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Chapter 1 
 

General Introduction 
 

To know where you are going, you need to know where you have been. 

The relevance of ageing successfully is becoming increasingly important as life expectancy 

increases and birth rates fall. Successful ageing, at least according to the WHO is maintaining 

functional ability well into old age.1 Between the years of 1965 and 2014 there were 20 million 

premature deaths, 10 million from metabolic, cardiovascular, neurovascular, and renovascular 

events and 6.9 million from respiratory diseases.2 Disease-related premature death results in 

years of life lost directly, but it often also increases the number of years with reduced quality 

of life. Therefore, addressing risk factors for disability, frailty and dependency throughout the 

life course, becomes an important public health concern. In order to ensure positive actions 

towards this goal of disease prevention and increase the likelihood of healthy ageing, strides 

should be made to identify and mitigate risk factors. Risk factors for disease and dependency 

can be considered non-controllable (genetics, gender etc), distal (economic background, 

education, air pollution etc.), and intermediate (health habits: sedentary lifestyle, diet, alcohol 

consumption, smoking, healthcare access, living and working conditions). Unfortunately, it is 

not currently possible to target many non-controllable and distal risk factors that play 

important roles in disease development and healthy ageing. However, improvements in health 

assessments and interventions may allow us to limit the influence of these otherwise 

‘uncontrollable’ risk factors. 
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Over the last century, we have quantified health risk using different risk scores as well as in the 

context of biological and chronological age. However, an operationalised definition of 

successful ageing has remained elusive. A recent citation network analysis revealed in excess 

of 5000 publications relating to successful ageing3 published between 1902 and 2015. As of 

June 2019, an additional 2093 publications have been indexed by PubMed. The sheer volume 

of publications relating to this topic is indicative of the mounting problem society is facing due 

to falling birth rates and changes in the population pyramid; larger and larger proportions of 

adults becoming 65 years of age and older. Moreover, the older adult group is retired and often 

has increased medical needs. Effectively measuring and predicting who will age well, that is to 

say who will maintain their independence, functional abilities, emotional wellbeing, and who 

will not, is key in order to ensure the right person gets the right intervention at the right time. 

By developing an effective metric, we could not only predict who is likely to age successfully, 

but also to measure the effectiveness of interventions and better identify knowledge gaps. 

 

Where we have been: Successful ageing 

The aged are more prone to disease and have a more limited adaptive capacity when 

compared to adults. Approximately, 80 percent of the older adults have at least one age-

related disorder, with 50 percent having at least two age related disorders.4 For this reason 

ageing can be considered a risk factor for disease itself. However, ageing itself does not provide 

an explanation as to why age-related disorders do not develop in everyone nor why different 

individuals get different diseases.4 Although over the last decades research has made strides 

to define successful ageing and to identify critical determinants of successful ageing, there is 

no consensus on the definition.5 
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The need to ‘age successfully’ is a modern phenomenon. In years prior, survival alone to an old 

age was an accomplishment, but today we demand more; we want longer and higher quality 

lives. However, the origins of the idea of successful ageing can be traced back to Rowe and 

Kahn’s first model in 19876 which boiled down to a dichotomous model of individuals being 

classified as usual (non-diseased but high risk individuals) or successful (low risk individuals 

with high function) agers.6  This model was revised in 1997 to define successful ageing as a 

combination of disease and disability avoidance, high cognitive and physical function as well as 

engagement with life.7 However, concerns about the absolute dichotomous classification of 

individuals into successful and usual agers based on these criteria remained. Beyond the 

criticism of solely classifying individuals as successful or usual agers, these models focus on late 

adulthood and neglect to capture developmental processes and functional changes over time.8 

Newer models therefore increasingly incorporate a life course perspective which is a dynamic 

perspective that considers development, history and the importance of relationships over 

time. This incorporation offers the opportunity to understand successful ageing as a 

developmental process rather than a static process. In general, newer models tend to be 

multidimensional, however they also tend to be more appropriate for aged individuals and 

focus on frailty and mortality. Moreover, few models are comprehensive in including measures 

of successful ageing such as cognitive, physiological, psychological, physical as well as sensory 

capabilities and social wellbeing.  

 

Research should explore the relationships between subjective and objective aspects of 

successful ageing and how they can be combined in order to make an operationalised 

measurement which is relevant to policy and practice.9 We need to be mindful that successful 
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ageing can exist within the context of well managed chronic disease and multimorbidity, if high 

levels of functioning are maintained such that we do not only consider the “genetically 

fortunate”.10 Although no agreements have been made on the operationalisation of successful 

ageing, literature shows that there is a consistent association between midlife behaviours and 

late life outcomes.10 Specifically leading a healthy life tends to promote longevity and good 

health. Therefore, physical activity, healthy diets, and smoking cessation efforts should be 

encouraged at all life stages in order to prevent disability and chronic disease.10 

 

Chronic obstructive pulmonary disease (COPD): a disease model of accelerated ageing 

As the prevalence of non-communicable diseases grows, there will be an increasing need for 

effective treatment and prevention. Poor lifestyle choices, such as tobacco smoking, excessive 

alcohol consumption, physical inactivity and diet are key contributors in the development of 

many chronic diseases and increasing evidence shows that these poor lifestyle choices, if 

addressed in mid-life, could substantially reduce the risk of the development of these diseases.  

 

COPD is a lifestyle induced disease that shares common risk factors with other chronic diseases 

including diabetes and cardiovascular disease, although genetic predisposition also plays a 

role. The most important risk for COPD is tobacco smoking, but there is increasing evidence 

that air pollution and western style diet are also significant risk factors. The disease is 

characterised by persistent airflow limitation and respiratory symptoms11 and unfortunately is 

currently the fourth leading cause of death world-wide.12 Furthermore it is projected to 

become the third leading cause of (preventable and untimely) death by 2020.13 
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There is accumulating evidence that COPD exhibits many of the key hallmarks of ageing, and is 

therefore often used as a model of accelerated ageing.14 Specifically, it is associated with 

telomere shortening, cellular senescence, activation of PI3 kinase-mTOR signalling, impaired 

autophagy, mitochondrial dysfunction, stem cell exhaustion, epigenetic changes, abnormal 

microRNA profiles, immune senescence, and low-grade systemic inflammation,15 which are all 

common denominators of the human ageing process. Moreover, COPD has significant extra-

pulmonary effects including weight loss, sarcopenia, nutritional abnormalities, skeletal muscle 

dysfunction, and is often associated with comorbidities including cardiovascular disease, 

diabetes, osteoporosis, depression, anxiety, cognitive impairment and cancer.11 Therefore, 

COPD is an interesting model to study with respect to ageing as well as chronic disease 

development and progression.  

 

There is no cure for COPD; 16 17 as with many other non-communicable chronic diseases, 

making prevention a key goal.18-20 The major aims of COPD management are to reduce risk 

factors, manage stable COPD and to manage associated comorbidities. In general, modern 

COPD therapies manage the individual21 which emphasise pulmonary rehabilitation (PR), and 

physical activity22 in addition to medications, lung volume reduction and smoking cessation.23 

However, maintaining an active lifestyle has historically been problematic in this patient 

population24 25 which has led interest in the development of behaviour-targeted 

interventions.26 In patients and in individuals at risk of becoming patients of lifestyle related 

diseases, the barriers to risk reduction are the same, namely patient willingness, circumstance 

and knowledge. 
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Recent innovations, particularly in COPD management, include behavioural therapy, self-

regulatory techniques, and motivational interviewing, but, continuous effort is still required to 

aid individuals in making advantageous health choices such as by improving their self-

regulation. However, many of these types of healthcare provider driven methods are costly 

due to the need of counselling and patient monitoring. In addition, with growing number of 

individuals with disease and a declining workforce, other or additional approaches such as 

cognitive training may be better suited in inducing behaviour change.  

 

Where we are going  

Ageing is universal, disease is not, and it can be considered as a system failure. The human 

system is built with many fall-back systems. With ageing there is inherent system deterioration 

but a system of checks and balances can keep this system running optimally, without loss of 

function. The system needs to be considered holistically, an engine is not merely the sum of its 

parts, but a problem in one area ultimately determines the mileage the engine will achieve as 

well as the performance. However, how can this be addressed when a systematic diagnostic 

tool does not exist? Understanding the key relationships between systems and having a concise 

operationalised definition of system performance, thus of successful ageing, is required to not 

only determine when interventions are required, but also how and where they should be 

implemented, as well as a measure of intervention performance. 

 

 

If the twentieth century was the century of population growth, then the twenty-first century 

will become the century of ageing.27 As a species we have made great strides in life expectancy, 

however with those gains come challenges.27 Age-related diseases are mounting as a result of 
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healthy life expectancy lagging behind increased life expectancy. 27 In the past and maybe the 

present, health has been over simplified into single units of measure. Given this over 

simplification there is substantial room for the development of personalised health. This is 

particularly true in an era when we have the ability to measure everything that matters, from 

activity trackers, sleep, vital signs, blood pressure, heart rate and stress and develop algorithms 

in combination with genetic and physiologic information for the purposes of making 

personalised recommendations.28 We need to consider the synergisms and interactions 

between different aspects of human life in a broader sense. Interactions between different 

components and the complex health relationships between health and disease should not be 

over simplified into single unrepresentative health indicators. Within the context of such 

reductionist type approaches, we need to be mindful that the development of such scales 

should be useful regardless of the perspective of the users. This is also a criticism of Rowe and 

Kahn’s two factor model, as it fails to acknowledge that diverse experiences can lead to 

different interpretations of the meaning of success.7 The relevance of this can be illustrated 

with a basic one to ten pain scale, in which the level of pain described by a patient is strongly 

dependent on previous experience, tolerance and affliction. Ignorance to any of these, 

although likely unintentional, could lead to various misdiagnoses and inappropriate 

medication.  

 

The next stages in healthcare development will try to incorporate large amounts of information 

and may result in so called deep phenotyping. The sequencing of the human genome opened 

the door to characterising traits of health and disease and linking it to genetic information.29 

However the function of many genes remains unknown and what is known, is limited to a few 
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cell types, tissues or physiological contexts.29 Difficulties in information collection, differences 

in disease manifestations, descriptive phenotypes or disease subclasses requires extensive 

examination of the discrete components of disease phenotypes, information which is not 

typically recorded in medical charts and further complicates elucidation.29 Delving into this 

information may help to link seemingly unrelated conditions which share common biological 

pathways and/or disease mechanisms.29 

 

Understanding the origins of disease, as well as the common pathways of common co-existing 

diseases, not only grants us the opportunity to develop targeted treatments, but it also gives 

an opportunity to develop personalised preventative interventions. Recent developments in 

scientific literature suggest it may be possible and realistic to slow the ageing process.30 

Delaying ageing could increase life expectancy by 2.2 years most of which could be spent in 

relatively good health, while saving $7.1 trillion dollars over the next fifty years according to an 

American simulation study.30 The same efforts put into heart disease and cancer treatment 

would result in declining returns as improvements in health and longevity would diminish by 

2060 according the same model.30 Both of which suggest that efforts to maintain health and 

prevent disease are highly efficient but also that they should be top research priorities.30 

Moreover, if chronic metabolic diseases were dealt with using appropriate dietary strategies, 

statistical models estimate the death insurance claims would drop by 13 percent, meaning a 

reduction in premature loss of life from preventable conditions.31 

 

In general, successful ageing should be defined based on insights into the underlying 

contributors to maintained physical and mental health within the context of possible chronic 
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disease. This definition considers the ability to maintain physical (independent) functioning for 

as long as possible. Definitions should support the setting of realistic goals, as well as 

appropriate new goals in order to reflect the dynamic as well as personal nature of ageing.  

 

What can this thesis contribute? 
 

“We can't look at just one or two phenotypes because we don't know the function of most 

genes nor can we make assumptions about what to look for.”29 

This thesis aims to further the discussion on the contributing aspects to what it means to age 

successfully. Here we attempt to explain the past, and predict the future of ageing research by 

quantifying past research, proposing new models as well as stepping into the future by 

combining genetic and lifestyle factors for chronic disease development. Lastly, we propose an 

innovative psychological intervention to aid in maintaining successful ageing.  

 

 

In Chapter Two we delve into the recent past and make recommendations for defining and 

operationalising successful ageing by performing a systematic review of recently published 

healthy ageing models. In Chapter Three we test a holistic model of successful ageing, the 

healthy ageing phenotype, using confirmatory factor analysis in order to determine if health 

should be quantified into traditionally separate ‘health branches’ or domains, i.e. physiological 

wellbeing, social wellbeing, psychological wellbeing, physical capability and cognitive function. 

In Chapter four we attempt to operationalise successful ageing ourselves using a data driven 

model. We use exploratory factor analysis to determine if it is not only possible to make logical 

groupings of health parameters (domains) but also if these can be operationalised into scores 
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which are predictive of meaningful health outcomes including walking speed, self-rated health, 

emotional vitality and dependency. In Chapter Five we perform a systematic review and meta-

meta-analysis to explore relevant contributors to COPD as an accelerated ageing syndrome. 

Here we examined the influence of single nucleotide polymorphisms and (environmental) 

exposures which have been identified in meta-analyses as being relevant with respect to the 

risk of developing COPD. In Chapter Six we explore the biological context of these genetic 

alterations in order to understand signals within the data noise. Specifically, we employ 

network and variant effect predictor analysis in order to determine potentially where, how and 

if specific gene variations influence COPD susceptibility and/or pathology. In Chapter Seven we 

present the study design of an ongoing randomized clinical trial to investigate the efficacy of 

working memory training in COPD patients on cognitive performance including self-control 

that may aid patients in complying to healthy diet and exercise regimes. Finally, in chapter 

eight we summarise our findings as well as discuss future and ethical implications of 

advancements in personalised health. We discuss how caution should be taken with the 

availability of data for prediction models as well as models themselves; without pre-emptive 

precautionary measures there is significant risk of data misuse. 
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Abstract 
There is great interest in developing tools to measure healthy ageing and to identify early 

stages of health impairment which may guide the implementation of interventions to prevent 

or delay the development of disease, disability and mortality. Here we review the most recent 

developments directed to operationalise, and test, definitions of healthy ageing. 

Recent findings suggest that there is a lack of consensus about how to define healthy ageing 

and, unsurprisingly, diversity in the instruments for its measurement. However, progress is 

being made in describing and in devising tools to capture the healthy ageing phenotype. 

Attempts to measure healthy ageing have relied primarily on cross-sectional data collected in 

older people. More recent studies have assessed the healthy ageing phenotype using markers 

of multiple functional domains and have used longitudinal data to model the dynamics and 

trajectories of healthy ageing.  

Given the complexity of the ageing process, no single measure is able to predict the ageing 

trajectory. Current attempts to operationalise the healthy ageing phenotype have relied on 

markers and data from earlier cohort studies and are limited by the tools used to collect data 

in those studies. Such data are often unsuitable to detect early subtle declines in function and/ 

or are inappropriate for use in younger old adult populations. Future studies employing more 

objective and novel markers of healthy ageing are likely to offer opportunities to define and 

operationalise the healthy ageing phenotype.  
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Introduction 
What is ageing? Ageing has been described as the biological changes that occur in an individual 

that are associated with a gradual decline in function. For most, ageing is experienced as a slow 

deterioration resulting eventually in frailty, disability, disease and death. However, evidence 

from model systems and from human studies shows that the ageing process is malleable, the 

ageing trajectory can be slowed and the link with disease weakened. Given favourable 

circumstances, individuals can maintain good physical and cognitive function. In part those 

circumstances are genetic but socioeconomic factors and lifestyle are major determinants. 

Recent data from the USA illustrate the strong association between higher income (as a 

surrogate for more favourable circumstances) and longevity.1 This study also showed that 

whilst those with higher income gained about 0.2 years of life extra per year over the period 

2000 – 2014, the poorest had no improvements. In addition, Chetty and colleagues noted that 

income was associated strongly with higher physical activity and with lower likelihood for 

smoking and obesity – lifestyle-related factors which are established modulators of ageing and 

risk of age-related disease.1 

 

Reaching consensus on how healthy ageing should be defined has proven to be a difficult task. 

This lack of consensus is a significant impediment not only for research but also for national 

surveillance programmes, public health interventions and for commercial developments. This 

difficulty is due partly to the different perspectives, expectations and aims of researchers from 

different disciplines. While from a scientific perspective the preservation of health and function 

is a priority, evidence indicates that other more subjective aspects of wellbeing are also 

important to the individual. Interviews with older people have indicated that wellbeing is 

produced by having the “capability” to mobilise resources to achieve contextually appropriate 
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goals and to respond effectively to changing personal circumstances.2 Lastly, there is 

heterogeneity in the terminology used to denote the concept of healthy ageing in the 

literature. For the purpose of the present review we will adopt the term healthy ageing.  

 

The importance of defining and measuring healthy ageing is underlined by the fact that the 

global population is ageing; By 2080, 29% of the European population will be aged > 65 years.3 

This is due to the combination of reduced birth rate and increased life expectancy. To reduce 

the risk of economic instabilities and to prevent social collapse as a result of too few people in 

economically productive work, several countries are raising the retirement age to maintain the 

workforce and to reduce the pension burden associated with greater longevity. In addition, 

because ageing is the major driver of most common complex diseases, the chronic disease 

burden is increasing.4 These pressures emphasise the importance of finding ways to enable 

people to age better and to maintain good function and high levels of wellbeing. To facilitate 

the development of targeted interventions which may be more resource efficient, it would be 

helpful to distinguish those who are ageing well from those who are ageing less well. In other 

words, we need to be able to identify a healthy ageing phenotype.5 The benefits of maintaining 

good health into old age include saving health care costs, improving quality of life, and enabling 

older people to continue to participate productively in society and to offer their stability, 

heightened capacity for synthetic problem solving, increased ability to manage conflicts, and 

ability to consider perspectives from other age groups.6 
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Models of healthy ageing 

Cellular dysfunction is the biological basis for the age-related decline in function and for the 

increasing risk of frailty, disability and disease, the cardinal features of ageing.7 The 

accumulated macromolecular damage in ageing is pervasive affecting virtually every cellular, 

tissue and whole-body function and is remarkably similar in multiple species. This observation 

underpinned the recent proposal for nine hallmarks of ageing8 which help to conceptualise and 

systematise a highly complex collection of processes. Importantly, the ageing process is plastic 

and the accumulation of molecular damage and cell dysfunction can be slowed.9 Models of 

healthy ageing have been based on Rowe and Kahn’s 1987 proposal which differentiated 

between healthy older individuals and those with disease and/or disability,10 11 Rowe and 

Kahn’s model adopted a multi-dimensional approach to ageing and proposed that healthy 

ageing is a combination of a low probability of disease and disease-related disability, high 

cognitive and physical functional capacity, and active engagement with life.11 More recently 

there has been emphasis on models which include both subjective e.g. psychosocial wellbeing 

as well as objective, i.e. biological, measurements.12 Psychological based models emphasise 

“how” healthy ageing occurs whereas the biological models emphasise the “what”.6  

 

The different conceptual frameworks of healthy ageing models have been reviewed. Depp and 

Jeste performed a meta-analysis on the definitions of successful ageing as well as the attempts 

to operationalise them.13 Martinson and Berridge conducted a systematic review to analyse 

the range of critiques of successful ageing models and the suggestions for improvement from 

the social gerontology literature.14 More recently Anton et al. provided an overview which 

focussed on physical function, and the role of interventions that may enhance mobility and 

physical function and so promote independence among older adults.15  
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Healthy ageing phenotypes 

Currently most literature focuses on morbidity and mortality as ageing phenotypes. Our group, 

and others, have emphasised the need to focus on a combination of objective and subjective 

outcomes including physical capability, cognitive function, physiological and metabolic health, 

and psychosocial well-being,12 In addition, the importance of assessing sensorial functions has 

been identified.16 Olfactory function may be an indicator of the integrity of the ageing brain in 

older people,17 since smell dysfunction is among the earliest “preclinical” signs of 

neurodegenerative diseases such as Alzheimer disease and sporadic Parkinson's disease.18 

 

Frailty vs. Healthy ageing 

It could be argued that the development of frailty is an example of failure to age healthily. 

Frailty indicators have been extensively validated in multiple populations for their ability to 

predict age-related adverse health outcomes ranging from falls to mortality in elderly 

populations.19 Measures of frailty have been reviewed recently by Roppolo et al. (2015) who 

showed that different instruments captured different characteristics of frailty and that 

whether an individual is classified as frail or not depends on the index of frailty used in the 

assessment.20 Whilst frailty may be evidence of a failure to age healthily, it is unlikely that 

assessments which are used to assess frailty would be sufficient to assess healthy ageing. This 

is because the instruments used in such assessments are designed for individuals experiencing 

a substantial degree of disability or illness and are usually applicable only to the oldest 

segments of the population. Because of floor and ceiling problems, such tools would be 

insensitive when applied to younger individuals. However, recently, Romero-Oturo (2013) 

proposed that a simple 5-item index called the Frailty Instrument (FIt) for primary care which 
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is based on the Survey of Health, Ageing and Retirement in Europe (SHARE) may be useful for 

assessing and monitoring frailty in community dwelling people over the age of 50. 

 

Current evidence on operationalisation of definitions of healthy ageing 

To identify recent studies operationalising healthy ageing, a systematic search was performed 

using PubMed from 01-01-2013 until 01-05-2016. Publications were included if the authors 

intended to measure the healthy ageing phenotype or employed a multidimensional approach 

to measure healthy ageing. Using this strategy, twelve studies were found (Table 1). All tools 

which are included in this brief review were multidimensional.  

 

Although evidence is still scarce, we identified several studies that focused on operationalising 

healthy ageing. Among the papers identified, the very recent paper by Tampubolon21 is novel 

in using the concept of the healthy ageing phenotype12 and in assessing the trajectories of 

some of the biomarkers proposed in that model among participants of the English Longitudinal 

Study of Ageing (ELSA). ELSA is a prospective, nationally-representative sample of people aged 

≥ 50 years. The biomarkers included measures of cardiovascular function, glucose 

homeostasis, lung function, adiposity, lipid metabolism, and inflammation. This study showed 

a secular decline in healthy ageing from middle-age, which was sharper among women and 

differed by socioeconomic position. Those with greater material advantage and higher 

educational attainment had smaller declines in biomarkers of healthy ageing.21 In addition, the 

findings were in line with previous studies (e.g. Pruchno et.al.) suggesting that maintenance of 

healthy ageing at follow up was more common among men, those who were working, the 

married, and those having better social relationships at baseline.22  
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Two other studies proposed different tools to assess healthy ageing.23 24 Tyrovolas et al., used 

a composite index of healthy ageing which included 10 elements. education, financial status, 

social activities (subdivided into friends, family and excursions per year), CVD risk, BMI, 

depression, physical activity and Mediterranean diet. Using data on older adults from 

Mediterranean countries, these authors reported that a 1-point increase in their 10-point 

index was associated with one less annual visit to health centres. Using data from the Medical 

Research Council’s Cognitive Function and Aging Study (CFAS), Cosco et al. tested an ageing 

index based on activities on daily living, cognitive function, and subjective aspects such as 

personal resources and engagement.24 These authors reported that their index was associated 

with use of health services, informal care and other services such meals on wheels.  

 

The Whitehall study, a longitudinal cohort of civil servants in the UK with a long follow-up 

period (median 16 years) and a large sample size, has been recently used to classify individuals 

as successfully ageing or not. In this study, healthy ageing has been defined as survival in the 

follow up period (mean age 60), with no diagnosis of chronic disease or abnormal oral glucose 

tolerance test, no mental health problems and normal cognitive (Alice Heim 4-I, short-term 

verbal memory test, 2 tests of verbal fluency, Mill Hill Vocabulary test), cardio metabolic (SBP), 

respiratory (FEV1/height2 in L/m2) and musculoskeletal function (walking speed over a clearly 

marked 8-foot walking course).25  

 

Discussion 
To date, few studies have attempted to operationalise healthy ageing using comprehensive 

and multi-dimensional approaches (such as that proposed by Lara et al. 201312) and to apply 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3743043/#bib2
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the resulting tools to data from current longitudinal cohorts. Current studies have relied on 

data with only partial or proxy measures for each of the different domains associated with the 

healthy ageing phenotype. The available indices focus on different combinations of domains 

of healthy ageing but commonly focus on cognitive function and measures of physical 

capability. Decline in cognitive function is a hallmark of ageing26 and recent data from the 

Sydney Memory and Ageing Study (an observational population-based cohort study) showed 

that both baseline cognitive ability and decline in cognitive ability over two years predicted 

mortality, even in the absence of dementia.27 Cognitive decline also has important financial, 

personal and societal consequences, and is the cause of 40% of admissions to institutionalised 

care in the UK 26. Most of the studies reviewed included at least one measure of global 

cognitive functioning, commonly the mini mental state examination (MMSE). This tool has 

been used widely in, and accepted as appropriate for, elderly populations. However, its ability 

to detect subtle deficiencies, namely mild cognitive impairment,{Delude, 2015 #49} or cognitive 

changes at high levels of cognition such as among highly educated people29 30 has been 

questioned. A recent Cochrane review concluded that the MMSE was insufficient as a stand-

alone single-administration test in the identification of MCI patients who could develop 

dementia.31 Subtle changes in cognitive function can be meaningful and the majority of tools 

ignore this by using tools designed to identify more evident declines in cognitive function. 

