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General introduction and outline of thesis

The lungs have an important function to provide the body with oxygen and eliminate
carbon dioxide from the blood. Breathing keeps us alive, and an impaired lung function
adversely affects this process. Research into the pathophysiology of lung diseases aims
to determine the factors which contribute to an impaired lung function, in order to
reach the ultimate goal of preventing and treating respiratory diseases. Lung function
tests and the genotype arrays are important tools that help us to understand lung health
and to investigate pathways that lead to an impaired lung function and respiratory
disease.

1. Chronic Obstructive Pulmonary Disease (COPD)
COPD is the third leading cause of death worldwide (1). According to the Global Initiative
for Chronic Obstructive Lung Disease (GOLD), “COPD is a common, preventable
and treatable disease that is characterized by persistent respiratory symptoms and
airflow limitation that is due to airway and/or alveolar abnormalities usually caused
by significant exposure to noxious particles or gases”(2). COPD has two features; small
airways disease (chronic bronchitis), and/or parenchymal destruction (emphysema), of
which the relative contributions might vary from one individual to another.

1.1.	Risk factors
Tobacco smoking is considered as the most important risk factor, in addition to
occupational, outdoor and indoor air pollution (e.g. biomass fuel, dust, fumes and
agricultural pesticides (3, 4)). Other factors also contribute to the development of COPD,
including genetics, chronic bronchitis, asthma and airway hyper-responsiveness, poor
lung growth during childhood, but also aging, female sex and low socioeconomic
status (5-8).

1.2. Comorbidities and consequences
Comorbidities are abundant in COPD (9-11), as COPD often coexists with pulmonary
diseases such as asthma (12), pulmonary fibrosis (13) and lung cancer (14, 15)
and with extrapulmonary disease conditions (16) such as cerebrovascular disease
(including stroke (17-19)), cognitive impairments (20, 21), obstructive sleep apnoea,
cardiovascular disease (e.g. sudden cardiac death (22), peripheral artery disease (23,
24)), osteoporosis (25-29), metabolic disorders, depression and anxiety, skeletal muscle
dysfunction (30, 31) and gastrointestinal reflux (32, 33). It is unclear whether those
co-morbidities are the consequence of COPD or simply co-occur with COPD resulting
from shared risk factors (10).

3

4

Erasmus Medical Center Rotterdam

Individuals with COPD have distinct features which define the disease progression
(34, 35). Late stage COPD can lead to serious complications, including COPD
exacerbation with hospitalization, pulmonary hypertension and an increased risk of
mortality.

2.	Lung function
Lung function tests are important to detect and diagnose chronic lung diseases, assess
disease severity, and monitor disease progression and treatment effects. The two most
widely used lung function tests are spirometry and diffusing capacity of carbon
dioxide, each of them assessing a distinct physiological function of the airways and
lungs, respectively. Below, these tests are described in short.

2.1.	Spirometry
Spirometry is a technique that measures the ability of the lungs to transport the air in
and out of the lungs. The two most important measures in spirometry are the Forced
Expiratory Volume in one second (FEV1) and the Forced Vital Capacity (FVC). FEV1
provides information about the expiratory airflow, and the FVC about the maximal
amount of air that is exhaled. The ratio of these two measurements FEV1/FVC, the socalled Tiffeneau index, is used for the diagnosis of chronic obstructive lung diseases.
A reduced FEV1/FVC ratio is indeed indicative of the presence of airflow limitation,
which is a key diagnostic criterion for the diagnosis of COPD, but can also be reduced
in patients with uncontrolled or severe asthma.
Lung function parameters decline with age, and the rate of decline depends on
the exposure to environmental factors, such as smoking and air pollution, and genetic
predisposition (36). Impaired lung function can be determined by many factors,
including impaired lung growth during foetal life, childhood and adolescence.
Importantly, impaired lung function also serves as an independent determinant for
adverse health outcomes, including subsequent COPD (37, 38), cardiovascular disease
(39), hospitalizations (40) and all-cause mortality (38, 40-42).

