to
rs

 f
o
r 

th
e 

o
u
tc

o
m

e 
th

at
 a

re
 n

o
t 

ri
sk

 f
ac

to
rs

 f
o

r 
th

e 
ex

p
o
su

re
. 
R

ed
 

1
3

6
 

ci
rc

le
s:

 r
is

k
 f

ac
to

rs
 f

o
r 

b
o
th

 t
h
e 

o
u
tc

o
m

e 
an

d
 t

h
e 

m
ai

n
 e

x
p
o
su

re
. 
G

re
en

 a
rr

o
w

s:
 p

at
h
s 

fr
o
m

 t
h
e 

m
ai

n
 e

x
p
o
su

re
. 
R

ed
 a

rr
o
w

s:
 p

at
h
s 

fr
o
m

 o
th

er
 r

is
k
 

1
3

7
 

fa
ct

o
rs

. 
 

1
3

8
 

 
1

3
9

 
 

1
4

0
 

 
1

4
1

 
R

ef
er

en
ce

s 
 

1
4

2
 

1
. 

d
e 

H
o

o
gh

 K
, G

u
lli

ve
r 

J,
 D

o
n

ke
la

ar
 A

V
, M

ar
ti

n
 R

V
, M

ar
sh

al
l J

D
, B

ec
h

le
 M

J,
 e

t 
al

. D
ev

el
o

p
m

en
t 

o
f 

W
es

t-
Eu

ro
p

ea
n

 P
M

2
.5

 a
n

d
 N

O
2 

la
n

d
 u

se
 r

eg
re

ss
io

n
 

1
4

3
 

m
o

d
el

s 
in

co
rp

o
ra

ti
n

g 
sa

te
lli

te
-d

er
iv

ed
 a

n
d

 c
h

em
ic

al
 t

ra
n

sp
o

rt
 m

o
d

el
lin

g 
d

at
a.

 E
n

vi
ro

n
m

en
ta

l r
es

ea
rc

h
. 2

0
1

6
;1

5
1

:1
-1

0
 D

O
I:

 1
0

.1
0

1
6

/j
.e

n
vr

es
.2

0
1

6
.0

7
.0

0
5

. 
1

4
4

 
2

. 
V

ie
n

n
ea

u
 D

, d
e 

H
o

o
gh

 K
, B

ec
h

le
 M

J,
 B

ee
le

n
 R

, v
an

 D
o

n
ke

la
ar

 A
, M

ar
ti

n
 R

V
, e

t 
al

. W
es

te
rn

 E
u

ro
p

ea
n

 la
n

d
 u

se
 r

eg
re

ss
io

n
 in

co
rp

o
ra

ti
n

g 
sa

te
lli

te
- 

an
d

 
1

4
5

 
gr

o
u

n
d

-b
as

ed
 m

ea
su

re
m

en
ts

 o
f 

N
O

2
 a

n
d

 P
M

10
. E

n
vi

ro
n

m
en

ta
l s

ci
en

ce
 &

 t
e

ch
n

o
lo

gy
. 2

0
13

;4
7(

2
3

):
1

3
5

5
5

-6
4

 D
O

I:
 1

0
.1

0
2

1
/e

s4
0

3
0

8
9

q
. 

1
4

6
 



3
. 

d
e 

H
o

o
gh

 K
, C

h
en

 J
, G

u
lli

ve
r 

J,
 H

o
ff

m
an

n
 B

, H
er

te
l O

, K
et

ze
l M

, e
t 

al
. S

p
at

ia
l P

M
2

.5
, N

O
2

, O
3

 a
n

d
 B

C
 m

o
d

el
s 

fo
r 

W
es

te
rn

 E
u

ro
p

e 
- 

Ev
al

u
at

io
n

 o
f 

1
4

7
 

sp
at

io
te

m
p

o
ra

l s
ta

b
ili

ty
. E

n
vi

ro
n

m
en

t 
in

te
rn

at
io

n
al

. 2
0

18
;1

20
:8

1
-9

2 
D

O
I:

 1
0

.1
01

6
/j

.e
n

vi
n

t.
20

18
.0

7
.0

3
6

. 
1

4
8

 



Graphic design: Com
m

unication Division, UiB  /  Print: Skipnes Kom
m

unikasjon AS

uib.no

ISBN: 9788230868393 (print)
9788230851050 (PDF)


	156617 Ingrid Nordeide Kuiper_v2.1_Elektronisk
	156617 Ingrid Nordeide Kuiper_v2.1_innmat
	156617 Ingrid Nordeide Kuiper_v2.1Elektronsk_bakside