Cullen and colleagues identified 39 screening tools, found that most large-scale community 

screening programmes used informant rated scales which could be carried out by telephone 

or post and noted that it is likely that "one size does not fit all" in cognitive screening.{Delude, 

2015 #49}  
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The reviewed studies have mostly used activities of daily living, with few using more objective 

measures of gait or walking tests. All but one study focused on older populations, those aged 

70+ and often in 85 to 90+ individuals. Puchno et al. found that midlife predictors of healthy 

ageing differed from those which apply later in life.22 In addition, it appears that some 

biomarkers of ageing which appear robust in younger old individuals may not be valid in very 

old people. Indeed, in some cases the reverse may apply e.g. higher BP is a risk factor in 

younger people but may be a protective factor in very old people.32 Overall, assessment of the 

utility of markers of healthy ageing is limited by uncertainties and lack of consensus about the 

appropriate outcome measures to be used in such assessments. Whilst earlier studies have 

focussed on hard end points such as death or diagnosis of major age-related disease, some 

recent studies have considered other outcomes such as use of health services (e.g. 

hospitalisations).  

 

None of the studies identified in the current search have used markers of sensorial functions. 

Sensory functions are critical for normal function, independence and social interaction and 

most decline with age.16 Smell dysfunction is one of the earliest indications of preclinical 

neurodegenerative diseases18 but the predictive value of sensory function for age-related 

health outcomes has yet to be validated.16 Lastly, few tools consider social function in the 

assessment of the healthy ageing trajectory despite the fact that social interactions and 

personal support networks are strongly associated with both morbidity and mortality.33-35 
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Conclusion 
Healthy ageing is the maintenance of a range of functions including physical capability, 

cognition, physiology, social, sensory and psychological wellbeing. A suitable approach to 

measure healthy ageing should include both subjective and objective assessments of as many 

as possible of these factors since the complex interplay of these factors determines health and 

wellbeing outcomes.15 However, this must be balanced against the resource requirements for 

more comprehensive assessments and future research should aim to identify the minimum set 

of measures which provides reliable prediction of the ageing trajectory and which could be 

used as outcome measures for interventions.12 However, current models of healthy ageing 

remain incomplete; the operationalisation of the healthy ageing phenotype is a work in 

progress. 

 
Key Points 

• The lack of an agreed definition of healthy ageing limits the development of tools for 

its measurements and, therefore, the ability to predict the ageing trajectory. 

• Current models focus on absence of frailty and on functional status including the ability 

to carry out the activities of daily living.  

• Conceptualisation and operationalization of the healthy ageing phenotype offers a 

potential route to the development of tools for assessing ageing which are age-, sex-

and culturally-appropriate. 

• Tools for healthy ageing will need to be validated in younger and older populations in 

a range of setting to determine their generalizability. 

• Testing of tools for healthy ageing is limited by uncertainties about the most 

appropriate outcomes measures to use at different stages in the life-course. Outcome 
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measures such as hospitalisation, institutionalisation and disability which are sensitive 

in younger populations need to be developed and validated.
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Table 1 

Name Format Format of 
study 

Characteristics of tool Outcome 
parameters 

Type of analysis Domains 
included 

Variables Age Reference 

Healthy 
Ageing 
Index 

Index Cohort 
study; 
median 
follow-up 
12.8 years 

Items scored in tertiles, 0 being 
the healthiest and 2 being the 
unhealthiest; glucose treated 
as a continuous variable 
(decimal cut offs applied); 
Where gender differences exist 
different cut offs for men and 
women were applied;  

Index score 
from 0 to 10; 
predicts 
mortality and 
morbidity 

Cox proportional 
hazards model; 
Mortality - optimised 
HAI (applied regression 
coefficients from 
survival models such 
that the index ranges 
from 0 to 10; strongest 
associated 
components given 
stronger weights 

Physiological, 
psychological 

sbp, fvc, mmse, sCrt, Glc; 
Covariates: gender, age, 
smoking history, BMI, 
education, CHD, 
cerebrovascular disease, 
diabetes, pulmonary 
disease, kidney disease, 
osteoarthritis, and 
depression used as 
covariates, race, PA, 
depression (CES-D), 

> 65 36; 

Genetics of 
Healthy 
Ageing 

Survival 
Prediction 
Model 

Cohort 
study; 
median 
follow-up 6 
years 

Hazard rations have been 
calculated for individual 
variables 

Mortality 
hazard ratios 

Multi-variate cox 
regression model for 
survival predictors 

Physiological, 
Physical 
capability, 
Psychological, 
Behavioural, 
Cognition 

SES (marital status 
education, occupation), 
ADL, sensory 
functioning, sMMSE, 
lifestyle (smoking, 
drinking habits), health 
and morbidity (present 
and past), perceived 
health, medications, 
haematological 
parameters: (Crt, GLc, 
ALT, TChol, HDL, LDL, 
trigly), hospitalisations, 
weight loss in past year, 
psychological wellbeing, 
height weight, physical 
functioning (ability to 
see person at 4 meters 
without aid, ability to 
hear without aid, ability 
to go outside, up and 
down stairs, ability to 
exercise unassisted; 
handgrip strength) DNA,  

90+  37 
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Successful 
Ageing 
Index 

Index Cohort 
study, 2 year 
follow-up 

Constructed model from lay 
perspectives of healthy 
ageing (personal resources; 
optimism, personal 
engagement (interest in life), 
loneliness and self-
awareness), modified Katz 
model of activities of daily 
living, and cognitive 
functioning (MMSE). Ordinal 
items were assigned values 
based on the scores of each 
of the times used to create a 
continuous value. 
Depending on the number of 
possible answers, fraction 
values were assigned 
accordingly 

Use of health 
care services 

Logistic regression 
model 

Physiological, 
Psychological, 
Social 

ADL (dressing, going 
upstairs, continence, 
cutting toenails), IADL 
(doing heavy housework, 
shopping, preparing 
meals, reaching 
overhead shelf, tying 
knot, housekeeping, 
getting a bus, managing 
finances), MMSE, SES 
(education, age), 
gender,  

>65 24 

Successful 
ageing 
index 

Score Cohort 
study; 
median 
follow-up 6 
years 

Cumulative Score 0-10; Each 
aspect of the model given 
scores from 0 to 10, positive or 
negative according to their 
influence on health; model 
adjusted for confounders; 1/10 
unit increase in index 
associated with a 0.8 less 
annual visits to healthcare 
centres; stratified analysis for 
gender, revealed 
heterogeneity in the predictors 
for successful ageing between 
men and women  

Use of health 
care services 

Principle component 
analysis used to verify 
multi/ dimensionality 
of data. Nested 
multiple linear 
regression models to 
evaluate the 
association between 
number of annual 
visits to health care 
centres (dependent 
outcome) and 
participants' 
characteristics, and 
their level of successful 
ageing (independent 
variables) 

Behaviour, 
Physiological, 
Psychological, 
Social 

Model: SES (education, 
financial status), 
depression, participation 
in social activities (social 
with friends, social with 
family, excursion 
participation), CVD risk 
(Glc, SBP, HDL, LDL, 
Trigly, WC,), BMI, 
Lifestyle (PA), 
MEdDietScore, 
depression; Covariates: 
smoking status, living 
alone, gender, age 

65 -
100 

23 
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Successful 
Ageing 
Index 

Index cross-
sectional 

4 dimensional model: physical 
and functional health, 
psychological welling and 
cognition , social engagement 
and family support, economic 
resources and financial security 
;(each dimension had 2 
indicators with equal 
weighting); for each indicator, 
if the participant demonstrated 
wellbeing in that domain they 
received one point, if they did 
not they were given no points; 
score ranged from 0-8 (8 = all 
rounded SA) 

interviewer-
rated health 

Construct validity of 
SAI was examined for 
its association with 
interviewer rated 
health in a multiple 
binary logistic 
regression model; 
correlates of SAI which 
were investigated 
using a multi-
regression model: 
biomarkers of physical 
health: handgrip 
strength,  

Physiological, 
Psychological, 
Social, 
Cognition 

Physical health: self-
rated heath, ADL, (good 
health = good self-rated 
health+ independence in 
activities of daily living); 
Psychological wellbeing: 
PANAS, MMSE; Social 
engagement and 
support; economic 
resources; correlates: 
personality (optimism), 
socio-environmental 
(barriers to social 
activities), demographic 
(living arrangement, 
education attainment), 
full blood cell count, 
kidney and liver 
function, c-reactive 
protein, HBA1c, HDL, 
LDL TChol, trigly, and 
albumin, gender 

>85 38 

Cognitive 
abilities 
screening 
instrument 

Multi-index 
model 

Cohort 
study; 3 and 
6 year follow 
up 

multi-index model; frailty 
index, social vulnerability 
index, protective factors index 
combined to predict changes 
in cognitive function 

Cognitive 
function 
(worsening or 
improvement); 
mortality 

Poisson and logistic 
regression models to 
predict cognitive 
function; each index 
modelled separately to 
analyse the effects on 
the cognitive function, 
corrected for age, 
gender, education 
frailty, social 
vulnerability, 
protective factors. 
Produced a multi-index 
model, examined 
models for both 3 and 
6 year follow up; all 
variables multiplied by 
10 such that the 
results in the betas 
represent 10% 
increases in the beta 

Cognitive 
function, 
physical 
capability, 
Social, 
behaviour 

Cognition: attention, 
concentration, 
orientation, short term 
memory, long term 
memory, language 
abilities, visual 
construction, list 
generating, fluency, 
abstraction, and 
judgement. Each of the 
following are 
dichotomised (absent, 
present; given a 0.5 
score per deficit) Frailty 
index : accumulation of 
deficits; Social 
vulnerability index: 
(social network, marital 
status, living situation); 
Protective factors index 
PA, use of 
antihypertensive 
medication, no smoking, 

71-
93 

39 
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moderate alcohol 
consumption, good self-
rated health, healthy 
weight  

Successful 
ageing 

Successful 
ager 
classification 

Cohort 
study;16-
year follow-
up 

Successful ageing 
categorisation: being free of 
major chronic diseases and 
having good physical, 
cognitive, respiratory, 
cardiovascular, and mental 
health 

Mortality and 
morbidity 
predictions 
associated with 
(un)successful 
ageing 
classifications 

Logistic regression to 
determine associations 
of baseline BMI and 
WC categories with 
survival and successful 
ageing 

Physiological, 
cognition, 
psychological, 
Physical 
capability 

Good functional status 
was defined as not being 
in the worst quintile of 
any of the domains 
assessed; Mental health 
score (SF-36), disease 
status, global cognitive 
score, walking speed, 
FEV1, WC; Covariates: 
age, sex, ethnicity 
(white, south Asian, 
black, other), education, 
smoking status, 
obesity. The 
Framingham general 
cardiovascular disease 
(CVD) risk score (age, 
HDL, LDL, TotChol, SBP, 
smoking, and diabetes), 
PA  

35-
55  

40; Used in 
many 
publications 

Successful 
Ageing 
profile 

Profile cross-
sectional 

Classified into 
successful/unsuccessful 
profiles 

Classification 
verification 

Cluster analysis to 
identify distinct 
patterns of successful 
ageing in centenarians; 
groups individuals into 
homogenous subsets. 
Logistic regression 
used to verify 
predictors of 
successful ageing 
considering the cluster 
structures. Exploratory 
analysis used to 
examine model fit 

Cognition, 
psychological, 
physiological, 
social 

Shortened MMSE, 
Depression (GDP), social 
engagement frequency, 
religion, health status, 
IADL, morbidity 
(hypertension, diabetes 
etc.), ADL, satisfaction 
with life scale; 
Covariates considered: 
gender, marital status, 
education, living 
arrangements, 
psychological resources 
(self-efficacy, purpose, 
hope), futurity 
persistence), and social 
and economic resources 
(number of living 
children, satisfaction 
with social support, 
income per month, and 

<100 41 
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income adequacy for 
expenses) 

Successful 
ager  

Successful 
ager  

cohort 
study; 4-
year follow-
up 

Successful ager classification 
based on a combination of 
objective and subjective 
markers 

Change in 
classification 

Latent profile analysis 
used to identify 
successful agers from 
unsuccessful agers 
based on the 
subjective and 
objective criteria. 
Multinomial logistic 
regression used to 
determine the effect 
of influential variables 
on successful ageing 
status 

Physical 
capability, 
Physiological 

Objective measures: 
diagnosis of arthritis, 
hypertension, CVD, 
cancer, diabetes, 
osteoporosis, stroke, 
and lung conditions, 
functional abilities 
(walking for a quarter of 
a mile, walking up 10 
steps, standing for 2 hr, 
stooping), pain 
assessment; Subjective 
measures: ratings of 
ageing success and 
quality of life; Early life 
covariates: Age, race, 
marital status, 
incarceration, number of 
children, gender, 
education; Midlife 
covariates: marital 
status, employment, 
volunteer, smoking 
status, alcohol 
consumption, BMI, 
social support, 
religiosity, exercise 

50-
74 

22 
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Mortality 
risk 

hazards ratio Cohort 
study: 4,9-
year follow-
up 

Mortality risk calculation based 
on objective assessments of 
physical capability and 
cognitive function 

5-year mortality 
risk predictor 
for females 

Data compared across 
three mobility 
phenotypes and across 
three cognition 
phenotypes using chi-
square tests 
(categorical variables) 
and analysis of 
variance (continuous 
variables). Kaplan–
Meier estimates of 
survival functions used 
to depict survival by 
mobility phenotype 
stratified by cognition 
phenotype. 
Associations of 
combined mobility–
cognition phenotypes 
(nine combinations), 
mobility phenotypes, 
and cognition 
phenotypes with risk 
of mortality were 
analysed using Cox 
proportional hazards 
models.  

Physical 
capability, 
cognitive 
function,  

Short Physical 
Performance Battery; 
Trails B, 3MS, a 100-
point extended version 
MMSE, CVLT, Digit Span; 
category, verbal fluency 
tests. Covariates: BMI, 
ethnicity, educational 
self-reported health, 
hospitalisation in the 
past year, smoking 
status, depression, 
exercise and ability to 
perform basic activities 
of daily living, diagnosis 
of myocardial infarction, 
stroke, congestive heart 
failure, hip fracture, 
diabetes, arthritis, 
Parkinsonism, COPD, 
and cancer excluding 
non-melanoma skin 
cancer. 
A comorbidity score was 
calculated as the 
sum of these comorbid 
conditions (range 0–9). 

65+ 

42 
Health 
related 
quality of 
life 
measure 

Equation 16-week 
intervention 
study 

Health relate quality of life 
measurement tool used as a 
proxy to model declines in 
health 

Health related 
quality of life 

HRQOL domains 
(physical, mental, and 
social) quantified by 
logistic growth 
equation HRQOL 
quantitative model 
consists of one 
equation for each 
health domain 
(average level between 
the self-report health 
status and 
experienced-health 
components). 
Equations specifies 
how domains change 
as a function of itself 
and the other 

Physical 
capability, 
psychological, 
Social well 
being 

The Short Form 36 
Health Survey, the 
Lubben Social Network 
Scale-6, Friendship 
Quality Scale, 
employment status, 
education, MMSE, sex, 
age, marital status 

65-
90 

43 
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components in the 
system.  

Healthy 
Ageing 
Phenotype 

Score Longitudinal 
Study (9 
years) 

Score was calculated using 
tertiles or clinical cut-offs 
(coding 0, 1 and 2 accordingly) 
of each of the eight 
biomarkers, then added the 
codes to give a score which 
ranges from 0 to 16. 

Score 0-16 Linear mixed model 
with random 
intercepts was used to 
estimate trajectories of 
change 

Physiological, 
Others 
included as 
covariates 
behavioural, 
psychological 

SBP, Glc, HbA1C, FEV-1, 
WC, HDL, Trigly, CRP; 
Covariates: gender, age, 
social class (, wealth, 
education), marital 
status, comorbidities 
(CVD, COPD; diabetes; 
stroke; arthritis; 
osteoporosis, cancer, 
depression), Behavioural 
(smoking), drinking (and 
physical activity 

≥50 21 
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Abbreviations 
SBP systolic blood pressure; 

FVC forced vital capacity; 

FEV-1 forced expiratory volume in one second; 

MMSE- Mini-mental state examination; 

sCRT serum creatinine, Glc glucose; 

ADL Activities of daily living; 

TChol total cholesterol; 

HDL High density lipoprotein; 

ALT Alanine aminotransferase; 

CRT creatinine; 

Trigly Triglycerides; 

IADL instrumental activities of daily living; 

sMMSE standardised MMSE; 

PA Physical activity; 

WC waist circumference; 

MedDietScore Mediterranean diet; 

PANAS Positive and Negative affect schedule; 

HbA1c Glycated haemoglobin; 

FEV1 Forced expiratory volume in one second/height2 in L/m2; 

CBVD cerebrovascular disease; 

HGS handgrip strength; 

CVD cardiovascular disease,  

COPD chronic obstructive pulmonary disease. 
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Abstract 
Ageing is a complex process with no single measure able to give an indication of successful 

ageing. In this study we test whether the Healthy ageing phenotype (HAP), based on systematic 

review of literature and expert opinion, is an appropriate tool for a multidimensional 

representation of health. In order to determine if the HAP is an appropriate tool, we used cross-

sectional data from the Maastricht Study (TMS). Data from 1391 participants, aged between 

40 and 75, of which 744 (54%) were female and 312 (23%) were diabetic was available for this 

purpose. Within this data set, thirty variables were selected based on the HAP’s five domain 

model (i.e. cognitive function, social wellbeing, physical capability, psychological wellbeing, and 

physiological and metabolic health). Both confirmatory and exploratory analysis were 

performed on standardised variables. Confirmatory factor analysis indicated poor fit for the 

proposed five domain model (CFI 0.533 and TLI 0.487). Subsequent exploratory analysis 

showed a two-domain model, Domain 1 physical, cognitive and metabolic health and domain 

2, psychological resilience, including physiological, cognitive, social, and physical capability in 

the first domain and psychological variables in the second domain. Unfortunately, the 

theoretical HAP model was not supported in data from TMS. Therefore, new attempts are 

needed to operationalise successful ageing into a meaningful testable measurement. 
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Introduction 
Global ageing is an emerging health concern.1 Ageing itself is a complex but universal process 

which can result in multi-organ functional decline, disability and disease.2 However, the rate at 

which this occurs is highly variable and determined by a multitude of factors. Measuring ageing 

success has proven difficult, and given the complexity of ageing, no single measure is likely to 

be a good indicator.2 However, translating research into healthy ageing practice is becoming a 

ubiquitous challenge due to the forthcoming global burden of aged individuals.3 Therefore, we 

need a panel, as well as a way of interpreting measures which capture the key features of 

ageing success; “the process of developing and maintaining the functional ability that enables 

well-being in older age”.4 This will allow caregivers and researchers to aid individuals in ageing 

successfully, as well as to determine the contributors to successful ageing within highly 

heterogeneous populations. Moreover, it will also aid in designing and evaluating intervention 

trials effectively and help to ensure the ongoing healthcare and nutrition personalisation trend.  

 

The Healthy Ageing Phenotype (HAP) is such a panel, intended to encapsulate the ability to 

maintain social relationships, to function independently at both cognitive and physical levels, 

and to continue to be a productive member of society.5 Unlike most other tools intended to 

measure and thus operationalise ageing success, the HAP proposes a panel of biomarkers 

which comprise a set of functional surrogate endpoints that are influenced by the ageing 

process, lifestyle interventions and are not limited to specific disease endpoints or mortality.5 

However, surprisingly, no one has tested whether the HAP’s compartmentalised 

operationalisation representation of ageing (five domain structure: social wellbeing, 

psychological wellbeing, cognitive function, physical capability and physiological and metabolic 
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health) dynamics is feasible. Therefore, this study aims to determine whether or not the HAP 

is indeed an appropriate model for representing health in a middle-aged population.  

Methods 

Participants 

Data were obtained from the Maastricht Study (TMS), an observational prospective 

population-based cohort study.6 The rationale and methodology have been described 

elsewhere.6 In brief, the study focuses on the aetiology, pathophysiology, complications and 

comorbidities of type 2 diabetes mellitus (T2DM) and is characterised by an extensive 

phenotyping approach. Eligible for participation were all individuals aged between 40 and 75 

years and living in the southern part of the Netherlands. Participants were recruited through 

mass media campaigns and from the municipal registries and the regional Diabetes Patient 

Registry via mailings. Recruitment was stratified according to known T2DM status, with an 

oversampling of individuals with T2DM, for reasons of statistical efficiency.6 

 

For the present study, data was available from used 1391 participants, aged between 40 and 

75 (mean 59.7, s.d. 8.36), of which 744 (54%) were female and 312 (23%), had a diagnosis of 

T2DM. 

 

Variable selection  

Variables selected for the CFA were similar or comparable to those defined in the key domains 

of the HAP (table 1), (i.e. (1) physiological and metabolic health, (2) physical capability, (3) 

cognitive function, (4) psychological wellbeing, and (5) social wellbeing). An explanation of the 

different variables, including calculations and references can be found in the supplementary 

materials. 



  
   

40 
 

Normality testing 

At first, variables were standardised, by division by the range of a variable.7 Multivariate 

normality was tested by the use of the Doornik-Hansen test.8 To accommodate for any 

multivariate non-normality, the Huber-White scaling correction was applied.9 10 Missing data 

was subjected to listwise deletion and were assumed to be missing at random. 

 

Confirmatory Factor analysis 

To determine if the hypothesised HAP model exists within the TMS data set, confirmatory 

factor analysis was conducted, including all selected variables. Model fit was evaluated using 

comparative fit index (CFI) and the Tucker-Lewis index (TLI), which assumes values between 0 

and 1, the latter indicating exact fit. In both the CFI and TLI values above 0.95 are considered 

indicative of good model fit.11 Confirmatory factor analysis was performed in R using the 

Lavaan package.12 13 

 

Exploratory factor analysis 

Given our findings from the CFA indicated that the hypothesised HAP model does not fit the 

data from TMS, exploratory analysis was performed on the data set. For this, we first 

investigated multivariate normality as previously explained (refer to methods). Factorability of 

the data set was then examined using an anti-image correlation matrix.14 15 Values of 0.3 or 

higher were considered appropriate to be included in the EFA. During the EFA it was discovered 

that the data set was not factorable. As a result, the model was simplified by the removal of 

offending variables (that is: grip strength, waist circumference, hip circumference, fasting 

glucose, serum total cholesterol, stroop interference test, practical support, PHQ-9 score).  
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The remaining variables/dataset, including 1409 observation, was used for the EFA. For this, 

we used the principle axis factoring method with standardised variables. Variables were 

standardised by division by the range of a variable.7 If variables had a loading of (-) 0.3 or higher, 

on at least one factor they were retained in the model.16 17 If variables loaded on more than 1 

factor, they were assigned to the factor on which they had the highest factor loading.18 Using 

the Kaiser criterion (eigen value greater than 1) as well as visual inspection of a scree plot 17, it 

was determined that the data had a two domain structure. Both promax and varimax rotations 

were then used in order to determine if the latent factors were correlated.17 Factors which 

consisted of at least three variables were considered stable.17 Finally, to determine the 

sampling adequacy of the dataset, the Kaiser-Meyer-Olkin (KMO) was applied, as a rule of 

thumb this value should be greater than 0.6.19 The resulting two-factor structure is presented 

in table 2. 

 

Results 
The CFA model converged normally after 379 iterations and the robust Comparative Fit Index robust 

Tucker-Lewis Indexes were 0.533 and 0.487 respectively suggesting that the hypothesised model does 

not exist in the TMS cohort. The additional exploratory factor analysis, resulted in a two-domain model 

(table 2). Domain one comprised haemoglobin A1c (HbA1)c, high density lipoprotein (HDL), pulse 

pressure, body mass index (BMI), Mini mental state examination (MMSE), Groninger Intelligentie Test 

2 (GIT), 15-word list delayed recall score (WLTR), processing speed, executive function, emotional 

support, contact frequency, Chair stand time (TCST) time, gait speed (WT). Domain two comprised 

generalised anxiety disorder score (GAD), Aggression, personal mastery, General self-efficacy score 

(GSES) persistence, GSES initiative.  
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Table 1 

Physiological 

wellbeing 

Physical 

capability 

Psychological 

wellbeing 

Social wellbeing Cognitive function 

BMI (kg/m2) (0.11) Gait speed 6 

MWT (m/s) 

(0.11) 

Mean personal 

mastery score 

(0.13) 

Emotional support 

score (0.24) 

MMSE score 

(0.04) 

Waist 

circumference (cm) 

(0.13) 

Grip strength 

(0.04) 

General self-

efficacy score 

persistence (0.07) 

Practical support 

score (0.22) 

Strooptest 

interference time 

(sec) (-0.03) 

Hip circumference 

(cm) 

(0.09) 

Chair stand 

time (sec) (-

0.02) 

General self-

efficacy score 

initiative (0.11) 

Number of contacts 

within half a year, 

divided by 10 (0.07) 

Processing speed 

(0.07) 

LDL (mmol/l) (-

0.02) 

 General self-

efficacy score effort 

(0.14) 

 Executive 

attention (0.03) 

HDL (mmol/l) (-

0.05) 

 Aggression score (-

0.07) 

  WLTR score 

(0.17) 

Serum total 

cholesterol 

(mmol/l) (-0.03) 

 PHQ-9 score (-0.07)   WLT score (0.15) 

FEV1 percent 

predicted (-0.02) 

 GAD-7 score (-0.09)  GIT score (0.04) 

HbA1c (mol) (0.03)     

Fasting plasma 

glucose (mmol/l) 

(0.02) 

    

SBP (0.30)     

DBP (0.04)         
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Confirmatory factor analysis variables and hypothesised domains. Here we show the 
proposed HAP model using variables available with the TMS. Each of the five domains is 
associated with variables (listed below them), and an associated factor loading. Factor 
loadings can be interpreted like regression coefficients. The first parameter says that for each 
unit increase in the latent physiological function (i.e. for each 1SD increase), the model 
predicts a .11-unit increase in BMI. However, the poor model fit (Comparative Fit Index and 
the robust Tucker-Lewis Indexes were 0.533 and 0.487 respectively) suggests that this model 
is invalid for this data set. 
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Table 2 

Variable Factor1 Factor2 Uniqueness 

HbA1c (mol) -0.4223 
 

0.8003 

LDL (mmol/l) 
  

0.9535 

HDL (mmol/l) 
  

0.8974 

Pulse pressure -0.3456 
 

0.8334 

FEV1 percent predicted 
  

0.9057 

BMI (kg/m2) -0.3710 
 

0.8467 

GAD-7 score 
 

-0.5011 0.7224 

MMSE score 0.4284 
 

0.8061 

GIT score 0.3656 
 

0.8663 

WLTR score 0.4150 
 

0.7999 

Processing speed 0.6162 
 

0.5959 

Executive function 0.5454 
 

0.6931 

Emotional support 0.4783 
 

0.7549 

Number of contacts within half a year, divided by 10 0.3092 
 

0.8907 

Chair stand time (sec) -0.3802 
 

0.8548 

Gait speed 6 MWT (m/s) 0.5740 
 

0.6697 

Aggression  
 

-0.3654 0.7781 

Mean personal mastery score 0.3035 0.6263 0.5157 

General self-efficacy score persistence 
 

0.4524 0.7750 

General self-efficacy score initiative 0.3555 0.4545 0.6670 

Exploratory factor analysis loadings. Here we show that the variables from the dataset load 
on to two factors.  
 