2.2. Diffusing capacity
The diffusing capacity of the lung for carbon monoxide (DLCO; also called transfer factor,
TLCO) measures the total capacity of the body to exchange gases by the single-breath
technique (SBT). Herein, small concentrations of carbon monoxide (CO) and a tracer
gas (helium or another inert gas) are added to the inspiratory air in order to determine
the levels of gas exchange. Patients are asked to inhale small amounts of CO, hold
their breath for 10 seconds and exhale. Exhaled air is then sampled and the difference
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between the added and the exhaled CO concentration yields the diffusing capacity
(Figure 1) (43-46). DLCO is the product of two components that can be obtained by
the SBT; firstly, the alveolar volume (VA) and secondly, the rate constant of CO removal
from alveolar gas, the so called KCO, after taking the barometric pressure into account.
Although it is generally accepted that DLCO/VA and KCO are physiologically equal,
both are not interchangeable according to Hughes et al. (47). It is important to interpret
DLCO/VA as the DLCO expressed per unit alveolar volume and not as the DLCO
corrected for the alveolar volume, since DLCO/VA is not constant when VA changes.
Therefore, DLCO/VA reflects the physiology more accurately than DLCO (47), since the
very same DLCO measure can reflect different combinations of KCO and VA, each of
these combinations reflect different pathophysiology (47-49).
Diffusing capacity is decreased by diseases such as emphysema, pulmonary fibrosis
or pulmonary hypertension, and can be slightly increased in asthma or obesity (50).
Since DLCO is also decreased in patients with anaemia, it is important to correct the
measured DLCO values for blood haemoglobin levels.
Like impaired lung function measured by spirometry, a decreased diffusing capacity
measured by the SBT has been associated with adverse health outcomes (51). In patients
with severe emphysema, low diffusing capacity was associated with poor long-term
survival (52) and it may even be a better predictor of mortality in COPD outpatients
than spirometry measures (53).

Figure 1 schematic representation of the single-breath DLCO breathing manoeuvre.
DLCO: Diffusing capacity of the Lung for Carbon Monoxide (CO)
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3. Determinants of impaired lung function
There are many determinants of impaired lung function which can be distinguished
into environmental, life style and genetic factors .

3.1.	Environmental factors
Tobacco smoke is considered as the strongest risk factor for impaired lung function and
COPD. However, a significant proportion of individuals who never smoked develop
COPD, suggesting that other factors than smoking should also be considered.
Half of worlds households and the majority of the rural households use coal and
biomass fuel as their primary source of domestic energy (54). It is suggested that
exposure to biomass smoke might be the most important risk factor for COPD, since
more people are exposed to biomass smoke worldwide than to tobacco smoke. In
addition, occupational exposures to noxious gases, mineral dusts, biological dusts and
fumes are also associated with airway obstruction (55, 56). Finally, raised concentrations
of outdoor air pollutants, especially in fast growing industrial countries, are strongly
associated with COPD exacerbations and worsening of pre-existing COPD (57).

3.2.	Smoking
Cigarette smoking is considered as the major preventable risk factor of respiratory
morbidity and mortality in developed countries (58). The effect of smoking on lung
development and function is pronounced in early life and during adulthood. Maternal
smoking during pregnancy, for example, is associated with increased risk of wheezing
and asthma in the offspring at adolescence (59).
It is believed that smoking exaggerates chronic inflammation in diseased lungs.
Oxidative stress, genetic susceptibility and epigenetic modifications play an important
role in this, by amplifying the inflammation that is initiated by smoking (60).
Smoking has a modifying role in lung function. Hunninghake and colleagues
demonstrated that genetic variation in MMP12 (in smoking individuals) is associated
with lung function. This effect was not found in non-smokers (61, 62). Another study
by Xu et. al., also showed effect modification by smoking in the association between
serum vitamin D and lung function (63). Furthermore, many interesting genetic and
epigenetic loci were found for nicotine dependence (smoking behaviour), these
pathways were also found in genome-wide and epigenome-wide association studies of
lung function (64, 65). Whether there is genetic predisposition of nicotine dependence
that influences lung function or whether we are dealing with pleiotropic effects remains
to be investigated.
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4. Genetic epidemiology
In genetic epidemiology, we study genetic and epigenetic determinants of health and
disease in populations of unrelated individuals or in families. In the following paragraphs,
we will summarize some important techniques used in genetic epidemiology.