 

Discussion 
In this study we aimed to assess and validate the HAP model proposed by Lara et. al. (ref) 

among individuals from TMS using CFA. Results suggest that the proposed model does not 

exist, i.e. that the measurements in TMS do not operationalise into the proposed five key 
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domains of the HAP model, namely social wellbeing, psychological wellbeing, cognitive 

function, physical capability and physiological and metabolic health. This result was somewhat 

surprising given the known underlying relationships between the measurements included in 

these domains, such as those between measures of body composition, BMI, waist, and hip 

circumference and physiological parameters of fasting blood glucose and blood lipids, which 

according to the proposed model should fall within a physiological and metabolic health 

domain. The results of our study are thus counterintuitive as they suggest that these 

parameters are not associated with each other in this data set, which would be an unusual 

finding indeed.  

 

Due to the lack of model fit, we used EFA to explore distinct health domains. Here, we observed 

that the TMS dataset was not factorable, indicating that there is no common variance among 

the different variables in the dataset. As a result, we removed the offending variables from the 

data set and reperformed the analysis, after verifying the reduced data set was factorable. The 

results of the EFA showed a two-domain model, distinguishing a psycho-physical domain, 

containing cognitive, physiological, social and physical performance measurements, and a 

domain containing measures of psychological resilience (refer to table 2). Not only does the 

result from our EFA differ from the five-domain model proposed by Lara et al.,5 it also departs 

from our EFA conducted within the InChianti study. Here we show a clear four domain model, 

including neuro-sensory function, muscle function, cardio-metabolic function and adiposity.20 

Discrepancies between the different studies may be due to the cultural or behavioural 

differences among the participants of the different studies as well as to differences in how 

variables were assessed, especially in the context of self-rated items, analysed and age range 
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of the participants. Specifically, the InChianti study included a broad range of individuals 

whereas the TMS study an oversampling of T2DM. Interestingly, the original study regarding 

the HAP does not suggest any specific population, but merely produced a panel of 

measurements categorised into meaningful domains.  

 

Although, some common themes (i.e. that health parameters can be grouped into meaningful 

domains) were observed between these studies and those from literature,21 20 the large 

discrepancies between the studies helps to demonstrate the complexity of defining and 

operationalising healthy aging.22  

 

In a recent publication, operationalised models of successful ageing were reviewed. The 

authors reported that the models although multidimensional in nature, significantly vary in 

what they include. Of the 50 included studies, 19 models used Rowe and Kahn’s standards of 

healthy ageing, two used the WHO’s active ageing model and one study used Kuh’s model of 

healthy biological ageing.23 Moreover studies tend to use short surveys such as the SF-12 or 

SF-36 to measure healthy ageing instead of distinguishing separate health domains.23 Although 

in this study we did not attempt to predict successful ageing, due to the cross-sectional nature 

of our data set, we aimed to test the possibility of creating a metric from a proposed panel. If 

we compare the HAP directly to another successful ageing, such as the Successful Aging Index 

(SAI), a four dimensional model containing (1) physical and functional health (PF), (2) 

psychological well-being and cognition (PC), (3) social engagement and family support (SF), (4) 

economic resources and financial security,24 the models are similar in how aspects of health 

are grouped together. However, the HAP does not include measures of economic resources.5 
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Moreover, whereas the HAP5 suggests a panel of metrics to measure these aspects of health, 

the SAI used a binary approach where participants could only score zero or one for each trait.24 

Interestingly in this study only 5.8% of participants attained SA in all four dimensions.24  

 

Limitations 

This study has a number of limitations. Since the data set had a significant number of missing 

values, a large number of participants (approximately 50% of the original data set) were lost 

during data analysis as CFA does not cope with any missing data. Similarly, due to the size of 

the complete data set, we were not able to replicate our analysis or results within a test data 

set. Moreover, we used a non-traditional analytical approach. Instead of performing an EFA 

followed by a CFA, our hypothesis was based on a proposed domain structure instead of 

exploring the data for its structure and then testing its robustness. 

 

Conclusion 
Our study shows that the previously published theoretical HAP model is not represented in the 

TMS cohort, which exemplifies the difficulty and complexities of defining, operationalising and 

measuring ageing success. Therefore, new studies should focus on developing an 

operationalizable metric of successful ageing which can then be tested within existing, and new 

cohort studies. 
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Supplementary materials 

Calculated variables 

Social network variables: The collection of social network data has been described in detail 

elsewhere.25 In brief, social networks were collected through a name generator questionnaire. 

The name generator first required the respondent to identify actual persons, and secondly 

asked several questions about these identified individuals are asked (i.e. sex, age, type of 

relationship, geographic distance, and the number of members who provided informational, 

practical or emotional support). For the present study the following social network variables 

were included; 

1.  Emotional support: The sum of two items “the number of network members that 

provide the opportunity to discuss important matters” and “the number of network 

members that provide emotional support when participants were feeling unwell”. 

2.  Practical support: The sum of two items “the number of network members that help 

with small and larger jobs around the house” and “the number of network members that 

provide practical help when participants were sick” 

3.  Contact frequency (defined as an interaction between persons): Total contacts per half 

year were computed. For this, we first identified the highest contact frequency (e.g., daily 

contact) for every network member, as an indicator of the actual contact frequency. 

Secondly, we recoded the answer categories of the questionnaire to an estimated number 

of contacts per half year. For example, “bi-annually” was assumed to comprise one contact, 

“quarterly” two contacts, “monthly” 6 contacts and “daily or weekly” 48 contacts. Thirdly, 

we computed the sum of all contacts per half year as the total contact frequency, which 

was then divided by the total contact frequency by 10 for of the ease of interpretation. 
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MMSE score: Cognitive performance was assessed using the Minimal Mental State 

Examination.26 

GIT score: “Groninger intelligentietest” word list test was used to assess verbal intelligence. 27 

Processing speed: Derived from the following (sub)tests: Stroop Colour Word Test Part I and II, 

Concept Shifting Test Part A and B (both adjusted for Part 0), and the Letter-Digit Substitution 

Test if all items had been completed and were otherwise coded as missing. 

Executive attention: Derived from the following (sub)-tests: Stroop Colour Word Test Part III 

(interference score) and Concept Shifting Test Part C (inhibition score) if all items have been 

completed, otherwise they were coded as missing. 

WLTR score: 15-word list delayed recall score.6 

WLT score: 15-word list learning score.6 

STRINT: Stroop test interference time (sec). 

PHQ-9: Patient Health Questionnaire (PHQ-9)- nine item questionnaire was used to assess 

depressive symptoms.28 

GAD-7: Generalised Anxiety Disorder (GAD-7) questionnaire used to assess symptoms of 

anxiety.29 

GSES-effort: The General self-efficacy questionnaire sub-scale score calculation for “effort” as 

described in Bosscher et. al. 1997,30 was calculated using items two, five, nine, twelve, fifteen, 

and sixteen if all items were answered by the participant. If any value was missing the 

calculated variable was not calculated and coded as missing. 
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GSES-Persistence: The General self-efficacy questionnaire sub-scale score calculation for 

“persistence” as described in Bosscher et. al. 1997,30 was calculated using items one, three, 

four, eight, ten and thirteen if all items were answered by the participant. Of note, items one, 

three, four, eight, ten and thirteen were reverse coded. If any value was missing the calculated 

variable was not calculated and was coded as missing. 

GSES initiative: The General self-efficacy questionnaire sub-scale score calculation for 

“Initiative” as described in Bosscher et. al. 1997, was calculated using items six, seven, fourteen 

and eleven, if all items were answered by the participant.30 If any value was missing the 

calculated variable was not calculated and was coded as missing. 

Personal mastery (mean): The personal mastery score was using a Dutch version of Pearlin and 

Schooler's Mastery scale31, this is a seven item scale in which scores can vary from seven (low 

personal mastery) to 35 (high personal mastery).32 This score was calculated as the mean of 

the responses so long as at least half the items on the questionnaire were answered. 

Aggression score: The adult aggression questionnaire computes a score for aggression if all 

items have been answered.33 Items are answered on a five point Likert scale, ranging from one 

(‘totally disagree’) to five (‘totally agree’) and summed, with higher scores indicating more 

cognitive hostility, anger and aggression, respectively. If any value was missing the calculated 

variable was not calculated and was coded as missing. 

Of note, item one was reverse coded 34, and the original questionnaire also has a physical 

aggression component, but was not included in this study. 

Physiological variables 

Anthropomorphic measurements: Body mass index was determined from weight and height 

measurements; hip and waist measurements were also taken 6. 
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Blood pressure: Systolic and diastolic blood pressure were calculated as the average of at least 

three blood pressure readings (Omron 705IT) performed after a minimum of 10 minutes of 

seated rest.35 

Blood lipids: Serum concentrations of total cholesterol, high-density lipoprotein (HDL) 

cholesterol, and triglycerides were measured using an automatic analyser (Beckman Synchron 

LX20, Beckman Coulter Inc.).35 

FEV1 percent predicted: Lung function, forced expiratory volume in one second, was assessed 

by spirometry (EasyOne™ spirometer, NDD Medical Technologies, Zurich, Switzerland).6 

Percent predicted was calculated using the Global Lung Function Initiative formula which 

accounts for age, height, gender and ethnicity. 

Glucose: Fasting glucose concentrations were analysed using a standard enzymatic hexokinase 

reference method.35 

HbA1c: HbA1c was collected as described elsewhere.6 

Pulse pressure: Was calculated as the difference in systolic blood pressure and diastolic blood 

pressure. 
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Abstract 
Advocating continued health into old age, so called successful ageing, is a growing public health 

goal. However, the development of tools to measure ageing is limited by the lack of 

appropriate outcome measures, and operational definitions of successful ageing. Using 

exploratory factor analysis, we attempted to identify distinguishable health domains with 

representative variables of physical function, cognitive status, social interactions, psychological 

status, blood biomarkers, disease history, and socioeconomic status from the InCHIANTI study. 

We then used logistic and mixed effect regression models to determine whether the resulting 

domains predicted outcomes of successful ageing over a nine-year follow-up. A four-domain 

health model was identified: neuro-sensory function, muscle function, cardio-metabolic 

function and adiposity. After adjustment for age and gender, all domains contributed to the 

prediction of walking speed (R2=0.73). Only the muscle function domain predicted dependency 

(R2=0.50). None of the domains were a strong, significant predictor of self-rated health 

(R2=0.18) and emotional vitality (R2=0.23). Cross-sectional findings were essentially replicated 

in the longitudinal analysis extended to nine-year follow-up. Our results suggest a multi-

domain health model can predict objective but not subjective measures of successful ageing.   
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Introduction 
The number of old and very old adults (aged 65 and over, and 80 and over respectively) is 

rapidly rising in all European countries, and represents a progressively growing percentage of 

the general population.1 At the same time, the proportion of working aged individuals is 

declining.2 These changes in the population pyramid, as well as increasing life expectancy, is 

challenging the stability of health and social care systems.3 Therefore, advocating strategies 

that promote health into old age and maximise successful ageing is a growing public health 

goal.  

 

Biological ageing varies markedly between individuals,4 and this disparity between individuals 

only grows with age.5 Although partially genetically determined, 75% of human longevity is 

believed to be determined by modifiable factors including diet, lifestyle and socioeconomic 

status.4 In order to understand whether any intervention aimed at promoting healthy ageing 

is effective, a benchmark for the assessment of healthy ageing is needed. Therefore, the 

development of tools to measure successful ageing, and to timely identify the early stages of 

health impairment, has become a research priority.6 Developing such tools however, is a 

challenge, as ageing is a complex process and it is unlikely that a single measure will be able to 

track the ageing trajectory, particularly early in life, when disease symptoms and functional 

limitations are still rare.6 Furthermore, testing the validity of tools to measure healthy ageing 

is complicated due to the lack of an agreed upon definition of healthy ageing,6 as well as 

discrepancies in the terminology describing this concept.  

 

As of 2010, 29 different definitions of successful ageing have appeared in the literature;7 

Michel & Sadana summarised the recent conceptualisations of ageing,8 and more recently, a 
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citation network analysis identified 1146 publications related to successful ageing.9 Despite 

extensive discussion and substantial analytical work done on defining successful ageing, many 

authors agree that an objective, robust measure of healthy ageing is difficult to develop. This 

is because at the individual level, successful ageing depends heavily on perspective of the 

observer, and different individuals may value different aspects of their life. 9 Subjective 

definitions tend to include themes such as the attainment or maintenance of goals, positive 

attitudes, attainment of social milestones and connectedness, whereas objective measures 

emphasise lack of disease and preserved functional status.7 Yet, until a reliable measure of 

biological ageing can be developed, measures based on the aggregation of phenotypes, 

functional status, as well as subjective goals remain the best choice. 

 

Previously defined key aspects of healthy ageing include physical and mental health as 

represented by walking speed,10 dependency risk,11 12 emotional vitality 13 and self-rated 

health.14 15 Walking speed is a complex movement which integrates circulatory, respiratory, 

skeletal, muscular and nervous systems;16 in older persons, it is a key indicator of physical 

health and a strong predictor of all-cause, cardiovascular, and other-cause mortality.17-20 

Dependency risk (deficits in the activities of daily living, ADL’s), is strongly associated with 

severity of health status deterioration and a strong predictor of healthcare utilisation.21 

Emotional vitality is a subjective measure that summarises aspects of mental health, mood, 

psychological resilience and personal mastery,13 all of which reflect the ability to adapt to 

changing personal circumstances,22 physical changes,13 and might contribute to the ability to 

find continued meaning in life. Lastly, self-rated health is a measure used widely in public 

health as an all-encompassing measure of health status,23 thought to reflect brain-body 

communication.24 
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Due to the multidimensional nature of ageing, and age-related pathologies, assessing healthy 

ageing by combining information across many different measurements makes sense. Of the 

many proposed measurement tools, that at least in theory, assess health and wellbeing in older 

persons, most focus on disease and disability, which are only partial component of the 

multifaceted readouts of healthy ageing.25 The problem with these tools is that they can easily 

distinguish the least healthy but not the healthiest individuals in the population.26 This is 

because diseases and disabilities only become manifest when compensatory strategies are 

exhausted. Lara et. al. proposed that this problem could be addressed by operationally defining 

the Healthy Ageing Phenotype (HAP),25 a panel of measures which change with age, are 

susceptible to lifestyle interventions and that can be classified in few meaningful domains. 

Clustering variables into domains may not only ease the interpretation of complex health data, 

it can also provide some clues of the underlying mechanism that affect the “healthy” condition. 

Furthermore, if the domains are identified using empirical methods, such as exploratory 

factory analysis, sub-scores can be developed that can capture changes in health status. Almost 

surprisingly, the development and use of such empirical methods have been limited to only a 

few studies.27 28 

 

Using data from the InCHIANTI study, we aimed to identify distinguishable variable clusters 

(hereafter referred to as domains) that have face-validity for healthy ageing. We hypothesise 

that meaningful domains can be derived from the data, and that they are predictive of key 

aspects of successful ageing (Figure 1).  
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Methods 

Study Design and participants 

The data analysis was performed in the InCHIANTI database. InCHIANTI is a cohort survey that 

was designed and conducted to study risk factors and mechanisms of mobility loss in late life.29 

The initial data collection for this study began in September 1998 and the first phase was 

completed in 2000. Data collection continued thereafter every three years. For this study we 

used data collected at baseline (1998-2000) and in the three (2001 -2003), six (2004 -2006) 

and nine-year (2007 -2008) follow-up, which was concluded in 2009. Given the wide range of 

variables collected as well as the long follow-up, this cohort represents an extraordinary source 

for exploring factors associated with successful ageing. A detailed description of the InCHIANTI 

cohort study can be found elsewhere.29 In short, 1453 adults, aged 20 and over were randomly 

selected from the population registries in two towns in the Chianti countryside of Tuscany, Italy 

Greve in Chianti and Bagno a Ripoli, which represented 94% of the eligible population.30 The 

study was approved by the Italian National Institute of Research and Care of Aging ethical 

committee and complies with the Declaration of Helsinki.30 The InCHIANTI study collected data 

on physical function, cognitive function, social status, dietary habits, psychological status, 

laboratory parameters, disease history, family history and socioeconomic status.29 All analyse 

was performed in Stata 14.2.31 

 

Variable selection 

To select a putative list of variables that, at least in principle, could be potentially included as 

healthy ageing indicators in variable clusters, we first identified variables from the InCHIANTI 

dataset that had been previously associated with ageing and functional decline and had been 

included in other models of ageing and/ or allostatic load, including but not limited to the HAP. 

Part of this search entailed examining the models which were recently included in a review by 
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Mount et. al.6 as well as looking at more recently developed models.28 32-35 The final selection 

(table 1) was based on expert opinion by the research team. Correlation analysis was 

performed to remove redundant variables. 

  

A total number of 1453 of subjects were included in our analysis. Of these, 44% were male and 

66% were female. Females were on average 69 years, and males 67 years at baseline and age 

ranged from 23 to 97 years and 21 to 102 years for males and females respectively. A complete 

data set was available for 506 observations, which were subsequently included in the EFA, in 

order to avoid techniques such as multiple imputation. 

 

Additionally, multivariate regression analyses were performed to explore if the predictive 

value and individual contribution of the four health domains at baseline was similar after 

nine-year follow-up. These tables are presented in the addendum (tables S6-S9).  

 

Exploratory factor analysis 

As a first step, to investigate the factor (domain) structure of the InCHIANTI dataset, we 

performed an exploratory factor analysis (EFA). We started by investigating multivariate 

normality using the Doornik-Hansen test36 and the distributions of selected variables were 

explored by using histograms. Factorability of the data set was examined using an anti-image 

correlation matrix.37 38 Values of 0.3 or higher were considered appropriate to be included in 

the EFA. EFA was then carried out using the principle axis factoring method with standardised 

variables. Variables were standardised using the variable value divided by maximum minus the 

minimum value method.39 If variables had a loading of (-) 0.3 or higher, on at least one factor 

they were retained in the model.40 41 In the construction of these domains, the factor loading 
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was carefully examined in the case of cross loadings. When variables had similar loadings on 

two factors, the variable factor was determined by logical relationships. In the case of HOMA, 

although it had a lower loading onto cardio-metabolic function, it was assigned to this factor 

as a result of testing both factor constructions. When assigned to the muscle function domain, 

it strongly reduced the reliability of the factor (0.65 to 0.56), while its addition to cardio-

metabolic function had limited impact. 

 

The resulting latent factors from the EFA were retained in the model based on the results of 

Kaisers criteria (eigen value greater than 1), as well as visual inspection of a scree plot (the 

number of factors to be retained in the solution is the number of factors which come before 

the elbow or levelling off of the curve).41 In order to determine if the latent factors were 

correlated both varimax and promax rotations were performed on the resulting factor 

structure.41 Secondly, a correlation analysis was performed on the resulting factors to verify 

the existence of any correlations between factors. The presence of any correlations and or 

differences between rotation methods determines the appropriate rotation method. Factors 

which consisted of at least three variables were considered stable.41 To determine the 

sampling adequacy of the dataset, the Kaiser-Meyer-Olkin (KMO) was applied, as a rule of 

thumb this value should be greater than 0.6.42 As a last step in the factor analysis, factor scores 

were then calculated using the predict function, a regression method in Stata, which were then 

used in further analysis. 
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Reliability testing 

Internal consistency and reliability were examined using Cronbach’s alpha for each of the 

extracted latent factors. Values greater than 0.9 were considered excellent, 0.8-0.9 good, 0.7-

0.8 acceptable, 0.6-0.7 adequate, 0.5-0.6 poor and less than 0.5 as unacceptable. 

 

Factoring scoring 

Factor scoring coefficients were derived from the discovered latent factors using a regression 

method. The weights of the individual variables were then multiplied by the standardised 

measurements of individual participants to determine individual variable scores. These scores 

were then added to give an overall score to each of the individual latent variables. 

 

Prediction models 

Multivariate (logistic) regression analyses were used to determine the predictive value of the 

discovered factors (i.e. neuro-sensory function, muscle function, adiposity and cardio-

metabolic function) on the key aspects of healthy ageing; self-rated health, walking speed, 

emotional vitality, and dependency at baseline. Model fit was examined by using R2 in linear 

regression models and McKelvey and Zavoina's R2 in logistic models 43. In the analysis age at 

baseline and gender used as covariates.  

 

Mixed effect regression and mixed effect logistic models were used to predict the dependent 

variables self-rated health, walking speed, emotional vitality, and dependency at the nine-year 

follow-up. Models were adjusted for baseline age and gender. To do this we calculated factor 

scores for each of the time points. If a variable was not available at a specific follow-up point, 

it was substituted for the value at the most recent follow-up moment. Once the factor scores 

were calculated, as previously described, they were entered into the model as independent 
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variables. In addition, a new variable, time point, which identified the factor scores at each 

time point, was included in the model as an independent variable. 

 

Walking speed 

Walking speed (m/s) was based on a 400m walking test. If the participants were not able to 

complete the test, the estimated 400m walking speed (m/s) was used. 

 

Dependency 

Participants were considered having disability if they had any need for help in performing 

Activities of Daily Living (ADL’s), reflecting the lack of ability to perform the eating, bathing, 

dressing, toileting, transferring and maintaining continence unaided.44  

 

Self-rated health  

Participants were considered as having poor self-rated health if they state that they health 

was very-poor, poor or fair and to have good self-rated health if they self-reported that they 

health was good and very good.  

 

Emotional vitality 

Emotional vitality scores were generated following the method described by Penninx et. al. 

2000,13 with one exception. We had no complete measure of anxiety and therefore substituted 

the anxiety sub-score with the item from the CES-D questionnaire “During the past week, I felt 

fearful.” Participants were given a score of zero if they scored more than one on this question, 

indicating they felt fearful more than rarely in the past week. Participants were considered vital 

if they if they passed all items (i.e. a score of four) but were otherwise considered not-

emotionally vital. 
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Results  

Exploratory factor analysis  

Table 1 shows the factors resulting from the oblique rotation (table 1). All factors were used in 

further analysis (refer to supplementary table S1 for the orthogonally rotated factor loadings). 

Using the Eigen value criteria (table 1) as well as visual inspection of the scree plot 

(supplementary figure S1) four factors were identified defined as neuro-sensory function, 

cardio-metabolic function, muscle function and adiposity and were retained in the model 

(table 1, and figure 2). The factor set was then subjected to the KMO test, which had an overall 

value of 0.8447, indicating sufficient sampling adequacy.  

 

Reliability testing 

Neuro-sensory function, cardio-metabolic function, muscle function and adiposity variable 

clusters had, respectively, Cronbach’s alpha coefficients of 0.78, 0.74, 0.65 and 0.55. Each of 

these factors remained stable when retested to derive the alpha value.  

 

Factor scoring 

The regression derived variable weights are presented in supplementary tables S2-S5. 

 

Prediction models 

Baseline: All domains were significant independent determinants of walking speed with a R2 

value of 0.78 (MSE 0.15) (table 2). Next to male gender, only muscle function was predictive of 

dependency with a R2 of 0.50 (table 3). Predictive value for baseline self-rated health and 

emotional vitality models was low (R2= 0.23 and 0.17 respectively (tables 4-5)), but it is of note 

that muscle function, neuro-sensory function and cardio-metabolic function contributed 

significantly to self-rated health, while only cardio-metabolic function contributed significantly 

to emotional vitality. An overview of the results is presented in table 6. 
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Nine-year follow-up: Similar results were obtained at the nine-year follow-up, except for the finding 

that future dependency was not only predicted by muscle function, but by all four domains 

(supplementary table S9). 

 

 

Figure 1: Theoretical model of successful ageing 
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Figure 2: Extracted factor loading  

Four factors (domains) named: Neuro-sensory function, Cardio-metabolic function, Muscle function 

and Adiposity.    
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Table 1 

Variable Factor 1 Factor 2 Factor 3 Factor 4 Uniqueness 

Adiponectin     0.8279 
Fat area at 66% tibia length   0.4029 -0.8131 0.4144 
Muscle area at 66% tibia length  0.3521 0.5086  0.6889 
Muscle density 0.3936  -0.3447  0.6768 
TNFA-Receptor 2  -0.3775   0.6192 
HOMA  -0.3022 0.4763  0.6636 
Blood glucose  -0.3355   0.7463 
Creatinine    -0.5614 0.6918 
Red cell distribution width     0.8993 
Pulse Pressure -0.4467    0.7458 
Waist to hip ratio    0.4770 0.5632 
EPESE perform walking sub-score  0.4925   0.6374 
EPESE perform chair sub-score  0.4801   0.5802 
EPESE perform Balance sub-score  0.5554   0.6092 
Coordination score     0.9651 
Coordination speed 0.6998    0.4397 
Comorbidity score     0.7658 
Muscle power lower extension max R 
side 

0.5839   0.4267 0.3072 

Trail making test B -0.7686    0.4265 
Years of education 0.7623    0.5005 
Hearing difficulty     0.8857 
IL6  -0.4676   0.7674 
CRP  -0.3077   0.8350 
IL1RA   0.4726  0.7427 
Cortisol: DHEAS ratio     0.9549 
Ankle-brachial index     0.9402 
Cortical bone mass density     0.8337 
HDL cholesterol   -0.4382  0.6506 
TIGF1 0.4558    0.8022 
Olfactory score 0.3925    0.7618 
Sensory score 0.6311    0.5171 
Social interaction score     0.8937 
Handgrip strength 0.4989   0.4700 0.4041 
BMI   0.8377 -0.3144 0.3811 
Visual acuity 0.5421    0.6950 
Contrast sensitivity 0.4651    0.6863 
MMSE score 0.6832    0.5785 
      
      

 

Oblique rotated factor loadings 
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Table 2  

Walking speed Coef. Std. Err. t P>|t| 95% Conf. Interval 

      
Gender -0.038  0.021 -1.850  0.065 -0.079  0.002 

Age at baseline -0.004  0.001 -6.090  0.000 -0.005 -0.003 

Adiposity -0.041  0.008 -5.110  0.000 -0.057 -0.026 

Muscle function  0.140  0.014  10.050  0.000  0.112  0.167 

Cardio-metabolic function  0.211  0.015  14.460  0.000  0.183  0.240 

Neuro-sensory function  0.053  0.011  4.700  0.000  0.031  0.075 

constant  1.536  0.043  36.120  0.000  1.453  1.620 

Model information       

       
Observations  598 R2 adj.  0.779    
p Model  0.000 Root MSE  0.147    
R2  0.781 F (6, 691)  351.950    

 
Walking speed baseline model predictions 

 

Table 3  

Dependency  Coef. Std. Err. t P>|t| 95% Conf. Interval 

       

Gender  7.284  7.340  1.970  0.049  1.010  52.503 

Age at baseline  0.945  0.051 -1.050  0.293  0.851  1.050 

Adiposity  1.431  0.511  1.000  0.316  0.711  2.881 

Muscle function  0.117  0.118 -2.120  0.034  0.016  0.848 

Cardio-metabolic function  0.521  0.194 -1.750  0.080  0.251  1.081 

Neuro-sensory function  0.380  0.223 -1.650  0.100  0.120  1.202 

constant  0.079  0.286 -0.700  0.484  0.000  97.444 

       

Model information       

       
Observations 626 R2 0.50    
p Model 0.000      
Log likelihood 35.05  

        

       
Dependency baseline model predictions 
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Table 4 

Emotional vitality Coef. Std. Err. t P>|t| 95% Conf. Interval 

       

Gender  0.839  0.346 -0.430  0.671  0.374  1.883 
Age at baseline  1.018  0.013  1.400  0.161  0.993  1.044 
Adiposity  0.974  0.163 -0.160  0.876  0.702  1.352 
Muscle function  1.107  0.295  0.380  0.701  0.658  1.865 
Cardio-metabolic function  0.363  0.176 -2.090  0.037  0.140  0.940 
Neuro-sensory function  0.830  0.202 -0.770  0.444  0.514  1.338 
constant  3.294  2.756  1.420  0.154  0.639  1.697 
       

Model information       

       
Observations  623 R2  0.175    
p Model  0.000      
Log likelihood  32.610  

        

       
Emotional vitality baseline model predictions 

 

Table 5 

Self-rated health Coef. Std. Err. t P>|t| 95% Conf. Interval 

       

Gender 0.787 0.253 -0.740 0.456 0.420 1.477 
Age at baseline 0.970 0.011 -2.770 0.006 0.949 0.991 
Adiposity 1.128 0.140 0.980 0.330 0.885 1.438 
Muscle function 0.549 0.129 -2.550 0.011 0.346 0.871 
Cardio-metabolic function 0.481 0.108 -3.250 0.001 0.310 0.748 
Neuro-sensory function 0.592 0.106 -2.930 0.003 0.418 0.841 
constant 3.709 2.572 1.890 0.059 0.953 1.444 
       

Model information       

       
Observations 623 R2  0.225    
p Model 0.000      
Log likelihood -328,918  

        

       
Self-rated health baseline model predictions 
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Table 6 

 Walking Speed Dependency Self-rated health Emotional vitality 

Domain T0 T9 T0 T9 T0 T9 T0 T9 

Gender  x x   x   

Age at baseline x x  x x x  x 

Adiposity x x  x  x  x 

Muscle function x x x x x x   

Cardio-metabolic 
function 

x   x x  x  

Neuro-sensory function x x  x x x   

R2 0.78 N/A 0.50 N/A 0.23 N/A 0.17 N/A 

 

Relative latent factor contributions summary table. In this graphic baseline measurements are 

represented as T0, and the nine-year follow-up measurement as T9. 

 

 

Discussion 
There is a continued discussion in the literature as to what it means to age well, and terms vary 

from successful ageing, active ageing, positive ageing, productive ageing among others 45. The 

aim of this study was to determine whether the phenotypic manifestation of ageing can be 

measured parsimoniously. Exploratory factor analysis using the InCHIANTI database lead to the 

discovery of four domains: Neuro-sensory function, cardio-metabolic function, muscle 

function and adiposity. Logical relationships were found between the variables making up the 

factors of cardio-metabolic function, muscle function, and adiposity. Neuro-sensory function 
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encompassed a compelling combination of measures of cognitive ability and sensory function, 

such as visual acuity and contrast sensitivity as well as other physiological factors. It was initially 

surprising that pulse pressure and insulin-like-growth-factor-1 (IGF-1) loaded on to this factor, 

but evidence from literature suggests strong and physiologically plausible relationships for this 

result. Previous longitudinal studies have found a relationship between higher pulse pressure 

and cognitive decline.46 47 Baseline pulse pressure, for instance, has been associated with 

poorer executive ability and lower total cerebral volume and greater temporal horn ventricular 

volume after five to seven years of follow-up.48 This is supported by similar findings showing 

prospective declines in learning, nonverbal memory, working memory, and a cognitive 

screening measure among participants with increasing levels of pulse pressure.47 Insulin-like-

growth-factor-1 on the other hand, has been shown to decline with age and precede cognitive 

decline.49 Furthermore IGF-1 has been shown to play a major role in growth, ageing, brain 

development and adult brain function,49 and specific associations have been made with 

reductions in fluid intelligence,50 and processing capacity.51  

 

When these domains were then used to determine the key aspects of successful ageing, 

namely walking speed, dependency risk, emotional vitality and self-rated health, the directions 

of their contributions suggest that the domains are indeed useful. As summarized in table 6, 

both in the baseline and future walking speed model, high adiposity, and cardio-metabolic 

scores reduced walking speed, while high neuro-sensory and muscle function increased scores. 

In the baseline dependency model, only poor muscle function was predicted by dependency 

risk but, in the nine-year follow-up model, all domains became statistically relevant, with the 

strongest contributor being adiposity. These findings are in line with those of Diem et. al. who 
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found that maintained independence among the oldest age was related to mobility and 

cognitive function.52  

 

The methods used here to develop a health score, and the outcomes we selected aid in 

avoiding the focus on ‘average tendencies’ within population subgroups, allow for 

heterogeneity and help shift the focus away from diseased and/or frail versus successful ager. 

Secondly, by carefully selecting the outcome variables we have avoided a focus on negative 

outcomes.53 This also makes our model relevant to a wide range of the population by not 

limiting measures to those which are strictly related to frailty. In addition, by using only 

objective measurements, the influence of cultural differences may be reduced.54 Lastly, by 

studying the ageing individual in this way allows us to consider that successful ageing may 

occur in the presence of (well managed) chronic disease55 and recognises that ageing and its 

influence does not begin at any predefined cut off. 

 

In general, our results lend support to the two schools of thought on successful ageing, 

specifically, the psychosocial school, which defines successful ageing as a mental state and the 

biomedical school which suggests successful ageing is avoidance of disease and disability.56 Our 

model suggests physical aspects of ageing can be predicted well in contrast to emotional 

resiliency and one’s health perspective. 

 

Limitations 
What we have shown here is that combining variables in the form of scores representing different 

systems can determine two aspects of what we consider successful ageing, namely walking speed and 
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dependency risk, both of which can importantly be influenced by lifestyle change. However, we should 

carefully consider the context in which this model was developed. Variables were selected from a pre-

existing database, with preference for those which were available at multiple time points. On the other 

hand, these variables were also selected due to their consistent relationship with the ageing processes 

and were originally included in the database due to their possible relationship with disability.29 

Furthermore, we did not include early life factors, the impact of which is currently debated.57 In 

addition, the factor analysis method should also be considered as the weightings of the specific 

variables and the composition of the factors may vary depending on the studied population. Our sample 

size also was limited because we chose to study a complete set of measurements. Lastly, we recognize 

that molecular metrics such as telomere length and methylation clock were not included as markers of 

biological ageing in the analysis. These measurements however are not normally done and cannot easily 

be added to typical blood panel chemistries. Furthermore, to date they are more theoretical instead of 

having practical use and for example, Haycock58 elegantly demonstrated that telomere length remains 

controversial with respect to risk of cancer and non-neoplastic diseases.58 

 

 

Conclusion 
In a time of increasing longevity, reduced fertility rates, increased disease burden, as well as 

the availability of new and multiple alternative therapeutic opportunities, the ability to predict 

and measure the likelihood of an individual reaching old age, in a relatively good condition of 

health and wellbeing, is becoming progressively more important. From these considerations, 

our aim was to build a statistical that could help in building an objective operationalised 

definition of successful ageing based on data collected in large longitudinal study performed 

in a representative population. Our work clearly shows that combining complex measurements 

allow the prediction of future health outcomes within the domain of successful ageing. Our 

results show that parts of the ageing trajectory can be determined from a body systems 
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approach while others, specifically the components of healthy ageing that are more subjective, 

cannot. Future research could focus on improving this scale, or aspects of this scale within 

aspects of it such that we can predict the likelihood of maintained health, ability and emotional 

wellbeing into old age.  
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Supplementary materials 

  

Figure S1: Scree plot 

Scree plot demonstrating an elbowing of the curve at factor number three or four.  
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Table S1 

Variable Factor 1 Factor 2 Factor 3 Factor 4 Uniqueness 

Adiponectin  -0.3068   0.8279 
Fat area at 66% tibia length   -0.7239  0.4144 
Muscle area at 66% tibia length  0.4575   0.6889 
Muscle density 0.4311 -0.3258   0.6768 
TNFA-Receptor 2 -0.3755   -0.3793 0.6192 
HOMA  0.5036   0.6636 
Blood glucose  0.3533  -0.3170 0.7463 
Creatinine   -0.5412  0.6918 
Red cell distribution width -0.3009    0.8993 
Pulse Pressure -0.4823    0.7458 
Waist to hip ratio  0.3716 0.5119  0.5632 
EPESE perform walking sub-score 0.3797   0.4470 0.6374 
EPESE perform chair sub-score 0.4218   0.4348 0.5802 
EPESE perform Balance sub-score 0.3433   0.4976 0.6092 
Coordination score     0.9651 
Coordination speed 0.7289    0.4397 
Comorbidity score -0.3855    0.7658 
Muscle power lower extension max 
R side 0.6503  0.4477  0.3072 
Trail making test B -0.7464    0.4265 
Years of education 0.6935    0.5005 
Hearing difficulty     0.8857 
IL6    -0.4217 0.7674 
CRP     0.8350 
IL1RA  0.4684   0.7427 
Cortisol: DHEAS ratio     0.9549 
Ankle-brachial index     0.9402 
Cortical bone mass density 0.3487    0.8337 
HDL cholesterol  -0.4921 -0.3040  0.6506 
TIGF1 0.4341    0.8022 
Olfactory score 0.4361    0.7618 
Sensory score 0.6540    0.5171 
Social interaction score     0.8937 
Handgrip strength 0.5651  0.4749  0.4041 
BMI  0.7464   0.3811 
Visual acuity 0.5307    0.6950 
Contrast sensitivity 0.5213    0.6863 
MMSE score 0.6482    0.5785 
      

 
Orthogonal (Varimax) rotated factor loadings 
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Table S2:  

Neuro-sensory coefficients 

Pulse pressure -0.074 

Coordination score 0.208 

Trail making test B -0.238 

Years of Education 0.147 

TIGF1 0.064 

Olfactory score 0.075 

Sensory score 0.147 

Visual acuity (near Snellen) 0.123 

Contrast sensitivity 0.123 

MMSE score 0.143 

 

Regression generated scoring coefficients, Neuro-sensory 

 

 

Table S3 

Cardio-metabolic function coefficients 

TNFA- receptor 2 -0.103 

HOMA index -0.053 

Blood glucose (mg/dl) -0.051 

z2PXSPSB 0.281 

z2PXSPSC 0.234 

z2PXSPSW 0.351 

IL6 -0.119 

CRP -0.117 

 

Regression generated scoring coefficients. Cardio-metabolic function 
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Table S4:  

Muscle Function 

Serum creatinine (reciprocal) 0.084 

Waist to hip ratio) 0.069 

Muscle power lower ext. max R side(watts) 0.463 

Handgrip strength 0.435 

 

Regression generated scoring coefficients. Muscle function 

 

 

 

Table S5 

Adiposity coefficients 

Muscle area at 66% tibia length 0.129 

Muscle density -0.153 

IL1RA 0.111 

HDL -0.111 

BMI 0.564 

Fat area at 66% tibia length 0.123 

 

Regression generated scoring coefficients. Adiposity 
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Table S6 

Walking speed Coef. Std. Err. z P>|z| 95% Conf. Interval 

Age -0.012 0.000 -33.290 0.000 -0.012 -0.011 

Gender 0.117 0.011 10.470 0.000 0.095 0.139 

Neuro-sensory function 0.005 0.001 6.740 0.000 0.004 0.007 

Cardio-metabolic 

function -0.001 0.001 -1.310 0.189 -0.003 0.001 

Muscle function 0.001 0.000 9.150 0.000 0.001 0.002 

Adiposity -0.050 0.013 -3.840 0.000 -0.076 -0.025 

Constant 1.953 0.023 84.690 0.000 1.908 1.998 

Random-effects Parameter var (Residual) 

Estimate 0.0325046 
 

Wald chi2 (6) 1537.030 
 

Std. Err. 0.0013981 
 

Log likelihood 318.082 
 

95% Conf. Interval 0.0298767 0.035364 Number of obs. 1081 
 

      Prob> chi2 > 0.000   

 

Mixed effect model for walking speed 
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Table S7 

Emotional vitality Coef. Std. Err. z P>|z| 

95% Conf. 

Interval 

Age 0.005 0.001 7.210 0.000 0.004 0.006 

Gender -0.042 0.022 -1.880 0.060 -0.085 0.002 

Neuro-sensory function -0.001 0.002 -0.580 0.564 -0.004 0.002 

Cardio-metabolic 

function -0.002 0.002 -0.850 0.398 -0.006 0.002 

Muscle function 0.000 0.000 -0.800 0.425 -0.001 0.000 

Adiposity -0.066 0.024 -2.770 0.006 -0.113 -0.020 

Constant 0.533 0.047 11.440 0.000 0.442 0.624 

Random-effects Parameter var (Residual) 

Estimate 0.389 
 

Wald chi2 (6) 64.060 
 

Std. Err. 0.008 
 

Log likelihood -608.974 
 

95% Conf. Interval 0.374 0.404 Number of obs. 1285 
 

      Prob> chi2 > 0.000   

 

Mixed effect model for emotional vitality 
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Table S8 

Self-rated health Coef. 

Std. 

Err. z P>|z| 95% Conf. Interval 

Age 0.004 0.001 5.200 0.000 0.002 0.005 

Gender -0.103 0.024 -4.310 0.000 -0.149 -0.056 

Neuro-sensory function -0.004 0.002 -2.410 0.016 -0.007 -0.001 

Cardio-metabolic 

function -0.003 0.002 -1.330 0.184 -0.007 0.001 

Muscle function -0.001 0.000 -2.880 0.004 -0.002 0.000 

Adiposity 0.069 0.026 2.700 0.007 0.019 0.120 

Constant 0.095 0.050 1.900 0.058 -0.003 0.194 

Random-effects Parameter var (Residual) 

Estimate 0.422 
 

Wald chi2 (6) 727.050 
 

Std. Err. 0.008 
 

Log likelihood -727.050 
 

95% Conf. Interval 0.406 0.438 Number of obs. 1309 
 

      Prob> chi2 > 0.000   

 

Mixed effect model for self-rated health 
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Table S9 

Dependency Coef. 

Std. 

Err. z P>|z| 95% Conf. Interval 

Age 0.002 0.000 5.630 0.000 0.001 0.002 

Gender -0.006 0.010 -0.560 0.577 -0.025 0.014 

Neuro-sensory function -0.002 0.001 -3.440 0.001 -0.004 -0.001 

Cardio-metabolic 

function -0.003 0.001 -2.620 0.009 -0.004 -0.001 

Muscle function -0.001 0.000 -3.360 0.001 -0.001 0.000 

Adiposity 0.027 0.010 2.620 0.009 0.007 0.048 

Constant -0.050 0.021 -2.360 0.018 -0.092 -0.009 

Random-effects Parameter var (sd Residual) 

Estimate 0.181 
 

Wald chi2 (6) 77.650 
 

Std. Err. 0.003 
 

Log likelihood 393.619 
 

95% Conf. Interval 0.175 0.188 Number of obs. 1361 
 

      Prob> chi2 > 0.000   

 

Mixed effect model for dependency 
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Abstract 
Although smoking is the key risk factor for Chronic Obstructive Pulmonary Disease (COPD), not 

all smokers develop it. Lifestyle, environmental and genetic factors may play a role in the 

aetiology. Our aim was to summarize the current state of knowledge, at the highest level of 

evidence, on factors associated with development of COPD. To achieve this goal, we reviewed 

relevant meta-analyses that we identified via MedLine, Web of Science and EMBASE. Meta-

analyses were included if they reported genetic variants, lifestyle or environmental factors 

associated with development of COPD. For each risk factor - disease combination the most 

comprehensive odds ratio (OR) was determined by either calculation of a meta-OR through 

meta-meta-analysis, or by selecting the most comprehensive OR based on the most recent 

and/or complete meta-analysis. Of the articles we found, we selected 42 and 11 publications 

for genetic and lifestyle/environmental factors respectively, as most comprehensive or to be 

included in meta-meta-analysis. From these articles, 281 genetic variants were identified, 74% 

(n=208) showed a significant association with COPD with odds ratio’s ranging from 0.17 to 3.33. 

Significant associations were found for seven of eight identified lifestyle/environmental 

factors, with odds ratio’s ranging from 0.45 to 9.50.  

Our report provides the first up-to-date and complete overview of genetic, lifestyle and 

environmental risk factors of COPD. This overview can serve as a valuable reference document 

for future researchers and lend itself for pathway analyses. 
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Introduction 

Rational 

Chronic obstructive pulmonary disease (COPD) is a preventable and treatable chronic 

respiratory disease characterized by persistent respiratory symptoms and airflow obstruction.1 

2 Worldwide, it is estimated that 11.7% of people aged 30 and over suffer from the disease3 

and approximately 5% of all deaths is attributable to COPD; making it one of the leading causes 

of death.4  

 

The most important and well-known risk factor for COPD is tobacco smoking,5 6 increasing the 

risk by over three-fold.7 However, not all smokers develop COPD, only about 20% of smokers 

will ever develop the disease,8 and furthermore not every COPD patient has a history of 

smoking behaviour.6 Other typical non-genetic risk factors include the use of solid fuel for 

cooking and heating in poorly ventilated houses, as well as exposure to gases or fumes, mostly 

from occupational exposure.9-11 In addition, a great number of genetic variants have been 

identified that were found to be associated with development of COPD.  

 

With the large amount of evidence aggregated over the years regarding risk factors of COPD, 

a comprehensive summary at the highest level of evidence will be helpful to different end-

users. To date, no such report has been published, incorporating genetic, lifestyle and 

environmental factors of COPD risk. Such an overview can help set up effective preventive 

strategies, screening practices, identifying knowledge gaps and supporting the work of future 

researchers.  
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Objective 

It is our aim to give an overview of the current evidence of genetic, lifestyle and environmental 

factors associated with the development of COPD, as researched in meta-analyses. 

 

Research Question 

Which genetic mutations and lifestyle factors and or exposures significantly contribute to the 

development of COPD.  

 

Methods 
Prior to starting the research, a protocol was registered in PROSPERO (CRD42017051582). 

 

Search strategy 

Databases of MedLine, Web of Science, and EMBASE were searched from inception up to May 

2018, with no restrictions to language or publication year. The following simplified search 

strategies were used: (COPD OR emphysema OR chronic bronchitis) AND (Genome wide 

association study OR candidate gene studies OR polymorphism) for genetic factors, and (COPD 

OR emphysema OR chronic bronchitis) AND (diet OR dietary OR nutrition* OR exercise OR 

"physical activity" OR smoking OR tobacco OR environment* OR occupation* OR alcohol OR 

alcoholic) AND ("Meta-Analysis" OR "pooled analysis”) for lifestyle and environmental factors. 

The full search strategies can be found in appendix 1.  

 

Eligibility criteria 

Studies were eligible for inclusion when they reported genetic variants, lifestyle factors, or 

environmental factors associated with COPD risk in meta-analysis.  
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Study selection  

After removal of duplicates, publications were screened by title and abstract. Second selection 

was based on full-text versions and done by SM and KS jointly. Disagreement was discussed 

until consensus was reached.  

 

Data extraction 

The following data was extracted: title, author, year, number of included primary studies, 

number of cases and controls, ethnicity, sex, relative risks per risk factor-disease combination 

(overall and subgroup), heterogeneity, and publication bias. Data was extracted by one 

researcher and checked for errors by a second researcher. Authors of publications were 

contacted for additional information in case of uncertainties. 

 

Selection criteria for estimates 

To be included, each meta-analytic estimate had to be based on a minimum of two primary 

studies. They were selected in the following order: (1) overall over sub-group estimates, (2) 

more adjusted over less adjusted estimates, (3) smoking adjustment over other adjustments, 

(4) incidence over prevalence, (5) random-effects model over fixed-effects model. Mortality as 

an outcome was only accepted if combined into one estimate with incidence and/or 

prevalence. Meta-analyses including both case-control and cohort studies were accepted. 

 

Methodological quality 

The Assessment of Multiple Systematic Reviews (AMSTAR), was used to appraise 

methodological quality of the individual meta-analyses.12 Each included publication was rated 

separately by SM and KS and disagreements were solved through discussion. If consensus 
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could not be reached AW was consulted. The assessment was used for evaluative purposes 

only. 

 

Data synthesis 

Our goal was to include risk estimates for the most comprehensive study. If only one meta-

analysis was available on a specific factor, this automatically was the most comprehensive 

study and these estimates were included directly. If multiple meta-analyses were available, the 

most comprehensive estimate was selected or calculated, in one of two ways: (1) Meta-

analyses were combined in meta-meta-analysis to obtain an overall estimate based on the 

largest number of primary data. This was only considered appropriate if ≤50% of the studies of 

the smaller publication overlapped with those of the largest population. If this made meta-

meta-analysis inappropriate, (2) the most comprehensive meta-analysis was included and 

secondly on the largest number of primary studies included. If this number was equal, the 

publication with the largest total number of participants was used. Meta-meta-analysis was 

performed using a random-effects model and heterogeneity was explored using the I2-

statistic.13 All analyses were done using Stata 14.(Statacorp LP). The ORs from meta-meta-

analysis will be referred to as a meta-OR (mOR).  

 

Extracted estimates for genetic factors were categorized under their appropriate model: allelic 

(e.g. A vs. T), dominant (e.g. AA+AT vs. TT), recessive (e.g. AA vs. AT+TT), homozygote (e.g. AA 

vs. TT), heterozygote (e.g. AT vs. TT), over-dominant (e.g. AT vs. AA+TT), and ‘other’ (e.g. slow 

vs. normal enzyme activity).  