4.1. Genome-wide association studies
A Genome-Wide Association Study (GWAS) is a hypothesis generating epidemiological
study that aims to observe associations between Single Nucleotide Polymorphisms
(SNPs) and traits of interest to understand the underlying biology and to ultimately
improve treatment and prevention strategies (66). In the last decade, genetic studies
such as GWAS and exome array studies (67), have been instrumental to identify genetic
determinants of impaired lung function and COPD (68, 69). Those studies have also
been successful in unravelling pathways and genes through which disease evolves in
the body, such as the already consistently replicated loci hedgehog-interacting protein
(HHIP), Family with sequence similarity 13 member A (FAM13A) and the smoking
related nicotinic acetylcholine receptor CHRNA5 (67, 70-72) (Figure 2).

Figure 2 Manhattan plot from the publication of Hobbs and colleagues (70) Gene names in
gray are previously known COPD or lung function (FEV1 or FEV1/FVC) loci; novel gene loci are
indicated in black.

4.2.	Epigenome-wide association studies
Similar to GWAS, an epigenome-wide association study (EWAS) is a hypothesis
generating study investigating how epigenetic variations such as DNA methylation,
histone modifications and non-coding RNA activities can influence phenotypes and
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diseases (73). Among all forms of DNA methylation, methylation of cytosines in the
context of cytosine–guanine dinucleotides (CpG) is the most prominent one. DNA
methylation of cystosine is mapped through treatment of the genomic DNA with sodium
bisulfite (74). The unmethylated cytosines will then convert to uracils, followed by
thymidines that can be easily detected in a PCR, while the methylated cytosines remain
unchanged (Figure 3). DNA methylation plays a key role in normal cellular function
and homeostasis, whereas abnormal DNA methylation is associated with disease. So
far, the role of epigenetic variation, particularly DNA methylation, has been mainly
studied in the context of cancer (73, 75-77). EWAS on other complex diseases are also
emerging and correlation between genotype and epigenotype (methQTL) favours the
integrated approach between GWAS and EWAS in the future (73).

Figure 3 Detection of methylated regions after treatment with sodium bisulfite. DNA methylation
of cystosine is mapped through treatment of the genomic DNA with sodium bisulfite (74). The
unmethylated cytosines will then convert to uracils (UG), followed by thymidines (TG) that can
be easily detected in a PCR, while the methylated cytosines remain unchanged (CG)

4.3. Genome-wide linkage analysis
GWAS studies have been functional to identify common genetic variants of disease.
However, an emerging viewpoint suggests that rare variants -which are not well studied
using GWAS- could explain a substantial part of the missing heritability (78, 79). Before,
linkage analysis was the main tool to investigate rare genetic variance in complex
traits with familial aggregation, until the focus was shifted to GWAS. Genome-wide
linkage analysis is a powerful tool to localize disease genes on specific chromosomes
. It relies on the theory that genes that are nearby each other are more linked and
segregated together during meiosis compared to genes further away, and thereby links
chromosomal fragments together among related individuals with trait similarity. In their
most typical form, linkage studies have three steps. The first step is the identification of

General introduction and outline of thesis

the disease locus, next, sequence analysis is performed to define the rare deleterious
variant, and finally, functional analysis follows to unravel the pathophysiology (80).
With the increased use of whole genome sequencing (WGS), linkage studies have now
more potential again to be used in identifying rare variants that cannot be captured in
GWAS due to power issues (78-81).