 



  
   

94 
 

Attributable risk percent and preventive fraction 

To determine targets for preventive strategies, amongst other purposes, attributable risk per 

cent (AR%) was calculated for modifiable risk factors that were significantly associated with 

COPD. A combined AR% was calculated, combining lifestyle factors that are non-overlapping, 

assuming no interaction. This was done by first multiplying the individual RRs and then 

calculating the AR% as for individual factors. An AR% can be interpreted as the potentially 

preventable percentage of disease incidence among the exposed that are the result of the 

exposure, and therefore could be prevented if the exposure were eliminated.14 In case of 

protective factors (RR<1.00), the RR was inversed to represent the risk associated with absence 

of this factor. ORs were used as an approximation of the RR if RRs were not available. 

 

Results 

Literature search 

The literature search is depicted in Figures 1 and 2 for genetic and lifestyle/environmental 

factors respectively. A total of 60 and 15 publications were selected to be included in our study 

for genetic and lifestyle/environmental factors respectively. Of these, 42 and 11 publications 

were selected as most comprehensive for at least one risk factor or were included in meta-

meta-analysis. Meta-meta-analysis was performed for two genetic and four 

lifestyle/environmental factors. Supplementary tables 1 and 2 present the selected 

publications, with relevant characteristics such as ethnicity, smoking behaviours and COPD 

diagnoses of included populations, and for which factors they have been selected as most 

comprehensive. 
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Figure 1: Flow diagram genetic factors 
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Figure 2: Flow diagram lifestyle factors 
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Reporting quality 

Overall, AMSTAR ratings varied widely: 2/11 to 8/11 for meta-analyses and 0/4 to 3/4 for 

pooled analyses. This implies that the quality of the meta-analyses can be improved 

significantly. An overview of scores per item are visualized in supplementary figure 1 for 

genetic and lifestyle/environmental factors respectively. 

 

Genetic factors 

Of the 281 genetic variants identified, 74% (n=208) showed a significant association. Two meta-

meta-analyses were performed, for CHRNA5 rs16969968 and IREB2 rs2568494. Both 

associations were statistically significant with meta-ORs of 1.30 (1.24-1.36) and 0.85 (0.76-

0.93) respectively under the allelic model. Due to the large amount of information, only those 

variants with significant ORs ≤0.50 or ≥2.00 will be discussed and are additionally displayed in 

table 1 and figure 3. Variants with significant associations of 0.5>OR<2.0 and variants that were 

not significantly associated are displayed in supplementary tables 3 and 4 respectively. 

 

Angiotensin I converting enzyme (ACE)  

The insertion/deletion polymorphism increased the COPD risk in Asians, particularly in the 

homozygous and recessive models (OR=3.33, recessive model).15 The risk was not increased in 

Europeans. 

 

ADAM metallopeptidase domain 33 (ADAM33) 

Many variants of the ADAM33 gene were associated with COPD, with particularly strong 

associations for rs2280090 (T2), rs2280091 (T1), and rs612709 (Q-1).16 Rs2280090 (T2) 

increased the risk (e.g. OR=2.34, homozygous model) for Europeans, whereas the risk was 
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decreased for Asians (e.g. OR=0.17, homozygous model). Rs2280091 (T1) only showed an 

increased risk among Asians (OR=3.19, homozygous model). Rs612709 (Q-1) decreased the risk 

among both Europeans and Asians under all models (e.g. OR=0.51 and OR=0.28 respectively, 

homozygous model). 

 

Cytochrome P450 family 1 subfamily A member 1 (CYP1A1) 

The risk of COPD was particularly increased for rs1048943, but only when both ethnicities were 

combined (e.g. OR =2.75 and OR =3.23 for recessive and over-dominant models respectively).17  

 

Epoxide hydrolase 1 (EPHX1) 

Extremely slow activity EPHX1 encoded enzyme hydrolase 1 (determined by a combination of 

rs1051740 and rs2234922) resulted in an increased COPD risk in both the overall and 

Caucasian-specific estimates (OR=1.77 and OR=2.64 respectively), but not in Asians.18 

 

Glutathione S-transferase mu 1 (GSTM1) 

The null genotype of GSTM1 increased COPD risk for all ethnicities combined (OR=1.52, allelic 

model), but was particularly high for Africans (OR=2.42, allelic model) and Asians (OR=1.59, 

allelic model), in contrast to Caucasians (OR=1.26, allelic model) (Ding et al. 2018). Restricted 

to current and former smokers, estimates were similar (OR=1.51 and OR=1.59 for overall and 

Caucasians respectively, allelic model).19 The risk was slightly higher for female than for male 

smokers (OR=2.74 and OR=2.04 respectively, allelic model). 
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Haeme oxygenase 1 (HMOX1) 

Long (L) allele carriers of the HMOX1 gene had an increased COPD risk compared to short (S) 

and medium (M) allele carriers (e.g. OR=2.02 for people with at least one L-allele compared to 

non-L-allele carriers).20 

 

Interleukin 6 (IL6) 

The risk of COPD was decreased for rs1800796 (e.g. OR=0.20, homozygous model).21 

 

Interleukin 13 (IL13) 

Rs1800925 increased the COPD risk in the overall estimate (OR=1.82 and OR=2.02 

heterozygous and homozygous models respectively) and specifically for Arabians (OR=2.94 and 

OR=3.05 heterozygous and homozygous models respectively).22 Rs20541 decreased the risk in 

Caucasians (OR=0.38, dominant model) whereas it increased the risk in Asians (OR=1.30, allelic 

model).23 

 

Interleukin 1 receptor antagonist (IL1RN) 

The COPD risk was increased for rs2234663 in all ethnicities combined (OR=2.59 and OR=3.16, 

recessive and homozygous models respectively). A similar risk was seen for East-Asians 

(OR=3.20, homozygous model).24 

 

Serpin family A member 1 (SERPINA1) 

The Z allele of SERPINA1, compared to the M allele, increased the COPD risk by over twofold 

(OR=2.31) but this association disappeared after adjustment for smoking.25 Compared to MM 

homozygotes, SZ heterozygotes had an increased risk of over threefold (OR=3.26).26  
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Surfactant protein A1/A2/B/D (SFTPA1/A2/B/D) 

All variants of SFTPA1/A2/B/D combined led to an increased COPD risk for Asians (OR=1.97 and 

OR=2.26 for dominant and homozygous models respectively) but not Caucasians.27 

 

Tumour necrosis factor (TNF) 

Rs1800629 increased the COPD risk for Asians (e.g. OR=2.40 and OR=3.25 for allelic and 

homozygous models respectively) but not for non-Asians.28 Restricted to smokers only, this 

association disappeared. Rs1800630 reduced the COPD risk in Asians only (e.g. OR=0.50, 

dominant model).29 

 

Lifestyle and environmental factors 

Publications were available on eight different lifestyle (Table 2) and environmental factors 

(Table 3). Only significant associations are discussed below and presented in figure 4. 

 

Air quality 

Different parameters of air quality in living environments was studied by Yang et al. (2017)11 in 

a Chinese population. The risk of COPD was increased through living in a polluted area 

(OR=1.63) and poor housing ventilation (OR=3.99). 

 

Active smoking 

In total, five publications7 30-33 examined COPD risks associated with active smoking. Forey et 

al. (2011)7 was most comprehensive and was combined in meta-meta-analysis for several 

comparisons, with Jayes et al. (2016),30 Wang et al. (2015)32 and Kamal et al. (2015).31 
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Compared to never or non-smoking, risks for COPD were significantly increased for ever 

smoking (mOR=2.61), current smoking (mOR=3.51), and former smoking (mOR,=2.44). 

 

Risks differed by study design. The risk for ever-smoking was greatest in cohort studies, 

whereas for current and former smoking the risk was greatest in case-control studies. 

Stratification by sex showed that for all comparisons and outcomes risks were higher for males 

than females. Finally, stratification by country showed that, with some exceptions, risks were 

greatest in North-American studies. 

 

Forey et al. (2011)7 also studied other smoking-related parameters, such as intensity, duration, 

age at start smoking, and duration of quitting. In general, risks increased with increased 

intensity of smoking (all outcomes) and younger age at start smoking. Risks reduced with 

increased duration of quitting, although after 12 years of quitting the risk was still about a 

twofold increase compared to never smokers. 

 

Passive smoking 

The COPD risk for passive smoking was increased in females only (OR=2.17),34 whereas the 

combined estimate was non-significant.11 34 

 

Dietary patterns 

High intake of an unhealthy or western diet (rich in red and processed meats, refined grains, 

sweets, desserts, and French fries) was associated with an increased risk (OR=2.12) whereas 
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high intake of a healthy or prudent diet (rich in vegetables, fruit, fish, and wholegrain) 

decreased the risk (OR=0.55; inverse association).35 

 

Solid fuel smoke 

In total, five publications9 11 36-38 examined solid fuel smoke exposure related to COPD risk. 

Kurmi et al. (2010)9 was most comprehensive for any solid fuel smoke and wood smoke. Sana 

et al. (2018)38 was most comprehensive for biomass exposure in females and could be 

combined with Yang et al. (2017)11 in MMA for the most comprehensive estimate for both 

males and females combined. All types of solid fuel smoke combined increased the risk of COPD 

with an OR = 2.80. Sub-estimates by type of fuel showed that particularly wood smoke 

increased the risk (OR = 4.29) and no significant association for biomass smoke exposure.  

 

Occupational exposure to vapours, gases, dusts or fumes 

In total, four publications10 11 39 40 reported on exposure to vapours, gases, dusts or fumes in 

relation to COPD, with Sadhra et al. (2017)10 being most comprehensive. This publication was 

combined with Yang et al. (2017)11 for exposure to dusts. The risk of COPD was increased in 

the overall estimate (OR=1.22), and was higher among females than males (OR=1.78 and 

OR=1.32 respectively). Stratified by study design, the risk was lower for cohort studies 

(OR=1.11) than for case-control (OR=1.75) or cross-sectional studies (OR=1.21). Furthermore, 

when stratified by level of exposure, the risks were only significant for high exposures 

(OR=1.36), but not at low or medium level exposures. Finally, stratified by type of exposure, 

risks were significantly increased for COPD for vapours (OR=1.24), gases (OR=1.10), dusts 

(mOR=1.38), biological dusts (OR=1.33), mineral dusts (OR=1.07), and fumes (OR=1.16). 
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Waterpipe tobacco smoking 

Waterpipe tobacco smoking increased the risk of COPD by over threefold (OR=3.18)’.41 

 

Attributable risk percent 
The AR% was calculated for each lifestyle and environmental/occupational factor (Tables 2 and 3). 

Results show that among all current smokers 72% of COPD cases could have been prevented, and 

among those smoking around 45 cigarettes per day this rose to 89%. In addition, 53% of COPD cases 

among those with poor (Western-style) diets could have prevented. These two factors (current smoking 

and poor diet) were combined to calculate a combined AR%, showing that 87% of cases could have 

been prevented among smokers with a poor diet. With regard to environmental factors it appears that 

64% of cases who have been exposed to solid fuel smoke and 74% of cases living in housing with poor 

ventilation could have been prevented.



104 
 

 

Figure 3: Summary figure genetic factors 
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Figure 4: Summary figure lifestyle factors
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Discussion 
This review highlights that COPD is not a single-cause disease and multiple different factors 

should be considered to understand the origins of COPD.42 To our knowledge, this is the first 

systematic review and meta-meta-analysis of genetic, lifestyle, and environmental factors 

associated with COPD risk. It provides a comprehensive, reliable, and up-to-date summary of 

current knowledge at the highest level of evidence. The identified risk factors, both genetic 

and non-genetic, can mostly be placed within several key pathways of COPD development: 

detoxification, addiction and chronic inflammation. 

 

Firstly, exposure to toxic substances, such as those found in tobacco smoke or solid fuel smoke, 

are well-known risk factors of COPD. In fact, smoking is one of the riskiest behaviours with 

regard to COPD.7 30-32 In order for our bodies to detoxify such substances, well-functioning 

enzymes are required. Deleterious mutations in genes involved in the detoxification pathways 

can therefore influence the risk of COPD. For example, EPHX1 is involved in the detoxification 

of polycyclic aromatic hydrocarbons (PAHs) amongst others. PAHs are present in cigarette 

smoke and (indoor) air pollution,43 and have been found to be related to the development of 

COPD.44 45 Extremely slow variants of the by EPHX1 encoded enzyme epoxide hydrolase 1 

increased the COPD risk by 77%.18 This suggests an interaction between environmental and 

genetic factors will be present, with individuals with slower enzyme activity being at an even 

greater increased risk if exposed to toxic substances compared to individuals with normal or 

even fast enzyme variants.  
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Secondly, variants in genes involved in addictive behaviours are also likely candidates to 

increase disease risk, as they may increase exposure to toxic substances such as from smoking. 

A great number of SNPs have been identified in the CHRNA3 and CHRNA5 genes.46-48 encoding 

a nicotinic cholinergic receptor.11 Variants in these genes may lead to an exaggerated pleasure 

in response to smoking and thereby increasing the chances of repeated exposure.49 Similarly, 

the MMP genes mediate a variety of biological functions including a role in the body’s reward 

system, aiding in potentiating the rewarding effects of drugs50 51 as well as playing an 

inflammatory role.52 Our results show a significant association for MMP9 rs17576 and 

rs3918242, but not for any variants in MMP1, MMP3 or MMP12. 

 

Thirdly, chronic inflammation plays a critical role in the pathogenesis and progression of 

COPD.53 Many genes dysregulated by exposure to cigarette smoke are those related to 

oxidative stress and central components of inflammatory signalling pathways.54 One well-

known COPD-causing gene is the SERPINA1 gene, encoding α1-antitrypsin (AAT). AAT protects 

the alveoli from neutrophil elastase and other proteases.55 However, if this gene is mutated it 

may result in slow versions of AAT, leading to AAT-deficiency. As a result, individuals develop 

emphysema and early-onset or more severe forms of COPD.56 The deficient S and Z alleles 

(slow and very slow enzyme activity respectively) of SERPINA1 increased the risk of COPD.25 26 

Interestingly, for several comparisons in this gene, the association disappeared after 

adjustment for smoking. This is contradictory to other research as well as information 

commonly communicated to patients.56 57 A similar observation was seen for TNF. It could be 

explained as the result of upregulation of other genes involved in the same pathway as a result 

of the frequent presence of cigarette smoke.58 However, it may also be a result of 
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methodological issues. Future research should focus on gene-environment interactions and 

pathways by which these effects occur. At the moment, evidence on gene-environment 

interactions is only slowly accumulating, likely as a result of a limitation due to methodological 

problems such as limited sample sizes, variant prevalence, and reproducibility of their 

findings.59  

 

In contrast to pro-inflammatory genetic mutations, several nutrients may have anti-

inflammatory properties. Literature suggests that antioxidants including certain omega-3 fatty 

acids, vitamins and minerals found in fruits and vegetables may mitigate the inflammatory 

effects of smoking. A recent review showed evidence for the positive influence of omega 3 

fatty acids and vitamin E, which is at least partly attributable to their anti-inflammatory 

actions.60 Intake of a healthy diet significantly reduced the risk of COPD with an OR of 0.55,35 

further substantiating this argument.   

 

Further interactions exist with ethnicity or sex. For example, the rs2280090 (T2) of the 

ADAM33 gene showed an increased risk among Europeans but decreased risk for Asians. 

Furthermore, several variants in the FOXO1 gene showed a decreased risk among female 

smokers only.46 An explanation for these ethnicity and sex-related differences may be due to 

different allele frequencies or exposure levels between populations or groups, (yet unknown) 

gene-environment interactions, linkage disequilibrium or remaining confounding factors.16 
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Interestingly, and unexpectedly considering the importance of active smoking as a risk factor 

for COPD, our MMA results showed that passive smoking was not associated with COPD. In 

addition, we noted little evidence on prenatal and childhood exposure to passive tobacco 

smoking in relation to COPD risk. Such a link is not unlikely given the results of previous 

research, which report poorer lung function and increased risk of chronic respiratory disease 

in offspring exposed to tobacco smoke prenatally or during childhood,61-63 but studying this 

topic is methodologically and ethically difficult. 

 

By calculation of an attributable risk percent, we were able to give an intuitive interpretation 

of how many cases could be prevented if it were possible to introduce or eliminate a particular 

behaviour in the entire population. For example, among individuals with a poor diet (referred 

to as a Western-style diet, low in fruit and vegetables, high in processed meats, sugars and 

saturated fats) 53% of COPD cases could have been prevented. Similarly, 72% of cases among 

smokers could have been prevented. Together with information on prevalence of these 

exposures, this can guide public health strategies.  

 

Limitations  

Our results are currently the most comprehensive available, yet they should be interpreted 

with caution. We urge the reader to critically appraise the results of each meta-analysis, when 

applying our results to their own purpose. Firstly, the quality of our results is dependent on the 

quality of the included meta-analyses. We judged their quality using the AMSTAR checklist, 

including all studies regardless of their score. These ratings showed that quality can be 

improved. For example, many studies did not do a comprehensive literature search, limiting to 
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only one database and not searching grey literature, which may have introduced publication 

bias.64 Also, only a few studies provided a published ‘a priori’ design. Secondly, it is essential 

that the meta-analyses we included sufficiently deal with the quality of their included studies, 

by both evaluating it and taking the result into consideration when formulating conclusions. 

Thirdly, not all studies reported risks by smoking status and primary studies had different 

baseline smoking exposures. As smoking is such a major risk factor for COPD, this information 

may be critical when generalizing these results to the general population, for example in their 

use for gene-environment interaction analyses, pathway analyses, or the development of 

preventive strategies and genetic risk scores. Even more so, baseline smoking exposure will be 

particularly relevant when the gene is involved in smoking-related metabolism. Fourthly, we 

have not checked potential linkage disequilibrium between genetic variants found in different 

meta-analyses. If linkage disequilibrium is present, two significantly associated variants may 

actually be the effect of one single variant. Fifthly, as a result of the increased risk of a type II 

error in GWA studies, correction for multiple testing and therefore a very high statistical 

significance needs to be achieved for variants to be recognized as risk factors in GWA studies. 

However, as a result, some actual predictive variants may have been missed and it is possible 

that different variants may be identified in future studies.42 Sixthly, COPD diagnosis methods 

varied greatly between the included studies and not all studies had spirometric confirmation 

of diagnosis. Also, different COPD phenotypes may have been included,65 and risk factors may 

play different roles in each phenotype. Future research may shed light on the relative relevance 

of the different risk factors in different phenotypes. Finally, few meta-analyses could be 

combined in meta-meta-analysis due to great amount of overlap in primary studies between 

them, which would result in false precision and homogeneity if combined.66 Even so, taken 
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together, our results still represent a valuable overview of the most comprehensive estimates 

currently available. 

 

Conclusion 
A large number of genetic, lifestyle, and environmental factors have been identified that each 

contribute to the development of COPD, either independently or through mutual interactions. 

Strongest genetic associations were found forADAM33 and the PI SZ genotype of SERPINA. 

Among the lifestyle factors, adopting a healthy diet, and avoiding active, passive and waterpipe 

smoking can result in great risk improvements. Based on our findings we suggest that future 

research should focus on gene-environment and gene-gene interactions. 

 

The data collected in this overview lends itself to pathway analysis, which integrates 

interactions of genes and metabolites in specific biological processes.67 Using our data in such 

context will provide new insight into the pathway of COPD development, the relationships with 

other chronic diseases and improve disease outcome prediction models.68 
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Supplementary Materials 

Full search strategy 

Genetic factors 

Pubmed: (pulmonary disease, chronic obstructive[MeSH Terms] OR ("pulmonary"[All Fields] 

AND "disease"[All Fields] AND "chronic"[All Fields] AND "obstructive"[All Fields])OR "chronic 

obstructive pulmonary disease"[All Fields] OR "copd"[All Fields] OR pulmonary 

emphysema[MeSH Terms] OR "emphysema"[All Fields] OR "pulmonary emphysema"[All 

Fields] OR "emphysema"[MeSH Terms] OR bronchitis, chronic[MeSH Terms] OR 

"bronchitis"[All Fields] OR "chronic bronchitis"[All Fields] OR lung diseases, obstructive[MeSH 

Terms] OR ("lung"[All Fields] AND "diseases"[All Fields] AND "obstructive"[All Fields])OR 

"obstructive lung diseases"[All Fields] OR ("obstructive"[All Fields] AND "pulmonary"[All Fields] 

AND "disease"[All Fields])OR "obstructive pulmonary disease"[All Fields])AND (genome-wide 

association study[MeSH Terms] OR (("genome-wide"[All Fields] OR ("genome"AND 

"wide"))AND "association"[All Fields] AND "study"[All Fields])OR "gwas"[All Fields] OR 

candidate gene[All Fields] OR candidate genes[All Fields] OR polymorphism[All Fields] OR 

polymorphisms[All Fields]) 

Web of Science: ((pulmonary disease, chronic obstructive)OR (pulmonary AND disease AND 

chronic AND obstructive)OR chronic obstructive pulmonary disease OR copd OR pulmonary 

emphysema OR emphysema OR pulmonary emphysema OR emphysema OR bronchitis, 

chronic OR bronchitis OR chronic bronchitis OR lung diseases, obstructive OR (lung AND 

diseases AND obstructive OR obstructive lung diseases OR (obstructive AND pulmonary AND 

disease)OR obstructive pulmonary disease))AND ((genome-wide association study)OR 

((genome-wide OR (genome AND wide)AND association AND study)OR gwas OR (candidate 

gene OR candidate genes)OR (polymorphism OR polymorphisms))) 

Embase: (((((((pulmonary disease, chronic obstructive OR ("pulmonary" AND "disease" AND 

"chronic" AND "obstructive")OR "chronic obstructive pulmonary disease" OR "copd" OR 

pulmonary emphysema OR "emphysema" OR "pulmonary emphysema" OR "emphysema" OR 

bronchitis, chronic OR "bronchitis" OR "chronic bronchitis" OR lung diseases, obstructive OR 

("lung" AND "diseases" AND "obstructive" OR "obstructive lung diseases" OR ("obstructive" 

AND "pulmonary" AND "disease")OR "obstructive pulmonary disease"))))))AND ((genome-wide 

association study OR ((("genome-wide" OR ("genome"AND "wide"))AND "association" AND 

"study")OR "gwas" OR candidate gene OR candidate genes)OR (polymorphism OR 

polymorphisms)))){No Related Terms} 

 

Lifestyle and environmental factors 

PubMed: ("Pulmonary Disease, Chronic Obstructive"[Mesh] OR "Pulmonary 

Emphysema"[Mesh] OR "Bronchitis, Chronic"[Mesh])AND ("Diet"[Mesh] OR "Exercise"[Mesh] 

OR "Smoking"[Mesh] OR "Environment"[Mesh] OR "Occupations"[Mesh] OR 

"Ethanol"[Mesh])AND ("Meta-Analysis"[Publication Type] OR "pooled analysis”) 
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Web of Science: ("Chronic Obstructive Pulmonary Disease" OR "COPD" OR "emphysema" OR 

"chronic bronchitis") AND (diet OR dietary OR nutrition* OR exercise OR "physical activity" OR 

smoking OR tobacco OR environment* OR occupation* OR alcohol OR alcoholic)AND ("Meta-

Analysis" OR "pooled analysis”) 

Embase: (chronic obstructive lung disease/ OR emphysema/ OR chronic bronchitis/)AND (diet/ 

OR dietary intake/ OR nutrition/ OR exercise/ OR physical activity/ OR smoking/ OR tobacco/ 

OR tobacco consumption/ OR environment/ OR occupation/ OR alcohol/ OR alcohol 

consumption/)AND (meta analysis/ OR “pooled analysis”) 
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Supplementary Figures 

 

Supplementary Figure 5: Amstar ratings  
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Supplementary Tables 

Supplementary Table 6 

Author (year) Genetic factors not 

included 

Genetic factors included as 

most comprehensive 

Genetic factors 

included in MMA 

COPD diagnosis 

criteria 

Number of 

included 

studies 

Total cases / 

controls 

Included 

ethnicities 

Evidence 

for 

publication 

bias? 