5.	Aims and outline of this thesis
The general aim of this thesis was to study the epidemiology of impaired lung function
and COPD, to unravel its genetic and non-genetic determinants, and finally to study
the impact of impaired lung function on adverse health outcomes, such as mortality.
Chapter 2: Epidemiology of COPD
In the first chapter of this thesis we studied the epidemiology of COPD. Here we
focused on the prevalence and incidence of COPD in middle-aged and older subjects
in the Rotterdam Study, with approximately 15,000 participants and a follow-up period
of up to 25 years.
Chapter 3: Genetic epidemiology
In the chapters 3.1 and 3.2, we studied the heritability and the genetic determinants
of pulmonary function tests; spirometry and diffusing capacity, respectively. In chapter
3.3, we investigated the association between occupational exposures on DNA
methylation, and assessed the effect of occupational exposures on lung function in
never smoking individuals via epigenetic mechanisms. In chapter 3.4, we also studied
the epigenetic signature of diffusing capacity. Finally, in chapter 3.5, we studied rare
variants that possibly affect COPD through linkage and exome sequence analyses. For
the research work in this chapter, we collaborated with other large cohorts from The
Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE) consortium
(chapter 3.1), with colleagues from the Framingham Heart Study (chapter 3.2 and 3.4),
Lifelines (chapter 3.3) and the Erasmus Rucphen Family (ERF) study (chapter 3.5).
Chapter 4: Clinical relevance
In the third chapter, we aimed to investigate the adverse effects of an impaired lung
function on health outcomes. In chapter 4.1, we investigated the effect of an increased
pulmonary artery to aorta ratio, as measured on CT scans of the thorax, on mortality in
individuals with COPD, and explored the modifying effect of diffusing capacity in this
association. Finally, in chapter 4.2, we investigated the association between COPD and
the risk to develop peripheral artery disease (PAD) and mortality.

9

10

Erasmus Medical Center Rotterdam

References
1.

2.
3.
4.
5.
6.
7.
8.

9.

10.
11.

12.

13.
14.
15.

16.
17.

18.

Lozano R, Naghavi M, Foreman K, Lim S, Shibuya K, Aboyans V, et al. Global and regional
mortality from 235 causes of death for 20 age groups in 1990 and 2010: a systematic analysis
for the Global Burden of Disease Study 2010. Lancet. 2012;380(9859):2095-128.
GOLD. GOLD reports 2018 [Available from: https://goldcopd.org/.
Hopkinson NS, Polkey MI. Chronic obstructive pulmonary disease in non-smokers. Lancet.
2009;374(9706):1964; author reply 5-6.
Forbes LJ, Kapetanakis V, Rudnicka AR, Cook DG, Bush T, Stedman JR, et al. Chronic exposure
to outdoor air pollution and lung function in adults. Thorax. 2009;64(8):657-63.
Rosenberg SR, Kalhan R, Mannino DM. Epidemiology of Chronic Obstructive Pulmonary Disease:
Prevalence, Morbidity, Mortality, and Risk Factors. Semin Resp Crit Care. 2015;36(4):457-69.
Brusselle GG, Lahousse L. Sex-Specific Genetic Risk Factors for Chronic Obstructive Pulmonary
Disease. Am J Respir Cell Mol Biol. 2017;56(3):281-2.
Barnes PJ. Sex Differences in Chronic Obstructive Pulmonary Disease Mechanisms. Am J Respir
Crit Care Med. 2016;193(8):813-4.
Antuni JD, Barnes PJ. Evaluation of Individuals at Risk for COPD: Beyond the Scope of the
Global Initiative for Chronic Obstructive Lung Disease. Chronic Obstr Pulm Dis. 2016;3(3):65367.
Barr RG, Celli BR, Mannino DM, Petty T, Rennard SI, Sciurba FC, et al. Comorbidities, patient
knowledge, and disease management in a national sample of patients with COPD. Am J Med.
2009;122(4):348-55.
Negewo NA, Gibson PG, McDonald VM. COPD and its comorbidities: Impact, measurement
and mechanisms. Respirology. 2015;20(8):1160-71.
Divo M, Cote C, de Torres JP, Casanova C, Marin JM, Pinto-Plata V, et al. Comorbidities and risk
of mortality in patients with chronic obstructive pulmonary disease. Am J Respir Crit Care Med.
2012;186(2):155-61.
McDonald VM, Higgins I, Gibson PG. Managing older patients with coexistent asthma and
chronic obstructive pulmonary disease: diagnostic and therapeutic challenges. Drugs Aging.
2013;30(1):1-17.
Sanchez MEV, Steiner R. Images in COPD: Combined Pulmonary Fibrosis and Emphysema.
Chronic Obstr Pulm Dis. 2015;2(4):367-9.
Schroedl C, Kalhan R. Incidence, treatment options, and outcomes of lung cancer in patients
with chronic obstructive pulmonary disease. Curr Opin Pulm Med. 2012;18(2):131-7.
de Torres JP, Marin JM, Casanova C, Cote C, Carrizo S, Cordoba-Lanus E, et al. Lung cancer in
patients with chronic obstructive pulmonary disease-- incidence and predicting factors. Am J
Respir Crit Care Med. 2011;184(8):913-9.
Patel AR, Hurst JR. Extrapulmonary comorbidities in chronic obstructive pulmonary disease:
state of the art. Expert Rev Respir Med. 2011;5(5):647-62.
Portegies ML, Lahousse L, Joos GF, Hofman A, Koudstaal PJ, Stricker BH, et al. Chronic
Obstructive Pulmonary Disease and the Risk of Stroke. The Rotterdam Study. Am J Respir Crit
Care Med. 2016;193(3):251-8.
Soderholm M, Inghammar M, Hedblad B, Egesten A, Engstrom G. Incidence of stroke and stroke
subtypes in chronic obstructive pulmonary disease. Eur J Epidemiol. 2016;31(2):159-68.