Smoking 

behavior 

AMSTAR 

quality 

score 

Aierken 

(2014)1 

ADAM33 (rs2280091, 

rs3918396, rs528557) 

- - GOLD, 

FEV1/FVC<0.7 and 

pp-FEV1<75% 

10 2139/3765  C, A No UMNR 5/11 

An (2016)2 EPHX1 (rs1051740, 

rs2234922) 

- - Clinical criteria 19 7699/41935 C, E-A No UMNR 5/11 

Brøgger 

(2006)3 

EPHX1 (rs1051740, 

rs2234922), TNF 

(rs1800629) 

- - Post-BD pp-

FEV1<80% and 

FEV1/ FVC<0.7 

16 500/725 for 

rs1051740, 

829/1282 for 

rs2234922, 

881/1232 for 

rs1800629  

C, A NR UMNR 3/11 

Castaldi 

(2010)4 

ACE (I/D), ADRB2 

(rs1042713, rs1042714), 

EPHX1 (rs2234922, 

rs1051740), GSTP1 

(rs1695), IL1B (rs1143627, 

rs16944), IL6 (rs1800795), 

IL13 (rs20541, rs1800925), 

MMP9 (rs3918242), TGFB1 

(rs1800469, rs1800470), 

TNF (rs1800610, 

rs1799964, rs361525, 

rs1800629, rs1799724, 

rs1800630), GSTM1 

(Null/Wt), GSTT1 (Null/Wt), 

SOD3 (rs1799895) 

IL4 (rs2070874), LTA 

(rs909253), SERPINA3 

(rs4934), TIMP2 

(rs2277698) 

- pp-FEV1<80%, pp-

FEV1<70%, 

FEV1/FVC<0.7, 

not reported 

108 11401/23775 NR, 

included at 

least C and 

A 

No UMNR 3/11 

Chen (2015)5 VDBP  - - CMA (1997, 

2002); ATS; 

FEV1/FVC<0.7 and 

post-BD pp-

8 809/1407 C, A Yes UMNR 6/11 
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FEV1<80%; post-

BD FEV1/FVC<0.7 

Chen (2013)6 - IL13 (rs1800925) - Not reported 8 1319/831  C, A, Ar No UMNR 4/11 

Chen (2013)7 MMP1 (rs1799750) MMP9 (rs17576) - Not reported 8 for 

MMP1, 11 

for MMP9 

2174/2275 for 

MMP1, 

1638/1726 for 

MMP9 

C, A No UMNR 4/11 

Cho (2010)8 CHRNA3 (rs1051730), HHIP 

(rs13118928), HYKK 

(rs8034191), IREB2 

(rs13180) 

HHIP (rs1828591), IREB2 

(rs1062980), 

LOC105377462 (rs720485) 

- pp-FEV1< 80% and 

FEV1/ FVC<0.7; 

pp-FEV1<45% and 

emphysema-CT; 

GOLD Stage ≥ II; 

pp-FEV1< 60% and 

pp-FEV1/FVC<90% 

4 3442 / 1884 C, AA N/A UMNR 2/4 

Cho (2012)9 HHIP (rs13141641) FAM13A (rs1964516, 

rs7671167), RAB4B 

(rs7937, rs2604894), HHIP 

(rs13118928), IREB2 

(rs11858836, rs13180) 

- pp-FEV1<80% and 

FEV1/ FVC<0.7; 

pp-FEV1<45% and 

emphysema-CT; 

GOLD Stage ≥ II; 

pp-FEV1<60% and 

pp-FEV1/FVC<90% 

4 (no 

systematic 

literature 

search) 

3499/1922 C N/A UMNR 3/4 

Cho (2014)10 HHIP (rs13141641) FAM13A (rs4416442), 

CHRNA3 (rs12914385), 

MMP3/MMP12 

(rs626750), TGFB2 

(rs4846480) 

- Post-BD pp-

FEV1<80% and pp-

FEV1/ FVC<70% 

4 (no 

systematic 

literature 

search) 

6633/5704 C, AA N/A UMNR 2/4 

Cui (2014)11 - CHRNA3 (rs1051730, 

rs6495309), CHRNA5 

(rs16969968), HYKK 

(rs8034191) 

CHRNA5 

(rs16969968) 

Post-BD pp-

FEV1<80% and pp-

FEV1/ FVC<70%; 

ICD-8 491 to 492 

and ICD-10 J41 to 

J44; pp-FEV1/ 

FVC≤70%; post-BD 

pp-FEV1/ 

FVC<70%; pre-BD 

pp-FEV1/FVC< 

70%, and pp-

FEV1<80% 

14 10466/39054 

for rs1051730, 

2652/2565 for 

rs8034191, 

1977/2131 for 

rs6495309, 

1996/6463 for 

rs16969968 

Unclear, at 

least A, C, 

AA 

Yes UMNR 6/11 
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Cui (2013)12  - TNF (rs361525, rs1800630) - ATS, GOLD, CMA 

(2002) 

6 NR C, A No UMNR 5/11 

Cui (2015)13 - TNF (rs80267959) - GOLD, CMA 

(2002, 2007), ATS  

10 1184/1439 C, A No UMNR 6/11 

Dahl (2005)14 - SERPINA1 (PI SM, PI SZ) - Physician 

diagnosis, 

spirometry 

6 for PI SZ 

and 17 for 

PI MS 

 C No UMNR 6/11 

Ding (2018)15 - GSTM1, GSTT1 - GOLD 37 4674 / 5006 C, A, Af N/A UMNR 4/11 

Du (2016)16 - - IREB2 (rs2568494) 

with Hardin (2016) 

Physician 

diagnosis 

4 1513/1480 C, A, In No UMNR 6/11 

Duan 

(2013)17 

- IL13 (rs20541) - pp-FEV1<70%; pp-

FEV1/FVC<70%; 

Post-BD pp-

FEV1<80 % and 

pp-FEV1/FVC<70% 

16 1213/801 C, A, Af No UMNR 4/11 

Durme, van 

(2010)18 

HHIP (rs13118928) - - pp-FEV1/FVC<70% 

and pp-FEV1<80% 

or physician 

diagnosis for 

definite cases; pp-

FEV1/FVC <0.7 and 

pp-FEV1≥80% for 

‘probable cases’ 

3 (no 

systematic 

literature 

search) 

NR C N/A UMNR 0/4 

Gong 

(2011)19 

TGFB1 (rs1800469, 

rs1800470) 

- - GOLD 7 for 

rs1800469 

and 8 for 

rs1800470 

1508/2608  C, A No UMNR 5/11 

Hardin 

(2016)20 

RIN3 (rs754388) AGPHD1 (rs8042849, 

rs9788721), CELSR1 

(rs56344079, rs7286446, 

rs9615358, rs9615973, 

rs9615981, rs9615982), 

CHRNA3 (rs1051730, 

rs114205691, rs12914385, 

rs138544659, 

rs141518190, 

rs146009840, 

rs147144681, 

IREB2 (rs2568494) 

with Du (2016) 

GOLD stage ≥ II 3 (no 

systematic 

literature 

search) 

6260/5269 C, AA N/A Current and 

former 

smokers 

1/4 
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rs147499554, rs4887067, 

rs55676755, rs56077333, 

rs8192482), CHRNA5 

(rs11633958, rs17486278, 

rs140330585, rs16969968, 

rs17486195, rs190065944, 

rs2036527, rs55853698, 

rs56390833, rs7172118, 

rs7180002, rs72740955, 

rs72740964, rs951266), 

CHRNB4 (rs17487223, 

rs55988292, rs72743158), 

EEFSEC (rs2811416), 

EPB41L4 A-AS1 

(rs66669542), FAM13A 

(rs10021465, rs6837671, 

rs1812329, rs2013701, 

rs2045517, rs28455964, 

rs2869966, rs2869967, 

rs2904259, rs3846287, 

rs3857043, rs4416442, 

rs4693980, rs6830970, 

rs76273989, rs7671167, 

rs7671261, rs7674369, 

rs7682317, rs7682431), 

FAR2 (rs7294481), FOXO1 

(rs78372177, rs75700692), 

GEMIN4 (rs11652959), 

GYPA (rs13105210, 

rs4835177), IREB2 

(rs2656052, rs2656065, 

rs2938670), KBTBD12 

(rs17282209), PSMA4 

(rs58365910), RIN3 

(rs1075472, rs72699855), 

VPS53 (rs11247558, 

rs11656538, rs34001232, 

rs34469205, rs34729304, 

rs35716682, rs4968100, 

rs4968102) 

Hersh 

(2004)21 

- SERPINA1 (PI MZ, PI ZZ, PI 

MM) 

- Physician 

diagnosis; 

FEV1/FVC<0.72 

15 275/2579 For PI 

MZ/PI MM; 

1454/13 163 

C No UMNR 7/11 
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and pp-

PEFR<80%; PFTs 

and blood gases; 

pp-MMEF<50%; 

pp-TLCO<80%; pp-

FEV1<70%; 

FEV1/FVC<0.5; 

plethysmography; 

pp-FEV1<80% and 

pp-

FEV1/FVC<70%; 

FEV1<2 SD below 

percent predicted 

For PI MZ/PI 

MM 

Hu (2008)22 EPHX1 (rs1051740, 

rs2234922) 

- - Chest CT; pp-

FEV1/FVC<70%; 

pp-FEV1<80% and 

pp-

FEV1/FVC<70%; 

ATS; 

Questionnaire; 

pp-

FEV1/FVC<70%; 

CMA (1997, 2002) 

16 1847/2455  C, A No UMNR 4/11 

Hu (2008)23 GSTM1 (Null/Wt), GSTT1 

(Null/Wt) 

- - Chest CT, GOLD, 

ATS, ETS; 

Physician 

diagnosis; 

Symptom and 

signs and pp-

FEV1<80% and pp-

FEV1/FVC<70%; 

pp-FEV1⩽45%, 

predicted 

hyperinflation on 

PFT, bilateral 

emphysema on 

chest HRCT; 

Chronic bronchitis 

according to ICD-

10; Chronic 

bronchitis *; 

COPD and 

12 for 

GSTM1, 8 

for GSTT1 

1697/1867 for 

GSTM1 and 

1320/1435 for 

GSTT1 

C, A, Tr No UMNR 5/11 
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Emphysema **; 

Pathology 

Emphysema; 

Chronic Bronchitis 

Hobbs 

(2016)24 

AGER (rs2070600) AKD1 (rs10499052), 

CRAMP1L (rs61746451), 

FAM208B (rs41290259), 

IL27 (rs181206), MICAL1 

(rs59056467), MMP3 

(rs679620), SERPINA1 

(rs28929474), TIRAP 

(rs8177374) 

CHRNA5 

(rs16969968) 

FEV1/FVC<0.7 and 

pp-FEV1<80%; 

severe COPD: 

FEV1/FVC<0.7 and 

pp-FEV1<50%  

5 6004/6191 Unclear, at 

least A, C, 

AA 

N/A UMNR 1/4 

Hobbs 

(2017)25 

- ADAM19 (rs113897301), 

ADGRG6 (rs9399401), 

AGER (rs2070600), ARMC2 

(rs2806356), CCDC101 

(rs17707300), CFDP1 

(rs7186831), CHRNA5 

(rs17486278), CYP2A6 

(rs12459249), DSP 

(rs2076295), EEFSEC 

(rs2955083), FAM13A 

(rs6837671), GSTCD 

(rs11727735), HHIP 

(rs13141641), HTR4 

(rs7733088), MTCL1 

(rs647097), PID1 

(rs16825267), RARB 

(rs1529672), RIN3 

(rs754388), SFTPD 

(rs721917), TET2 

(rs2047409), TGFB2 

(rs10429950), THSD4 

(rs1441358) 

- GOLD; GOLD stage 

≥ II; pp-FEV1<40%; 

pp-FEV1<60% and 

FEV1/FVC<0.9; pp-

FEV1< 50%; not 

reported 

26 15256/47936 C, AA, A, H NR UMNR 2/4 

Ji (2017)26  IL6 (rs1800796)  Not reported 3 413/596 C, A No UMNR 4/11 

Jiang (2016)27 MMP1 (rs1799750) MMP3 (rs3025058), MMP9 

(rs3918242) 

- Not reported 12 650/627 for 

MMP1, 522/520 

for MMP3, 

1067/1091 for 

MMP9 

C, A Yes UMNR 6/11 
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Kang (2016)28 - ACE (I/D) - Not reported 14 977/1092 C, A No UMNR 4/11 

Lee (2011)29 EPHX1 (rs1051740) EPHX1 (rs2234922) - pp-

FEV1/FVC<70%; 

GOLD 

19 7489/42970 C, A NR UMNR 3/4 

Li (2014)30 ADAM33 (rs528557, 

rs2280091) 

- - Not reported 6 838/831 for 

rs528557, 

915/912 for 

rs2280091 

Ch No Current and 

former 

smokers 

4/11 

Li (2013)31 EPHX1 (rs2234922) EPHX1 (rs1051740) - Not reported 25 5186/24510 C, A Yes UMNR 4/11 

Li (2013)32 ACE (I/D) - - ATS; spirometry; 

GOLD  

8 574/787 C, A No UMNR 5/11 

Li (2012)33 ACE (I/D) - - Not reported 10 710/862 C, A No UMNR 3/11 

Liao (2017)34 - TGF-β1 (rs1800470, 

rs1800469, rs2241712, 

rs6957, rs2241718) 

- Not reported 9 for 

rs1800470, 

9 for 

rs1800469, 

4 for 

rs2241712, 

5 for 

rs6957, 3 

for 

rs2241718 

2451/3247 for 

rs1800470, 

2405/3338 for 

rs1800469, 

807/906 for 

rs2241712, 

1732/2751 for 

rs6957, 

609/746 for 

rs2241718 

C, A No UMNR 5/11 

Ma (2013)35  - SP-A/B/D - pp-FEV1/FVC<70% 

or pp-

FEV1/FVC<80% 

with medication 

use 

7 1274/1482 C, A No UMNR 6/11 

Nedeljkovic 

(2018)36 

- SLC22A11 (rs141159367), 

MTL5 (rs146043252) 

- pp-FEV1/FVC<70% 9 9888 / 27428 C, A, Af, N/A UMNR 2/4 

Nielsen 

(2017)37 

- ADRB2 (rs1800888, 

rs1042713, rs1042714) 

- Post-BD pp-

FEV1/FVC<70% or 

GOLD 

3 for 

rs1800888 

heterozygo

us, 2 for 

rs1800888 

homozygou

s, 12 for 

rs1042713 

303/1577 for 

rs1800888 

heterozygous, 

9/11 for 

rs1800888 

homozygous, 

1059/3855 for 

rs1042713 

C, A, Af No UMNR 3/11 
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homozygou

s, 12 for 

rs1042713 

heterozygo

us, 10 for 

rs1042714 

homozygou

s, 9 for 

rs1042714 

heterozygo

us 

homozygous, 

831/3182 for 

rs1042713 

heterozygous, 

959/3939 for 

rs1042714 

homozygous, 

394/1627 for 

rs1042714 

heterozygous 

Niu (2012)38 ADRB2 (rs1042713, 

rs1042714) 

- - 
ATS, ERS; GOLD 

20 912/1145 for 

rs1042713, 

994/1183 for 

rs1042714 

C, A No UMNR 3/11 

Smolonska 

(2009)39 40 

EPHX1 (rs1051740, 

rs2234922), GSTM1 

(Null/Wt), GSTT1 (Null/Wt), 

GSTP1 (rs1695), IL1B 

(rs16944, rs1143627, 

rs1143634), IL1RN 

(rs2234663/VNTR), IL6 

(rs1800795), MMP9 

(rs3918242), TGFB1 

(rs1800470, rs1800469, 

rs2241712, rs6957) 

SOD2 (rs4880), SOD3 

(rs1799895), TNF 

(rs180061) 

- FEV1/FVC<0.7; pp-

FEV1<80% and 

FEV1/FVC<0.7; pp-

FEV1<60% and 

FEV1/FVC<90%; 

pp-FEV1<45%; not 

reported 

69 3768/6078 for 

rs1051740, 

4082/6541 for 

rs2234922, 

2787/6393 for 

GSTM1 Null/Wt, 

2189/4675 for 

rs1695, 

1280/1422 for 

GSTT1 Null/Wt, 

1798/1979 for 

rs16944, 

2787/6393 for 

rs1143627, 

740/712 for 

rs1143634, 

318/385 for 

rs2234663/VNT

R, 1084/1107 

for rs1800795, 

828/1003 for 

rs3918242, 

807/2389 for 

rs4880, 

1392/9237 for 

rs1799895, 

747/932 for 

C, A NR UMNR 4/11 
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rs2241712, 

4580/4670 for 

rs1800470, 

1246/3010 for 

rs1800469, 

963/2492 for 

rs6957, 

2010/1864 for 

rs361525, 

2005/1891 for 

rs180061, 

4580/4670 for 

rs1800629 

Tian (2015)41 - SERPINE2 (rs3795879) - ATS, ERS 5 3034/3068 C, A No UMNR 5/11 

Wain 

(2017)42 

- ABLIM3 (rs3839234), 

ADAM19 (rs1990950), 

ADGRG6 (rs7753012, 

rs148274477), AGER 

(rs2070600), AHNAK 

(rs2509961), ARL15 

(rs2441026), ARMC2 

(rs2768551), ASTN2 

(rs803923), BMP6 

(rs6924424), C1GALT1 

(rs10246303), C5orf56 

(rs7713065), 

CACNA2D3/WNT5A 

(rs1458979), 

CASC20/BMP2 

(rs6140050), CCDC91 

(rs2348418), CDC123 

(rs7090277), CDC7/TGFBR3 

(rs1192404), CFDP1 

(rs3743609), CHRM3 

(rs6688537), CISD3 

(rs11658500), CYFIP2 

(rs10515750), DNLZ 

(rs10870202), EEFSEC 

(rs2811415), EFCAB5 

(rs59835752), EFEMP1 

(rs1430193), ENSA 

(rs6681426), FAM13A 

- Not reported 14 20086/215630 C N/A UMNR 2/4 
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(rs2045517, rs13110699), 

FGD6 (rs113745635), GLIS3 

(rs7872188), GSTCD 

(rs10516526), HDAC4 

(rs12477314), HLA-DQB1 

(rs114544105), HLA-

DQB1/HLA-DQA2 

(rs34864796, 

rs114229351), HSD17B12 

(rs4237643), HTR4 

(rs7715901), ITGA1 

(rs1551943), KANSL1 

(rs35524223), KCNJ2 

(rs6501431), KCNQ5 

(rs141651520), 

KCNS3/RDH14  

(rs62126408), 

LINC00310/KCNE2  

(rs2834440), 

LINC01467/LINC00911 

(rs1698268), 

LOC102723639 (rs35506), 

LOC105369591 (rs567508), 

LOC105372926 

(rs4328080), 

LOC105377462 

(rs138641402), 

LOC107984427 

(rs145729347), 

LOC107984437 

(rs10850377), 

LOC389602/LOC285889 

(rs12698403), LRMDA 

(rs2637254), LRP1 

(rs11172113), LST1 

(rs28986170), LTBP4 

(rs113473882), MECOM 

(rs1344555), 

MECOM/LOC100507661  (r

s56341938), MFAP2 

(rs2284746), MGA 

(rs72724130), MICAL3 

(rs11704827), MMP15 

(rs12447804), MN1 
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(rs134041), MN1 

(rs2283847), MSRB3 

(rs1494502), MYPN 

(rs7095607), NCR3/AIF1 

(rs2857595), NPNT 

(rs34712979), PABPC4 

(rs17513135), PRDM11 

(rs2863171), PTCH1 

(rs16909859), QSOX2 

(rs10858246), RARB 

(rs1529672), RIN3 

(rs117068593), RSRC1 

(rs1595029), SH3GL3 

(rs66650179), SNRPF 

(rs12820313), 

SPAG17/TBX15 

(rs200154334), SPATA9 

(rs153916), SPHKAP/PID1 

(rs10498230), SUCLG2 

(rs1490265), SVIL/JCAD 

(rs3847402), 

TARS/LOC340113 

(rs91731), TEKT5 

(rs12149828), 

TGFB2/MIR548F3 

(rs993925), TGFBR3 

(rs12140637), THSD4 

(rs12591467), THSD4 

(rs10851839), TNS1 

(rs2571445), 

TRAF3IP1/ASB1 

(rs61332075), TRIP11 

(rs7155279), 

TSEN54/CASKIN2 

(rs7218675), WWOX 

(rs1079572), ZGPAT 

(rs72448466), ZKSCAN1 

(rs72615157) 

Wang 

(2015)43 

- CYP1A1 (rs4646903, 

rs1048943) 

- Not reported 7 1050/1202 C, A No UMNR 5/11 

Wang 

(2015)44 

- IL1B (rs16944) - Not reported 13 1692/2009 C, A No UMNR 4/11 
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Wang 

(2015)45 

- VDBP - Not reported 12 1485/1659 C, A No UMNR 4/11 

Wang 

(2015)46 

- ADRB2 (rs1042713) - Not reported 11 1128/1182 C, A No UMNR 7/11 

Xiao (2014)47 IL1B (rs1143627) - - Not reported 6 764/879 C, A No UMNR 4/11 

Xiao (2015)48 VDBP - - Not reported 7 734/741 C, A No UMNR 4/11 

Xie (2015)49 VDBP - - Not reported 12 1190/1747 C, A No UMNR 5/11 

Xie (2015)50 - IL6 (rs1800795) - Not reported 7 1144/1656 C, A No UMNR 4/11 

Xie (2014)51 IL1B (rs16944) IL1B (rs1143627, 

rs1143634), IL1RN 

(rs2234663/VNTR) 

- Chest CT; 

Symptom and 

signs and pp-

FEV1<80% and 

FEV1/FVC<70%; 

GOLD; ATS; CMA 

(2002); ETS; 

History, clinical 

examination, 

radiological 

exams, ABG and 

PFT abnormal; 

Clinical diagnosis; 

FEV1 < 45% 

predicted; 

hyperinflation on 

PFT 

11 1530/1524 E-A, S-A, Ar No UMNR 7/11 

Xue (2012)52 - GSTM1 (Null/Wt), GSTT1 

(Null/Wt) 

- SSPTS; CMA 

(1997, 2002); 

GOLD, ERS; ATS; 

Symptoms and 

pp-FEV1<80% and 

pp-

FEV1/FVC<70%; 

Clinical diagnosis 

14 1665/1614  C, A No Smokers 5/11 

Yan (2010)53 GSTP1 (rs1695) - - Not reported 10 1140/1263 C, A No UMNR 7/11 

Yang (2015)54 - GSTP1 (rs1695) - Post-BD pp-

FEV1<80% and 

FEV1/FVC<0.7; 

17 1892/2012 C, A No UMNR 5/11 
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ICD-8 491-492 

ICD-10 J41-J44; 

pre-BD 

FEV1/FVC<0.7; 

post-BD 

FEV1/FVC<0.7 

Zhang 

(2011)55 

CHRNA3 (rs1051730)for 

COPD  

CHRNA3 (rs1051730)for 

EM 

- Not reported 7 3460/11437 (for 

COPD and EM) 

Unclear, 

likely C 

No UMNR 4/11 

Zhang 

(2011)56 

TGFB1 (rs1800469, 

rs1800470) 

- - Not reported 6 for 

rs1800469, 

10 for 

rs1800470 

1890/4272 for 

rs1800469, 

1507/2542 for 

rs1800470 

C, A No UMNR 2/11 

Zhang 

(2016)57 

- TNF (rs1800629) - GOLD; 

FEV1/FVC<70% 

and pp-FEV1<75% 

38 3951/5110 Non-A, A No UMNR 6/11 

Zhang 

(2014)58 

ADAM33 (rs511898, 

rs3918396, rs2280091, 

rs528557, rs2787094, 

rs612709) 

- - CMA (2002); ATS; 

GOLD, LAA score 

on chest CT-scans, 

LAA>8.0; pp-

FEV1<45% and 

hyperinflation and 

EM diagnosis with 

HRCT; Not 

reported 

12 2630/4376  C, A No UMNR 3/11 

Zhou (2013)59 MMP9 (rs3918242) MMP1 (rs1799750), MMP3 

(rs35068180), MMP12 

(rs2276109) 

- GOLD stage ≥ II 21 4184/5716 C, A No UMNR 5/11 

Zhou (2015)60 - ADAM33 (rs2787094, 

rs2280089, rs2280090, 

rs2280091, rs528557, 

rs3918396, rs612709, 

rs511898, rs597980) 

- CMA; GOLD; 

clinical diagnosis; 

chest CT and 

spirometry 

13 2644/4804 C, A Yes UMNR 4/11 

Zhou (2017)61  HMOX1 (length 

polymorphism) 

  7 712/891 C, A Yes, for M 

vs. S+L 

UMNR 6/11 

 

Studies included for genetic factors 
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Legend. Abbreviations: N/A = Not applicable, NR = Not Reported, UMNR = Unclear/mixed/not reported; Outcomes: COPD = Chronic 

Obstructive Pulmonary Disease; Ethnicities: AA = African American, A = Asian, Af = African, Ar = Arabian, C = Caucasian, Ch = Chinese, 

E-A = East Asian, H = Hispanic, I = Indian, S-A = South Asian, Tr = Turkish; Criteria for COPD diagnosis: ABG = arterial blood gas, ATS = 

Guidelines of The American Thoracic Society criteria; CMA = Chinese Medicine Association criteria, CT = computed tomography, ERS = 

European Respiratory Society criteria, FEV1 = percent-predicted forced expiratory volume in one second, FEV1/FVC = Forced expiratory 

volume in one second (FEV1)to forced vital capacity (FVC)ratio, GOLD = Global Initiative for Chronic Obstructive Lung Disease criteria, 

HRCT = high resolution computed tomography, LAA = Low Attenuation Area; MMEF = maximum mid-expiratory flow, pp-PEFR= 

percent predicted peak expiratory flow rate, PFT = pulmonary function test, post-BD = post bronchodilator, pp- = percentage 

predicted, SSPTS = Spanish Society of Pneumology and Thoracic Surgery criteria, TLCO = carbon monoxide transfer factor  
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Supplementary Table 2 

Author 

(year) 

Risk factor not 

included 

Risk factor 

included as most 

comprehensive 

Risk factor 

included in MMA 

COPD definition Included study 

designs 

(amount if 

known) 

Total cases / 

controls 

Included 

countries of 

study 

Evidence 

for 

publication 

bias? 

Smoking 

behavior 

AMSTAR 

quality 

score 

Alif 

(2016)62 

Occupational 

exposure to 

Vapors, Gases, 

Dusts, or 

Fumes (VGDF) 

- - pre-BD FEV1/FVC<70% 

and/or FEV1/FVC<LLN; 

post-BD FEV1/FVC<70%; 

FEV1/FVC<LLN 

COH (1), CS (4) 9 986 total 

participants 

New Zealand, 

Netherlands, 

Australia, Spain, 

Switzerland 

No Adjusted 

for 

smoking 

3/11 

Fischer 

(2015)63 

- Passive smoking - Not reported CC (4), COH (1) 23 094 total 

participants 

Hong Kong, 

China, USA, 

Taiwan 

NR Never 

smokers or 

adjusted 

for 

smoking 

5/11 

Forey 

(2011)64 

-  Active smoking Active smoking ATS; GOLD; BTS; ICD, 

spirometry; clinical 

diagnosis, clinical 

symptoms; clinical 

diagnoses of CB and or EM 

and spirometry; 

COH (39), CC 

(20), CS (134) 

NR Worldwide Yes N/A 4/11 

Hu 

(2010)65 

Solid fuel 

smoke (COPD) 

- - CB and/or FEV1/FVC≤70%, 

CB; FEV1/FVC<70%; GOLD; 

CB; COPD was defined as 

reversibility < 12%, pp-

FEV1/FVC<88%; CB and/or 

pp-FEV1<75% 

CC (4), CS (11) 3 719/38 

688 

Mexico, 

Colombia, 

Bolivia, Brazil, 

India, Nepal, 

China, Saudi 

Arabia, Turkey, 

Spain 

Yes Mixed, 

stratified 

by smoking 

status 

8/11 

Jayes 

(2016)66 

- - Active smoking 

(COPD) 

GOLD; Not reported Prospective 

COH (21), 

Retrospective 

COH (1), NCC 

(2) 

NR Multiple 

European, 

Australia, USA, 

Japan, Thailand 

No N/A 7/11 
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Kamal 

(2015)67 

- - Active smoking 

(COPD) 

Spirometry; 

Bronchodilator; Physician 

diagnosis; Questionnaire; 

Physician diagnosis and 

Questionnaire 

COH, CS 544 536 

total 

participants 

Multiple 

European, 

Multiple South 

America, USA, 

Multiple Asia, 

Lebanon 

Yes N/A 4/11 

Kurmi 

(2010)68 

- Any solid fuel 

smoke and wood 

smoke 

- Hospital diagnosis; GOLD; 

ATS; BMRC; post FEV1/FVC 

ratio<70%; post 

FEV1/FVC<70% and pp-

FEV1<80 and <12% change 

in FEV1 pre-BD vs. post-

BD; FEV1/FVC<0.7 and pp-

FEV1<70% and <15% or 

<250 ml absolute 

reduction of FEV1 pre-BD 

vs. post-BD 

Retrospective 

COH (1), CC (9), 

CS (12), DS (1) 

55 437 total 

participants 

COPD 

Saudi-Arabia, 

Columbia, Spain, 

Mexico, China, 

Turkey, Nepal, 

Bolivia, India, 

Pakistan, Brazil, 

Iran 

No Adjusted 

for 

smoking 

4/11 

Po 

(2011)69 

Solid fuel 

smoke  

- - Not reported CC (3), CS (9) 16 291 total 

participants 

Pakistan, South 

Africa, Iran, 

Turkey, India, 

Colombia, 

Turkey, China, 

Nepal 

Yes Mixed, 

stratified 

by smoking 

status 

5/11 

Ryu 

(2014)70 

Occupational 

exposure to 

Vapors, Gases, 

Dusts, or 

Fumes (VGDF) 

- - GOLD or FEV1/FVC<0.7; 

FEV1/FVC<LLN; Chronic 

obstructive bronchitis or 

symptomatic EM; 

physician diagnosis 

CC (4), CS (7) 26 959 total 

participants 

Norway, USA, 

UK, South-

Africa, China, 

Spain, Various, 

Australia 

No Adjusted 

for 

smoking 

5/11 

Sadhra 

(2017)71 

- Occupational 

exposure to 

Vapors, Gases, 

Dusts, or Fumes 

(VGDF) 

- Physician diagnosis and/or 

spirometry 

COH, CC, CS Insufficient 

data 

Insufficient data Yes Adjusted 

for 

smoking 

5/11 

Sana 

(2018)72 

- Biomass smoke 

exposure in 

females 

Biomass smoke 

exposure in both 

genders with 

Yang (2017)73 

ATS, ERS, GOLD; post-BD 

FEV1/FVC<LLN 

CC (5), CS (9) 1594/19 099 Africa, Asia, 

South America, 

Middle East, 

Europe 

No Adjusted 

for 

smoking 

1/4 
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Wang 

(2015)74 

- - Active smoking 

(COPD) 

ICD; in accordance with 

the guideline for the 

diagnosis and treatment 

COPD 

COH (3), CC (4), 

CS (17) 

10 708/93 

045 

China Yes N/A 4/11 

Waziry 

(2017)75 

- Waterpipe 

tobacco exposure 

- Symptomatic COPD; ATS 

criteria or MRC criteria; 

physician diagnosis; GOLD; 

Questionnaire 

CC (1), CS (6) 9 079 Insufficient data NR Adjusted 

for other 

forms of 

tobacco 

smoking 

when 

possible 

3/11 

Yang 

(2017)73 

Active smoking, 

Passive 

smoking 

Living 

circumstances, 

Frequent 

cooking, Physical 

labor work 

Biomass smoke 

exposure 

(COPD)with Sana 

(2018)72, 

Occupational 

dust exposure 

(COPD)with 

Sadhra (2017)71 

Not reported CC (19) 6 383/7 510 China Yes 

(smoking 

estimates 

only) 

Not 

reported 

or N/A 

5/11 

Zheng 

(2016)76 

- Dietary pattern - Physician-diagnosis; 

Spirometry; chest 

radiography or chest CT  

COH (7), CC (3), 

CS (3) 

499 085 

total 

participants 

USA, Great 

Britain, 

Netherlands, 

Ireland, China, 

Japan 

No Most but 

not all 

adjusted 

for 

smoking 

5/11 

 

Studies included for lifestyle and environmental risk factors 

Abbreviations: N/A = Not applicable, NR = Not Reported; Criteria for COPD diagnosis: ATS = Guidelines of The American Thoracic 

Society criteria, BMRC = British Medical Research Council, BTS = British Thoracic Society, CB = chronic bronchitis, CT = computed 

tomography, EM = emphysema, ERS = European Respiratory Society criteria, FEV1 = percent-predicted forced expiratory volume in one 

second, FEV1/FVC = Forced expiratory volume in one second (FEV1)to forced vital capacity (FVC)ratio, GOLD = Global Initiative for 

Chronic Obstructive Lung Disease criteria, ICD = International Classification of Diseases, LLN = lower limit of normal, MRC = medical 

research council, post-BD = post bronchodilator, pre-BD = pre bronchodilator, pp- = percentage predicted, Study designs: COH = 

Cohort, CC = Case-control, CS = Cross-sectional; DS = Descriptive study. 



     

138 
 

Supplementary Table 3 

Gene Variant / rs 

number 

Ethni-

city 

Smo-

king* 

Gender* Allelic Recessive Dominant Hetero-

zygous 

Homo-

zygous  

Over-

dominant  

Other Risk allele 

ACE del/ins(15) A, C UMNR UMNR 1.17 

(0.92 - 

1.49) 

1.36 (0.89 

- 2.09) 

1.04 (0.84 

- 1.30) 

0.90 

(0.71 - 

1.15) 

1.30 

(0.84 - 

2.01) 

  D (vs. I) 

ACE del/ins(15) A UMNR UMNR 1.89 

(1.47 - 

2.43) 

3.33 (2.19 

- 5.05) 

1.50 (1.02 

- 2.21) 

0.96 

(0.62 - 

1.47) 

3.13 

(1.92 - 

5.09) 

  D (vs. I) 

ACE del/ins(15) C UMNR UMNR 0.93 

(0.79 - 

1.09) 

0.96 (0.71 

- 1.29) 

0.87 (0.67 

- 1.14) 

0.88 

(0.66 - 

1.17) 

0.85 

(0.62 - 

1.17) 

  D (vs. I) 

ADAM33 rs2280090 

(T2)(16) 
E, A UMNR UMNR 0.66 

(0.38 - 

1.13) 

0.50 (0.14 

- 1.80) 

0.63 (0.37 

- 1.09) 

 0.43 

(0.10 - 

1.82) 

  A (vs. G) 

ADAM33 rs2280090 

(T2)(16) 
E UMNR UMNR 1.14 

(0.65 - 

1.99) 

2.29 (1.11 

- 4.71) 

1.09 (0.61 

- 1.96) 

 2.34 

(1.13 - 

4.82) 

  A (vs. G) 

ADAM33 rs2280090 

(T2)(16) 
A UMNR UMNR 0.46 

(0.33 - 

0.66) 

0.22 (0.09 

- 0.55) 

0.44 (0.31 

- 0.63) 

 0.17 

(0.06 - 

0.48) 

  A (vs. G) 

ADAM33 rs2280091 

(T1)(16) 
E, A UMNR UMNR 1.37 

(0.94 - 

1.97) 

1.76 (1.27 

- 2.43) 

1.40 (0.91 

- 2.16) 

 1.82 

(0.88 - 

3.77) 

  G (vs. A) 

ADAM33 rs2280091 

(T1)(16) 
E UMNR UMNR 0.93 

(0.71 - 

1.20) 

1.11 (0.65 

- 1.88) 

0.89 (0.66 

- 1.20) 

 1.06 

(0.62 - 

1.80) 

  G (vs. A) 

ADAM33 rs2280091 

(T1)(16) 
A UMNR UMNR 2.03 

(1.40 - 

2.94) 

2.31 (1.51 

- 3.54) 

2.24 (1.39 

- 3.62) 

 3.19 

(1.15 - 

8.86) 

  G (vs. A) 

ADAM33 rs612709 (Q-

1)(16) 
E, A UMNR UMNR 0.60 

(0.52 - 

0.68) 

0.55 (0.44 

- 0.69) 

0.54 (0.45 

- 0.65) 

 0.34 

(0.23 - 

0.49) 

  A (vs. G) 
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ADAM33 rs612709 (Q-

1)(16) 
E UMNR UMNR 0.64 

(0.53 - 

0.77) 

0.65 (0.50 

- 0.85) 

0.53 (0.38 

- 0.74) 

 0.51 

(0.27 - 

0.96) 

  A (vs. G) 

ADAM33 rs612709 (Q-

1)(16) 
A UMNR UMNR 0.61 

(0.42 - 

0.89) 

0.35 (0.22 

- 0.57) 

0.58 (0.36 

- 0.93) 

 0.28 

(0.17 - 

0.46) 

  A (vs. G) 

CYP1A1 rs1048943 

(17) 
C, A UMNR UMNR 1.19 

(0.81 - 

1.74) 

2.75 (1.29 

- 5.84) 

1.34 (0.84 

- 2.13) 

1.39 

(1.01 - 

1.90) 

3.23 

(1.50 - 

6.93) 

  C (vs. T) 

CYP1A1 rs1048943 

(17) 
A UMNR UMNR   1.32 (0.56 

- 3.11) 

    C (vs. T) 

CYP1A1 rs1048943 

(17) 
C UMNR UMNR 1.50 

(0.88 - 

2.55) 

1.67 (0.09 

- 30.45) 

1.34 (0.63 

- 2.88) 

1.19 

(0.81 - 

1.74) 

1.72 

(0.09 - 

34.41) 

  C (vs. T) 

EPHX1 Combination 

of rs1051740 

and 

rs2234922 

(18) 

C, A UMNR UMNR       1.77 

(1.23 - 

2.55) 

Extremely 

slow (vs. 

normal 

enzyme 

activity) 

EPHX1 Combination 

of rs1051740 

and 

rs2234922 

(18) 

A UMNR UMNR       1.14 

(0.84 - 

1.54) 

Extremely 

slow (vs. 

normal 

enzyme 

activity) 

EPHX1 Combination 

of rs1051740 

and 

rs2234922 

(18) 

C UMNR UMNR       2.64 

(1.30 - 

5.38) 

Extremely 

slow (vs. 

normal 

enzyme 

activity) 

EPHX1 Combination 

of rs1051740 

and 

rs2234922 

(18) 

C, A UMNR UMNR       1.44 

(1.13 - 

1.85) 

Slow (vs. 

normal 

enzyme 

activity) 
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EPHX1 Combination 

of rs1051740 

and 

rs2234922 

(18) 

A UMNR UMNR       1.41 

(0.90 - 

2.19) 

Slow (vs. 

normal 

enzyme 

activity) 

EPHX1 Combination 

of rs1051740 

and 

rs2234922 

(18) 

C UMNR UMNR       1.31 

(1.01 - 

1.71) 

Slow (vs. 

normal 

enzyme 

activity) 

GSTM1  Null/Wt (19) C, A, 

Af 

UMNR UMNR       1.52 

(1.31 – 

1.77) 

Null (vs. 

Wt) 

GSTM1  Null/Wt (19) A UMNR UMNR       1.59 

(1.29 – 

1.96) 

Null (vs. 

Wt) 

GSTM1  Null/Wt (19) C UMNR UMNR       1.26 

(1.02 – 

1.55) 

Null (vs. 

Wt) 

GSTM1  Null/Wt (19) Af UMNR UMNR       2.42 

(1.36 – 

4.31) 

Null (vs. 

Wt) 

GSTM1 Null/Wt (20) C, A S UMNR       1.51 

(1.17 - 

1.95) 

Null (vs. 

Wt) 

GSTM1 Null/Wt (20) A S UMNR       1.39 

(0.98 - 

1.96) 

Null (vs. 

Wt) 

GSTM1 Null/Wt (20) C S UMNR       1.59 

(1.09 - 

2.32) 

Null (vs. 

Wt) 

GSTM1 Null/Wt (20) C, A S M       2.04 

(1.11 - 

3.76) 

Null (vs. 

Wt) 
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GSTM1 Null/Wt (20) C, A S F       2.74 

(1.50 - 

5.02) 

Null (vs. 

Wt) 

HMOX1 Length 

polymorphism 

(21) 

C, A UMNR UMNR       0.72 

(0.49 - 

1.04) 

S (vs. 

M+L) 

HMOX1 Length 

polymorphism 

(21) 

A UMNR UMNR       0.62 

(0.40 - 

0.96) 

S (vs. 

M+L) 

HMOX1 Length 

polymorphism 

(21) 

C, A UMNR UMNR       0.91 

(0.76 - 

1.10) 

M (vs. 

S+L) 

HMOX1 Length 

polymorphism 

(21) 

A UMNR UMNR       0.95 

(0.73 - 

1.23) 

M (vs. 

S+L) 

HMOX1 Length 

polymorphism 

(21) 

C, A UMNR UMNR       2.02 

(1.31 - 

3.11) 

L (vs. 

S+M) 

HMOX1 Length 

polymorphism 

(21) 

A UMNR UMNR       2.23 

(1.68 - 

2.95) 

L (vs. 

S+M) 

HMOX1 Length 

polymorphism 

(21) 

C, A UMNR UMNR       1.82 

(1.28 - 

2.61) 

Type I (at 

least one 

L 

allele)(vs. 

Type II 

(non-L-

allele-

carrier)) 

HMOX1 Length 

polymorphism 

(21) 

A UMNR UMNR       2.02 

(1.51 - 

2.7) 

Type I (at 

least one 

L 

allele)(vs. 

Type II 

(non-L-

allele-

carrier)) 
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IL6 rs1800796 

(22) 
C, A UMNR UMNR    0.45 

(0.28 - 

0.75) 

0.20 

(0.09 - 

1.38) 

  C (vs. G) 

IL13 rs1800925 

(23) 
C, A, 

Ar, 

Uygur 

UMNR UMNR    1.82 

(1.14 - 

2.92)† 

2.02 

(1.10 - 

3.72) 

  T (vs. C/G) 

IL13 rs1800925 

(23) 
A UMNR UMNR    2.02 

(0.71 - 

5.73)† 

1.81 

(0.23 - 

14.46) 

  T (vs. C/G) 

IL13 rs1800925 

(23) 
C UMNR UMNR    1.20 

(0.57 - 

2.51)† 

1.70 

(0.68 - 

4.24) 

  T (vs. C/G) 

IL13 rs1800925 

(23) 
Ar UMNR UMNR    2.94 

(1.03 - 

8.42)† 

3.05 

(1.08 - 

8.60) 

  T (vs. C/G) 

IL13 rs20541 (24) C, Af, 

A 

UMNR UMNR 1.12 

(0.96 - 

1.32) 

1.18 (0.97 

- 1.44) 

0.99 (0.49 

- 2.00) 

  0.85 (0.70 

- 1.04) 

 G (vs. A) 

IL13 rs20541 (24) C UMNR UMNR 0.87 

(0.67 - 

1.14) 

0.95 (0.70 

- 1.30) 

0.38 (0.14 

- 0.98) 

  0.91 (0.66 

- 1.24) 

 G (vs. A) 

IL13 rs20541 (24) A UMNR UMNR 1.30 

(1.05 - 

1.61) 

1.34 (1.02 

- 1.76) 

1.60 (0.99 

- 2.58) 

  0.87 (0.66 

- 1.15) 

 G (vs. A) 

IL1RN rs2234663 

(25) 
E-A, 

S-A, 

Ar 

UMNR UMNR  2.59 (1.02 

- 6.58) 

1.64 (0.99 

- 2.73) 

 3.16 

(1.23 - 

8.13) 

  2 (vs. L) 

IL1RN rs2234663 

(25) 
E-A UMNR UMNR  2.60 (0.93 

- 7.31) 

1.48 (0.77 

- 2.83) 

 3.20 

(1.13 - 

9.12) 

  2 (vs. L) 

SERPINA1 PI SZ (27) C UMNR UMNR 3.26 

(1.24 - 

8.57) 

      SZ (vs. 

MM) 
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SERPINA1 PI MZ (26) C UMNR UMNR 2.31 

(1.60-

3.35) 

      Z (vs. M) 

SERPINA1 PI MZ (26) C S UMNR 1.61 

(0.92 - 

2.81) 

      Z (vs. M) 

SFTPA1/SFTPA2/SFTPB/SFTPD 

combined 

Combination 

of rs1059046, 

rs1136451, 

rs4253527, 

rs1130866, 

rs2077079, 

rs1051246, 

rs2245121, 

rs2255601, 

rs3088308, 

rs6413520, 

rs721917 and 

rs911887 (28) 

C, A UMNR UMNR 1.21 

(1.01 - 

1.45) 

 1.30 (0.94 

- 1.80) 

    W (vs. 

M)$ 

SFTPA1/SFTPA2/SFTPB/SFTPD 

combined 

Combination 

of rs1059046, 

rs1136451, 

rs4253527, 

rs1130866, 

rs2077079, 

rs1051246, 

rs2245121, 

rs2255601, 

rs3088308, 

rs6413520, 

rs721917 and 

rs911887 (28) 

A UMNR UMNR 1.43 

(1.15 - 

1.78) 

1.48 (1.11 

- 1.97) 

1.97 (1.38 

- 2.81) 

1.39 

(1.04 - 

1.85) 

2.26 

(1.56 - 

3.28) 

  W (vs. 

M)$ 

SFTPA1/SFTPA2/SFTPB/SFTPD 

combined 

Combination 

of rs1059046, 

rs1136451, 

rs4253527, 

rs1130866, 

rs2077079, 

rs1051246, 

rs2245121, 

rs2255601, 

C UMNR UMNR 0.99 

(0.79 - 

1.24) 

1.00 (0.71 

- 1.41) 

0.85 (0.59 

- 1.22) 

1.02 

(0.76 - 

1.37) 

0.82 

(0.50 - 

1.36) 

  W (vs. 

M)$ 
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rs3088308, 

rs6413520, 

rs721917 and 

rs911887 (28) 

SFTPA1/SFTPA2 Combination 

of rs1059046, 

rs1136451 

and 

rs4253527 

(28) 

C, A UMNR UMNR 1.53 

(1.14 - 

2.05) 

1.66 (1.17 

- 2.35) 

1.65 (1.02 

- 2.69) 

1.59 

(1.13 - 

2.22) 

2.06 

(1.24 - 

3.42) 

  W (vs. 

M)$ 

TNF rs1800629 

(29) 
A, 

Non-A 

UMNR UMNR 1.56 

(1.29 - 

1.89) 

  1.51 

(1.26 - 

1.81)† 

1.78 

(1.34 - 

2.36) 

  A (vs. G) 

TNF rs1800629 

(29) 
A UMNR UMNR 2.40 

(1.98 - 

2.90) 

  2.22 

(1.85 - 

2.66)† 

3.25 

(2.08 - 

5.08) 

  A (vs. G) 

TNF rs1800629 

(29) 
Non-A UMNR UMNR 0.97 

(0.83 - 

1.14) 

  1.00 

(0.86 - 

1.16)† 

1.05 

(0.71 - 

1.55) 

  A (vs. G) 

TNF rs1800629 

(29) 
A, 

Non-A 

S UMNR 1.13 

(0.95 - 

1.35) 

  1.12 

(0.91 - 

1.37)† 

1.45 

(0.88 - 

2.40) 

  A (vs. G) 

TNF rs1800629 

(29) 
A S UMNR 1.26 

(0.69 - 

2.30) 

  1.24 

(0.85 - 

1.82)† 

1.66 

(0.75 - 

3.68) 

  A (vs. G) 

TNF rs1800629 

(29) 
Non-A S UMNR 1.06 

(0.86 - 

1.30) 

  1.07 

(0.84 - 

1.37)† 

1.32 

(0.69 - 

2.53) 

  A (vs. G) 

TNF rs1800630 

(30) 
C, A UMNR UMNR 0.76 

(0.60 - 

0.97) 

 0.74 (0.56 

- 0.96) 

    A (vs. C) 

TNF rs1800630 

(30) 
A UMNR UMNR 0.56 

(0.37 - 

0.85) 

 0.50 (0.32 

- 0.79) 

    A (vs. C) 
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TNF rs1800630 

(30) 
C UMNR UMNR 0.90 

(0.67 - 

1.22) 

 0.91 (0.65 

- 1.28) 

    A (vs. C) 

 

Results of most comprehensive genetic factors with strong significant associations (OR of ≤0.5 and ≥2.0) 

Legend: Symbols. *: if unspecified, it is an ‘overall’ estimate, including a mixed population of ethnicities, genders and/or smoking status. 

†: This heterozygous model comparison is WW vs. WM, rather than WM vs. MM. ‡: This estimate was inversed to fit the genetic model 

and comparison in relation to other estimates. $: rs1059046 (A>C), rs1136451 (A>G), rs4253527 (C>T), rs1130866 (C>T), rs2077079 

(C>A), rs1051246 (A>G), rs2245121 (G>A), rs2255601 (G>A), rs3088308 (T>A), rs6413520 (A>G), rs721917 (T>C)and rs911887 (T>C). 

Abbreviations. Outcomes: Genders: F = Female, M = Male, UMNR = Unclear/mixed/not reported; Smoking status: Non-S = Non-smokers, 

S = Smokers, UMNR = Unclear/mixed/not reported; Ethnicities: AA = African American, A = Asian, Af = African, Ar = Arabian, C = Caucasian, 

E = European, E-A = East Asian, I = Indian, S-A = South Asian, UMNR = Unclear/mixed/not reported. Estimates in bold face indicate 

significant associations.  

Genetic models. M = Mutant; W = Wildtype. Allelic model: M vs. W; Recessive model = MM vs. MW+WW; Dominant model = MM+MW 

vs. WW; Heterozygous model = MW vs. WW; Homozygous model = MM vs. WW; Overdominant model = MW vs. MM+WW.  