General introduction and outline of thesis

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.
29.
30.
31.
32.
33.
34.
35.
36.

Lin CS, Shih CC, Yeh CC, Hu CJ, Chung CL, Chen TL, et al. Risk of Stroke and Post-Stroke
Adverse Events in Patients with Exacerbations of Chronic Obstructive Pulmonary Disease. PLoS
One. 2017;12(1):e0169429.
Kakkera K, Padala KP, Kodali M, Padala PR. Association of chronic obstructive pulmonary
disease with mild cognitive impairment and dementia. Curr Opin Pulm Med. 2018;24(2):173-8.
Cleutjens F, Spruit MA, Ponds R, Vanfleteren L, Franssen FME, Gijsen C, et al. Cognitive
impairment and clinical characteristics in patients with chronic obstructive pulmonary disease.
Chron Respir Dis. 2018;15(2):91-102.
Lahousse L, Niemeijer MN, van den Berg ME, Rijnbeek PR, Joos GF, Hofman A, et al. Chronic
obstructive pulmonary disease and sudden cardiac death: the Rotterdam study. Eur Heart J.
2015;36(27):1754-61.
Houben-Wilke S, Jorres RA, Bals R, Franssen FM, Glaser S, Holle R, et al. Peripheral Artery
Disease and Its Clinical Relevance in Patients with Chronic Obstructive Pulmonary Disease in
the COPD and Systemic Consequences-Comorbidities Network Study. Am J Respir Crit Care
Med. 2017;195(2):189-97.
Lin MS, Hsu KY, Chen YJ, Chen CR, Chen CM, Chen W. Prevalence and risk factors of
asymptomatic peripheral arterial disease in patients with COPD in Taiwan. PLoS One.
2013;8(5):e64714.
Maggi S, Siviero P, Gonnelli S, Schiraldi C, Malavolta N, Nuti R, et al. Osteoporosis risk in
patients with chronic obstructive pulmonary disease: the EOLO study. J Clin Densitom.
2009;12(3):345-52.
Bhattacharyya P, Paul R, Ghosh M, Dey R, Dey R, Barooah N, et al. Prevalence of osteoporosis
and osteopenia in advanced chronic obstructive pulmonary disease patients. Lung India.
2011;28(3):184-6.
Jorgensen NR, Schwarz P, Holme I, Henriksen BM, Petersen LJ, Backer V. The prevalence of
osteoporosis in patients with chronic obstructive pulmonary disease: a cross sectional study.
Respir Med. 2007;101(1):177-85.
Jorgensen NR, Schwarz P. Osteoporosis in chronic obstructive pulmonary disease patients. Curr
Opin Pulm Med. 2008;14(2):122-7.
Pobeha P, Lazurova I, Tkacova R. [Osteoporosis in chronic obstructive pulmonary disease]
Osteoporoza pri chronickej obstrukcnej chorobe pl’uc. Vnitr Lek. 2010;56(11):1142-9.
Jaitovich A, Barreiro E. Skeletal Muscle Dysfunction in Chronic Obstructive Pulmonary Disease.
What We Know and Can Do for Our Patients. Am J Respir Crit Care Med. 2018;198(2):175-86.
Kim HC, Mofarrahi M, Hussain SN. Skeletal muscle dysfunction in patients with chronic
obstructive pulmonary disease. Int J Chron Obstruct Pulmon Dis. 2008;3(4):637-58.
Kim SW, Lee JH, Sim YS, Ryu YJ, Chang JH. Prevalence and risk factors for reflux esophagitis in
patients with chronic obstructive pulmonary disease. Korean J Intern Med. 2014;29(4):466-73.
Jung KS. Reflux esophagitis is one of highly prevalent comorbidities among patients with chronic
obstructive pulmonary disease. Korean J Intern Med. 2014;29(4):428-9.
Segal LN, Martinez FJ. Chronic obstructive pulmonary disease subpopulations and phenotyping.
J Allergy Clin Immunol. 2018;141(6):1961-71.
Vestbo J, Lange P. Natural history of COPD: Focusing on change in FEV1. Respirology.
2016;21(1):34-43.
Molfino NA. Genetic predisposition to accelerated decline of lung function in COPD. Int J
Chron Obstruct Pulmon Dis. 2007;2(2):117-9.

11

12

Erasmus Medical Center Rotterdam

37.

38.

39.

40.

41.

42.

43.
44.
45.
46.
47.
48.
49.
50.
51.

52.
53.
54.
55.

Krzyzanowski M, Jedrychowski W, Wysocki M. Factors associated with the change in ventilatory
function and the development of chronic obstructive pulmonary disease in a 13-year followup of the Cracow Study. Risk of chronic obstructive pulmonary disease. Am Rev Respir Dis.
1986;134(5):1011-9.
Beeckman LAF, Wang ML, Petsonk EL, Wagner GR. Rapid declines in FEV1 and subsequent
respiratory symptoms, illnesses, and mortality in coal miners in the United States. Am J Resp Crit
Care. 2001;163(3):633-9.
Persson C, Bengtsson C, Lapidus L, Rybo E, Thiringer G, Wedel H. Peak expiratory flow and risk
of cardiovascular disease and death. A 12-year follow-up of participants in the population study
of women in Gothenburg, Sweden. Am J Epidemiol. 1986;124(6):942-8.
Lash TL, Johansen MB, Christensen S, Baron JA, Rothman KJ, Hansen JG, et al. Hospitalization
rates and survival associated with COPD: a nationwide Danish cohort study. Lung.
2011;189(1):27-35.
Mannino DM, Buist AS, Petty TL, Enright PL, Redd SC. Lung function and mortality in the United
States: data from the First National Health and Nutrition Examination Survey follow up study.
Thorax. 2003;58(5):388-93.
Schunemann HJ, Dorn J, Grant BJB, Winkelstein W, Trevisan M. Pulmonary function is a longterm predictor of mortality in the general population - 29-year follow-up of the Buffalo Health
Study. Chest. 2000;118(3):656-64.
Crapo RO, Forster RE, 2nd. Carbon monoxide diffusing capacity. Clin Chest Med. 1989;10(2):18798.
Crapo RO, Jensen RL, Wanger JS. Single-breath carbon monoxide diffusing capacity. Clin Chest
Med. 2001;22(4):637-49.
Crapo RO, Morris AH. Standardized single breath normal values for carbon monoxide diffusing
capacity. Am Rev Respir Dis. 1981;123(2):185-9.
Hegewald MJ. Diffusing capacity. Clin Rev Allergy Immunol. 2009;37(3):159-66.
Hughes JM, Pride NB. Examination of the carbon monoxide diffusing capacity (DL(CO)) in
relation to its KCO and VA components. Am J Respir Crit Care Med. 2012;186(2):132-9.
Hughes JM, Pride NB. In defence of the carbon monoxide transfer coefficient Kco (TL/VA). Eur
Respir J. 2001;17(2):168-74.
Hughes JM, Pride NB. Carbon monoxide transfer coefficient (transfer factor/alveolar volume) in
females versus males. Eur Respir J. 2003;22(1):186-7.
Ferguson MK, Lehman AG, Bolliger CT, Brunelli A. The role of diffusing capacity and exercise
tests. Thorac Surg Clin. 2008;18(1):9-17, v.
Ferguson MK, Little L, Rizzo L, Popovich KJ, Glonek GF, Leff A, et al. Diffusing capacity predicts
morbidity and mortality after pulmonary resection. J Thorac Cardiovasc Surg. 1988;96(6):894900.
Bates DV, Knott JM, Christie RV. Respiratory function in emphysema in relation to prognosis. Q
J Med. 1956;25(97):137-57.
Boutou AK, Shrikrishna D, Tanner RJ, Smith C, Kelly JL, Ward SP, et al. Lung function indices for
predicting mortality in COPD. Eur Respir J. 2013;42(3):616-25.
Salvi SS, Barnes PJ. Chronic obstructive pulmonary disease in non-smokers. Lancet.
2009;374(9691):733-43.
Matheson MC, Benke G, Raven J, Sim MR, Kromhout H, Vermeulen R, et al. Biological dust
exposure in the workplace is a risk factor for chronic obstructive pulmonary disease. Thorax.
2005;60(8):645-51.

General introduction and outline of thesis

56.

57.
58.
59.

60.
61.
62.
63.

64.
65.
66.
67.

68.
69.
70.

71.

de Jong K, Boezen HM, Kromhout H, Vermeulen R, Postma DS, Vonk JM, et al. Pesticides and
other occupational exposures are associated with airway obstruction: the LifeLines cohort study.
Occup Environ Med. 2014;71(2):88-96.
Sunyer J. Urban air pollution and chronic obstructive pulmonary disease: a review. Eur Respir J.
2001;17(5):1024-33.
Bergen AW, Caporaso N. Cigarette smoking. J Natl Cancer Inst. 1999;91(16):1365-75.
Hollams EM, de Klerk NH, Holt PG, Sly PD. Persistent effects of maternal smoking
during pregnancy on lung function and asthma in adolescents. Am J Respir Crit Care Med.
2014;189(4):401-7.
Brusselle GG, Joos GF, Bracke KR. Chronic Obstructive Pulmonary Disease 1 New insights into
the immunology of chronic obstructive pulmonary disease. Lancet. 2011;378(9795):1015-26.
Hunninghake GM, Cho MH, Tesfaigzi Y, Soto-Quiros ME, Avila L, Lasky-Su J, et al. MMP12, lung
function, and COPD in high-risk populations. N Engl J Med. 2009;361(27):2599-608.
Brusselle GG. Matrix metalloproteinase 12, asthma, and COPD. N Engl J Med. 2009;361(27):26645.
Jiayi Xu TMB, Geetha Chittoor, Gudny Eiriksdottir, Ani W. Manichaikul, Fangui Sun, Natalie
Terzikhan, Xia Zhou, Sarah L. Booth, Guy G. Brusselle, Ian H. de Boer, Myriam Fornage, Alexis C.
Frazier-Wood, Mariaelisa Graff, Vilmundur Gudnason, Tamara B. Harris, Albert Hofman, Ruixue
Hou, Denise K. Houston, David R. Jacobs Jr., Stephen B. Kritchevsky, Jeanne Latourelle, Rozenn
N. Lemaitre, Pamela L. Lutsey, George O’Connor, Elizabeth C. Oelsner, James S. Pankow, Bruce
M. Psaty, Rebecca R. Rohde, Stephen S. Rich, Jerome I. Rotter, Lewis J. Smith, Bruno H. Stricker,
V. Saroja Voruganti, Thomas J. Wang, M. Carola Zillikens, R. Graham Barr, Josée Dupuis, Sina A.
Gharib, Lies Lahousse, Stephanie J. London, Kari E. North, Albert V. Smith, Lyn M. Steffen, Dana
B. Hancock, Patricia A. Cassano. Large Meta-Analysis in the CHARGE Consortium Provides
Evidence For an Association of Serum Vitamin D With Pulmonary Function. bioRxiv. 2018.
Joehanes R, Just AC, Marioni RE, Pilling LC, Reynolds LM, Mandaviya PR, et al. Epigenetic
Signatures of Cigarette Smoking. Circ Cardiovasc Genet. 2016;9(5):436-47.
Tobacco, Genetics C. Genome-wide meta-analyses identify multiple loci associated with
smoking behavior. Nat Genet. 2010;42(5):441-7.
Visscher PM, Wray NR, Zhang Q, Sklar P, McCarthy MI, Brown MA, et al. 10 Years of GWAS
Discovery: Biology, Function, and Translation. Am J Hum Genet. 2017;101(1):5-22.
Jackson VE, Ntalla I, Sayers I, Morris R, Whincup P, Casas JP, et al. Exome-wide analysis of rare
coding variation identifies novel associations with COPD and airflow limitation in MOCS3,
IFIT3 and SERPINA12. Thorax. 2016;71(6):501-9.
Li Y, Cho MH, Zhou XB. What do polymorphisms tell us about the mechanisms of COPD? Clin
Sci. 2017;131(24):2847-63.
Melen E, Guerra S. Recent advances in understanding lung function development. F1000Res.
2017;6:726.
Hobbs BD, de Jong K, Lamontagne M, Bosse Y, Shrine N, Artigas MS, et al. Genetic loci
associated with chronic obstructive pulmonary disease overlap with loci for lung function and
pulmonary fibrosis. Nat Genet. 2017;49(3):426-32.
Soler Artigas M, Loth DW, Wain LV, Gharib SA, Obeidat M, Tang W, et al. Genome-wide
association and large-scale follow up identifies 16 new loci influencing lung function. Nat
Genet. 2011;43(11):1082-90.

13

14

Erasmus Medical Center Rotterdam

72.

73.
74.
75.
76.
77.
78.
79.
80.
81.

Wain LV, Shrine N, Artigas MS, Erzurumluoglu AM, Noyvert B, Bossini-Castillo L, et al. Genomewide association analyses for lung function and chronic obstructive pulmonary disease identify
new loci and potential druggable targets. Nat Genet. 2017;49(3):416-25.
Rakyan VK, Down TA, Balding DJ, Beck S. Epigenome-wide association studies for common
human diseases. Nat Rev Genet. 2011;12(8):529-41.
Clark SJ, Harrison J, Paul CL, Frommer M. High sensitivity mapping of methylated cytosines.
Nucleic Acids Res. 1994;22(15):2990-7.
Akhavan-Niaki H, Samadani AA. DNA methylation and cancer development: molecular
mechanism. Cell Biochem Biophys. 2013;67(2):501-13.
Jones PA, Baylin SB. The epigenomics of cancer. Cell. 2007;128(4):683-92.
Yang IV, Schwartz DA. Epigenetic control of gene expression in the lung. Am J Respir Crit Care
Med. 2011;183(10):1295-301.
Ott J, Wang J, Leal SM. Genetic linkage analysis in the age of whole-genome sequencing. Nat
Rev Genet. 2015;16(5):275-84.
McClellan J, King MC. Genetic heterogeneity in human disease. Cell. 2010;141(2):210-7.
Altshuler D, Daly MJ, Lander ES. Genetic mapping in human disease. Science.
2008;322(5903):881-8.
Pulst SM. Genetic linkage analysis. Arch Neurol. 1999;56(6):667-72.