ORs displayed bold are significant ORs 
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Supplementary Table 4 

Gene Variant / rs number Ethni-city Smo-

king

* 

Gen

der

* 

Allelic Recessiv

e 

Domina

nt 

Hetero-zygous Homo-

zygous  

Over-

domina

nt  

Other Risk allele 

ADAM19 rs113897301 25 UMNR UMN

R 

UM

NR 

1.16 (1.12 - 

1.21) 

      AT (vs. A) 

ADAM19 rs1990950 42 C 
UMN

R 

UM

NR 

1.07 (1.04 - 

1.10)       G (vs. T) 

ADAM33 rs3918396 (S1)60 E, A UMN

R 

UM

NR 

1.05 (0.72 - 

1.53) 

0.97 

(0.61 - 

1.55) 

1.53 

(1.06 - 

2.21) 

 
1.69 (1.23 

- 2.32) 

  
C (vs. T) 

ADAM33 rs3918396 (S1)60 E UMN

R 

UM

NR 

0.81 (0.37 - 

1.79) 

0.80 

(0.33 - 

1.94) 

0.69 

(0.26 - 

1.82) 

 
0.67 (0.25 

- 1.79) 

  
C (vs. T) 

ADAM33 rs3918396 (S1)60 A UMN

R 

UM

NR 

1.40 (1.20 - 

1.64) 

1.17 

(0.89 - 

1.55) 

1.73 

(1.21 - 

2.46) 

 
1.87 (1.34 

- 2.60) 

  
C (vs. T) 

ADAM33 rs511898 (F+1)60 E, A UMN

R 

UM

NR 

1.18 (1.02 - 

1.38) 

1.51 

(1.12 - 

2.05) 

1.11 

(0.90 - 

1.36) 

 
1.42 (1.06 

- 1.90) 

  
T (vs. C) 

ADAM33 rs511898 (F+1)60 E UMN

R 

UM

NR 

1.20 (0.93 - 

1.55) 

1.39 

(0.97 - 

2.00) 

1.20 

(0.88 - 

1.63) 

 
1.48 (0.91 

- 2.40) 

  
T (vs. C) 

ADAM33 rs511898 (F+1)60 A UMN

R 

UM

NR 

1.14 (0.99 - 

1.31) 

1.68 

(0.97 - 

2.93) 

1.01 

(0.76 - 

1.36) 

 
1.32 (1.00 

- 1.75) 

  
T (vs. C) 

ADAM33 rs597980 (ST+5)60 E UMN

R 

UM

NR 

1.25 (1.05 - 

1.48) 

1.27 

(0.94 - 

1.71) 

1.38 

(1.06 - 

1.80) 

 
1.51 (1.07 

- 2.14) 

  
A (vs. G) 

ADGRG6 rs9399401 25 UMNR UMN

R 

UM

NR 

1.15 (1.12 - 

1.19) 

      T (vs. C) 

ADGRG6 rs7753012 42 C 
UMN

R 

UM

NR 

1.13 (1.10 - 

1.16)       T (vs. G) 
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ADGRG6 rs148274477 42 C 
UMN

R 

UM

NR 

1.21 (1.12 - 

1.31)       C (vs. T) 

ADRB2  rs1042713 37 C, A, Af UMN

R 

UM

NR 

   1.01 (0.81 - 1.26) 0.97 (0.76 

- 1.22) 

  
G (vs. A) 

ADRB2  rs1042713 46 C, A UMN

R 

UM

NR 

1.07 (0.86 - 

1.34) 

1.09 

(0.76 - 

1.55) 

1.10 

(0.81 - 

1.47) 

1.06 (0.77 - 1.47)†‡ 1.15 (0.72 

- 1.82)‡ 

  
A (vs. G) 

ADRB2  rs1042713 46 C UMN

R 

UM

NR 

1.02 (0.72 - 

1.44) 

1.03 

(0.63 - 

1.67) 

1.00 

(0.61 - 

1.61) 

0.95 (0.71 - 1.28)†‡ 1.04 (0.50 

- 2.13)‡ 

  
A (vs. G) 

ADRB2  rs1042713 46 A UMN

R 

UM

NR 

1.14 (0.86 - 

1.52) 

1.13 

(0.65 - 

1.96) 

1.30 

(0.91 - 

1.85) 

1.09 (0.62 - 1.89)†‡ 1.39 (0.93 

- 2.13)‡ 

  
A (vs. G) 

ADRB2  rs1042713 46 C, A S UM

NR 

1.04 (0.84 - 

1.30) 

1.10 

(0.81 - 

1.50) 

0.99 

(0.73 - 

1.33) 

1.09 (0.86 - 1.37)†‡ 1.05 (0.67 

- 1.67)‡ 

  
A (vs. G) 

ADRB2  rs1042713 46 C S UM

NR 

0.88 (0.66 - 

1.17) 

0.83 

(0.62 - 

1.11) 

0.83 

(0.54 - 

1.28) 

0.88 (0.65 - 1.19)†‡ 0.76 (0.43 

- 1.37)‡ 

  
A (vs. G) 

ADRB2  rs1042713 46 A S UM

NR 

1.27 (1.03 - 

1.57) 

1.45 

(1.04 - 

2.01) 

1.27 

(0.88 - 

1.85) 

1.43 (1.01 - 2.00)†‡ 1.56 (1.01 

- 2.44)‡ 

  
A (vs. G) 

AGER rs2070600 42 C 
UMN

R 

UM

NR 

1.20 (1.14 - 

1.27)       C (vs. T) 

AGPHD1  rs8042849 20 C, AA S M 0.76 (0.66 - 

0.85) 

      
T (vs. C) 

AGPHD1  rs8042849 20 C, AA S F 0.84 (0.74 - 

0.94) 

      
T (vs. C) 

AGPHD1  rs9788721 20 C, AA S M 0.77 (0.68 - 

0.86) 

      
T (vs. C) 

AGPHD1  rs9788721 20 C, AA S F 0.84 (0.75 - 

0.94) 

      
T (vs. C) 
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AKD1 rs10499052 24 UMNR UMN

R 

UM

NR 

1.16 (1.09 - 

1.23) 

      A (vs. G) 

ARL15 rs2441026 42 C 
UMN

R 

UM

NR 

1.04 (1.00 - 

1.07)       C (vs. T) 

ARMC2 rs2768551 42 C 
UMN

R 

UM

NR 

1.08 (1.04 - 

1.11)       A (vs. G) 

ARMC2 rs2806356 25 UMNR UMN

R 

UM

NR 

1.12 (1.08 - 

1.16) 

      C (vs. T/G) 

ASTN2 rs803923 42 C 
UMN

R 

UM

NR 

1.06 (1.03 - 

1.08)       A (vs. G) 

C5orf56 rs7713065 42 C 
UMN

R 

UM

NR 

1.05 (1.01 - 

1.10)       A (vs. C) 

CACNA2D3/

WNT5A 
rs1458979 42 C 

UMN

R 

UM

NR 

1.06 (1.02 - 

1.10)       G (vs. A) 

CCDC101 rs17707300 25 UMNR UMN

R 

UM

NR 

1.10 (1.06 - 

1.13) 

      C (vs. T) 

CDC123 rs7090277 42 C 
UMN

R 

UM

NR 

1.07 (1.05 - 

1.10)       T (vs. A) 

CELSR1  rs56344079 20 C, AA S M 1.08 (0.96 - 

1.19) 

      
C (vs. G/T) 

CELSR1  rs56344079 20 C, AA S F 0.72 (0.60 - 

0.85) 

      
C (vs. G/T) 

CELSR1  rs7286446 20 C, AA S M 0.87 (0.76 - 

0.98) 

      
T (vs. C) 

CELSR1  rs7286446 20 C, AA S F 1.31 (1.18 - 

1.43) 

      
T (vs. C) 

CELSR1  rs9615358 20 C, AA S M 0.90 (0.79 - 

1.01) 

      
A (vs. G) 

CELSR1  rs9615358 20 C, AA S F 1.37 (1.25 - 

1.49) 

      
A (vs. G) 

CELSR1  rs9615973 20 C, AA S M 1.06 (0.94 - 

1.17) 

      
C (vs. G) 
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CELSR1  rs9615973 20 C, AA S F 0.73 (0.61 - 

0.86) 

      
C (vs. G) 

CELSR1  rs9615981 20 C, AA S M 0.87 (0.76 - 

0.98) 

      
T (vs. G/A) 

CELSR1  rs9615981 20 C, AA S F 1.31 (1.18 - 

1.43) 

      
T (vs. G/A) 

CELSR1  rs9615982 20 C, AA S M 0.86 (0.71 - 

0.98) 

      
T (vs. G/C) 

CELSR1  rs9615982 20 C, AA S F 1.31 (1.18 - 

1.43) 

      
T (vs. G/C) 

CFDP1 rs7186831 25 UMNR UMN

R 

UM

NR 

1.12 (1.08 - 

1.16) 

      A (vs. G) 

CFDP1 rs3743609 42 C 
UMN

R 

UM

NR 

1.06 (1.03 - 

1.09)       C (vs. G) 

CHRNA3 rs1051730 20 C, AA S M 1.29 (1.20 - 

1.39) 

      
A (vs. G) 

CHRNA3 rs1051730 20 C, AA S F 1.19 (1.09 - 

1.30) 

      
A (vs. G) 

CHRNA3 rs1051730 11 A, C, 

African, 

unspecified 

UMN

R 

UM

NR 

1.14 (1.10 - 

1.18) 

  
1.13 (1.07 - 1.19) 

Multivariate 

adjusted: 1.11 (1.01 

- 1.20) 

1.30 (1.20 

- 1.41) 

  
A (vs. G) 

CHRNA3 rs1051730 11 A UMN

R 

UM

NR 

1.23 (0.91 - 

1.67) 

      
A (vs. G) 

CHRNA3 rs1051730 11 Non-A UMN

R 

UM

NR 

1.14 (1.10 - 

1.18) 

      
A (vs. G) 

CHRNA3 rs114205691 20 C, AA S M 1.33 (1.23 - 

1.42) 

      
T (vs. C/A) 

CHRNA3 rs114205691 20 C, AA S F 1.21 (1.11 - 

1.31) 

      
T (vs. C/A) 

CHRNA3 rs12914385 20 C, AA S M 1.32 (1.22 - 

1.41) 

      
T (vs. C/A) 
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CHRNA3 rs12914385 20 C, AA S F 1.23 (1.13 - 

1.32) 

      
T (vs. C/A) 

CHRNA3 rs12914385, 

Moderate-to-severe 

COPD 10 

C, AA UMN

R 

UM

NR 

1.28 (1.20 - 

1.36) 

      
T (vs. C/A) 

CHRNA3 rs12914385, Severe 

COPD 10 

C, AA UMN

R 

UM

NR 

1.39 (1.29 - 

1.51) 

      
T (vs. C/A) 

CHRNA3 rs138544659 20 C, AA S M 0.74 (0.63 - 

0.84) 

      
T (vs. G) 

CHRNA3 rs138544659 20 C, AA S F 0.82 (0.71 - 

0.93) 

      
T (vs. G) 

CHRNA3 rs141518190 20 C, AA S M 0.74 (0.64 - 

0.85) 

      
A (vs. G) 

CHRNA3 rs141518190 20 C, AA S F 0.83 (0.72 - 

0.94) 

      
A (vs. G) 

CHRNA3 rs146009840 20 C, AA S M 0.77 (0.67 - 

0.87) 

      
A (vs. T) 

CHRNA3 rs146009840 20 C, AA S F 0.83 (0.72 - 

0.93) 

      
A (vs. T) 

CHRNA3 rs147144681 20 C, AA S M 1.35 (1.25 - 

1.45) 

      
T (vs. C) 

CHRNA3 rs147144681 20 C, AA S F 1.20 (1.10 - 

1.31) 

      
T (vs. C) 

CHRNA3 rs147499554 20 C, AA S M 1.35 (1.24 - 

1.45) 

      
T (vs. C/G) 

CHRNA3 rs147499554 20 C, AA S F 1.21 (1.10 - 

1.32) 

      
T (vs. C/G) 

CHRNA3 rs4887067 20 C, AA S M 1.31 (1.21 - 

1.41) 

      
A (vs. G) 

CHRNA3 rs4887067 20 C, AA S F 1.20 (1.09 - 

1.30) 

      
A (vs. G) 
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CHRNA3 rs55676755 20 C, AA S M 0.75 (0.66 - 

0.85) 

      
C (vs. G) 

CHRNA3 rs55676755 20 C, AA S F 0.82 (0.72 - 

0.92) 

      
C (vs. G) 

CHRNA3 rs56077333 20 C, AA S M 1.35 (1.26 - 

1.45) 

      
A (vs. C/T) 

CHRNA3 rs56077333 20 C, AA S F 1.22 (1.12 - 

1.33) 

      
A (vs. C/T) 

CHRNA3 rs6495309 11 A UMN

R 

UM

NR 

1.26 (1.09 - 

1.45) 

  
1.12 (0.85 - 1.49) 1.53 (1.14 

- 2.06) 

Multivariat

e adjusted: 

1.31 (1.08 

- 1.54) 

  
C (vs. T/A) 

CHRNA3 rs8192482 20 C, AA S M 1.31 (1.21 - 

1.41) 

      
T (vs. C) 

CHRNA3 rs8192482 20 C, AA S F 1.19 (1.09 - 

1.30) 

      
T (vs. C) 

CHRNA5 rs11633958 20 C, AA S M 1.30 (1.20 - 

1.40) 

      
T (vs. C/A) 

CHRNA5 rs11633958 20 C, AA S F 1.19 (1.08 - 

1.29) 

      
T (vs. C/A) 

CHRNA5 rs140330585 20 C, AA S M 1.30 (1.20 - 

1.40) 

      
A (vs. G) 

CHRNA5 rs140330585 20 C, AA S F 1.20 (1.09 - 

1.30) 

      
A (vs. G) 

CHRNA5 rs16969968 MMA 11 

24 

UMNR UMN

R 

UM

NR 

1.30 (1.24 – 

1.36); I2=0.0%; 

n=2 

      
A (vs. G) 

CHRNA5 rs16969968 20 C, AA S M 1.30 (1.20 - 

1.40) 

      
A (vs. G) 
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CHRNA5 rs16969968 20 C, AA S F 1.19 (1.09 - 

1.30) 

      
A (vs. G) 

CHRNA5 rs17486195 20 C, AA S M 0.78 (0.68 - 

0.87) 

      
A (vs. G/T) 

CHRNA5 rs17486195 20 C, AA S F 0.84 (0.73 - 

0.94) 

      
A (vs. G/T) 

CHRNA5 rs17486278 25 UMNR UMN

R 

UM

NR 

1.18 (1.15 - 

1.22) 

      C (vs. A) 

CHRNA5 rs17486278 20 C, AA S M 0.76 (0.67 - 

0.85) 

      
A (vs. C) 

CHRNA5 rs17486278 20 C, AA S F 0.82 (0.73 - 

0.92) 

      
A (vs. C) 

CHRNA5 rs190065944 20 C, AA S M 1.39 (1.26 - 

1.52) 

      
A (vs. G) 

CHRNA5 rs190065944 20 C, AA S F 1.26 (1.12 - 

1.39) 

      
A (vs. G) 

CHRNA5 rs2036527 20 C, AA S M 1.28 (1.19 - 

1.37) 

      
A (vs. G) 

CHRNA5 rs2036527 20 C, AA S F 1.18 (1.09 - 

1.28) 

      
A (vs. G) 

CHRNA5 rs55853698 20 C, AA S M 0.77 (0.67 - 

0.87) 

      
T (vs. G) 

CHRNA5 rs55853698 20 C, AA S F 0.84 (0.74 - 

0.94) 

      
T (vs. G) 

CHRNA5 rs56390833 20 C, AA S M 1.30 (1.20 - 

1.40) 

      
A (vs. C/T) 

CHRNA5 rs56390833 20 C, AA S F 1.20 (1.09 - 

1.30) 

      
A (vs. C/T) 

CHRNA5 rs7172118 20 C, AA S M 1.30 (1.20 - 

1.40) 

      
A (vs. C/T) 

CHRNA5 rs7172118 20 C, AA S F 1.20 (1.10 - 

1.30) 

      
A (vs. C/T) 



     

153 
 

CHRNA5 rs7180002 20 C, AA S M 0.77 (0.67 - 

0.87) 

      
A (vs. T) 

CHRNA5 rs7180002 20 C, AA S F 0.84 (0.73 - 

0.94) 

      
A (vs. T) 

CHRNA5 rs72740955 20 C, AA S M 1.29 (1.19 - 

1.39) 

      
T (vs. C) 

CHRNA5 rs72740955 20 C, AA S F 1.19 (1.09 - 

1.29) 

      
T (vs. C) 

CHRNA5 rs72740964 20 C, AA S M 1.30 (1.20 - 

1.40) 

      
A (vs. G) 

CHRNA5 rs72740964 20 C, AA S F 1.20 (1.09 - 

1.30) 

      
A (vs. G) 

CHRNA5 rs951266 20 C, AA S M 1.30 (1.20 - 

1.40) 

      
A (vs. G) 

CHRNA5 rs951266 20 C, AA S F 1.19 (1.09 - 

1.30) 

      
A (vs. G) 

CHRNB4 rs55988292 20 C, AA S M 0.77 (0.67 - 

0.87) 

      
A (vs. G) 

CHRNB4 rs55988292 20 C, AA S F 0.88 (0.78 - 

0.98) 

      
A (vs. G) 

CHRNB4 rs72743158 20 C, AA S M 0.77 (0.67 - 

0.87) 

      
T (vs. C) 

CHRNB4 rs72743158 20 C, AA S F 0.85 (0.74 - 

0.96) 

      
T (vs. C) 

CHRNB4  rs17487223 20 C, AA S M 1.31 (1.21 - 

1.41) 

      
T (vs. C) 

CHRNB4  rs17487223 20 C, AA S F 1.20 (1.10 - 

1.30) 

      
T (vs. C) 

CRAMP1L rs6174645124 UMNR UMN

R 

UM

NR 

0.57 (0.29 - 

0.84) 

      T (vs. C) 

CYFIP2 rs10515750 42 C 
UMN

R 

UM

NR 

1.13 (1.05 - 

1.22)       T (vs. C) 



     

154 
 

CYP1A1 rs4646903 43 C, A UMN

R 

UM

NR 

1.21 (0.91 - 

1.60) 

1.57 

(1.09 - 

2.26) 

1.14 

(0.77 - 

1.70) 

1.22 (0.77 - 1.94) 1.73 (1.18 

- 2.55) 

  
C (vs. T) 

CYP1A1 rs4646903 43 A UMN

R 

UM

NR 

1.29 (0.94 - 

1.78) 

1.70 

(1.06 - 

2.71) 

1.07 

(0.59 - 

1.92) 

1.22 (0.51 - 2.89) 1.84 (1.11 

- 3.06) 

  
C (vs. T) 

CYP1A1 rs4646903 43 C UMN

R 

UM

NR 

1.13 (0.69 - 

1.86) 

1.39 

(0.78 - 

2.48) 

1.23 

(0.63 - 

2.40) 

1.24 (0.61 - 2.51) 1.60 (0.89 

- 2.88) 

  
C (vs. T) 

CYP2A6 rs12459249 25 UMNR UMN

R 

UM

NR 

1.10 (1.06 - 

1.14) 

      C (vs. T) 

DSP rs2076295 25 UMNR UMN

R 

UM

NR 

1.09 (1.06 - 

1.12) 

      T (vs. G) 

EEFSEC  rs2811416 20 C, AA S M 0.84 (0.69 - 

0.99) 

      
T (vs. C/G) 

EEFSEC  rs2811416 20 C, AA S F 0.66 (0.50 - 

0.82) 

      
T (vs. C/G) 

EEFSEC rs2955083 25 UMNR UMN

R 

UM

NR 

1.18 (1.13 - 

1.24) 

      A (vs. T) 

EEFSEC rs2811415 42 C 
UMN

R 

UM

NR 

1.05 (1.00 - 

1.11)       G (vs. A) 

EPB41L4A-

AS1  

rs66669542 20 C, AA S M 0.76 (0.65 - 

0.87) 

      
A (vs. T) 

EPB41L4A-

AS1  

rs66669542 20 C, AA S F 0.94 (0.82 - 

1.05) 

      
A (vs. T) 

EPHX1 rs1051740 31 C, A UMN

R 

UM

NR 

   
1.12 (0.96 - 1.30) 1.33 (1.06 

- 1.69) 

  
C (vs. T) 

EPHX1 rs1051740 31 A UMN

R 

UM

NR 

   
1.07 (0.69 - 1.65) 1.07 (0.76 

- 1.52) 

  
C (vs. T) 

EPHX1 rs1051740 31 C UMN

R 

UM

NR 

   
1.08 (0.96 - 1.22) 1.61 (1.12 

- 2.31) 

  
C (vs. T) 

FAM13A rs10021465 20 C, AA S M 0.87 (0.78 - 

0.96) 

      
A (vs. G) 



     

155 
 

FAM13A  rs10021465 20 C, AA S F 0.76 (0.66 - 

0.86) 

      
A (vs. G) 

FAM13A rs1812329 20 C, AA S M 1.19 (1.11 - 

1.28) 

      
A (vs. G) 

FAM13A  rs1812329 20 C, AA S F 1.35 (1.25 - 

1.45) 

      
A (vs. G) 

FAM13A rs1964516 9 C UMN

R 

UM

NR 

0.73 (0.66 - 

0.81) 

      
C (vs. T) 

FAM13A  rs2013701 20 C, AA S M 1.18 (1.10 - 

1.27) 

      
T (vs. G) 

FAM13A  rs2013701 20 C, AA S F 1.30 (1.20 - 

1.39) 

      
T (vs. G) 

FAM13A  rs2045517 20 C, AA S M 1.18 (1.10 - 

1.27) 

      
T (vs. C) 

FAM13A rs2045517 20 C, AA S F 1.35 (1.25 - 

1.45) 

      
T (vs. C) 

FAM13A rs2045517 42 C UMN

R 

UM

NR 

1.10 (1.08 - 

1.13) 

      T (vs. C) 

FAM13A rs28455964 20 C, AA S M 0.85 (0.76 - 

0.94) 

      
T (vs. G) 

FAM13A  rs28455964 20 C, AA S F 0.78 (0.68 - 

0.87) 

      
T (vs. G) 

FAM13A  rs2869966 20 C, AA S M 1.19 (1.11 - 

1.28) 

      
T (vs. C) 

FAM13A  rs2869966 20 C, AA S F 1.35 (1.26 - 

1.45) 

      
T (vs. C) 

FAM13A  rs2869967 20 C, AA S M 0.84 (0.75 - 

0.93) 

      
T (vs. C) 

FAM13A rs2869967 20 C, AA S F 0.74 (0.64 - 

0.84) 

      
T (vs. C) 

FAM13A rs2904259 20 C, AA S M 0.85 (0.76 - 

0.93) 

      
T (vs. C/A) 



     

156 
 

FAM13A rs2904259 20 C, AA S F 0.78 (0.68 - 

0.87) 

      
T (vs. C/A) 

FAM13A rs3846287 20 C, AA S M 1.17 (1.08 - 

1.26) 

      
T (vs. C/A/G) 

FAM13A  rs3846287 20 C, AA S F 1.28 (1.18 - 

1.37) 

      
T (vs. C/A/G) 

FAM13A  rs3857043 20 C, AA S M 0.85 (0.76 - 

0.94) 

      
T (vs. C) 

FAM13A  rs3857043 20 C, AA S F 0.78 (0.68 - 

0.88) 

      
T (vs. C) 

FAM13A  rs4416442 20 C, AA S M 0.83 (0.74 - 

0.91) 

      
T (vs. C) 

FAM13A rs4416442 20 C, AA S F 0.74 (0.65 - 

0.84) 

      
T (vs. C) 

FAM13A  rs4416442, 

Moderate-to-severe 

COPD 10 

C, AA UMN

R 

UM

NR 

1.28 (1.20 - 

1.36) 

      
C (vs. T) 

FAM13A  rs4416442, Severe 

COPD 10 

C, AA UMN

R 

UM

NR 

1.36 (1.26 - 

1.47) 

      
C (vs. T) 

FAM13A rs4693980 20 C, AA S M 1.17 (1.08 - 

1.25) 

      
A (vs. G) 

FAM13A  rs4693980 20 C, AA S F 1.29 (1.20 - 

1.39) 

      
A (vs. G) 

FAM13A  rs6830970 20 C, AA S M 0.86 (0.77 - 

0.94) 

      
A (vs. G) 

FAM13A  rs6830970 20 C, AA S F 0.78 (0.68 - 

0.88) 

      
A (vs. G) 

FAM13A  rs6837671 20 C, AA S M 0.83 (0.74 - 

0.92) 

      
A (vs. G) 

FAM13A rs6837671 20 C, AA S F 0.74 (0.64 - 

0.84) 

      
A (vs. G) 



     

157 
 

FAM13A rs6837671 25 UMNR UMN

R 

UM

NR 

1.12 (1.09-1.15)       G (vs. A) 

FAM13A  rs76273989 20 C, AA S M 1.62 (1.43 - 

1.81) 

      
A (vs. C) 

FAM13A  rs76273989 20 C, AA S F 1.20 (0.99 - 

1.40) 

      
A (vs. C) 

FAM13A rs7671167 9 C UMN

R 

UM

NR 

0.73 (0.66 - 

0.81) 

      
C (vs. T) 

FAM13A rs7671167 20 C, AA S M 1.17 (1.09 - 

1.26) 

      
T (vs. C) 

FAM13A  rs7671167 20 C, AA S F 1.30 (1.20 - 

1.39) 

      
T (vs. C) 

FAM13A  rs7671261 20 C, AA S M 1.17 (1.08 - 

1.26) 

      
A (vs. G) 

FAM13A  rs7671261 20 C, AA S F 1.28 (1.18 - 

1.37) 

      
A (vs. G) 

FAM13A  rs7674369 20 C, AA S M 1.20 (1.11 - 

1.29) 

      
A (vs. G/T) 

FAM13A rs7674369 20 C, AA S F 1.35 (1.25 - 

1.44) 

      
A (vs. G/T) 

FAM13A rs7682317 20 C, AA S M 1.21 (1.12 - 

1.30) 

      
T (vs. C) 

FAM13A  rs7682317 20 C, AA S F 1.35 (1.25 - 

1.44) 

      
T (vs. C) 

FAM13A  rs7682431 20 C, AA S M 1.16 (1.07 - 

1.25) 

      
C (vs. G) 

FAM13A  rs7682431 20 C, AA S F 1.32 (1.22 - 

1.42) 

      
C (vs. G) 

FAM13A rs13110699 42 C 
UMN

R 

UM

NR 

1.15 (1.09 - 

1.21)       G (vs. T) 

FAM208B rs41290259 24 UMNR UMN

R 

UM

NR 

1.79 (1.49-2.08)       A (vs. G) 



     

158 
 

FAR2 rs7294481 20 C, AA S M 0.83 (0.74 - 

0.92) 

      
T (vs. C) 

FAR2 rs7294481 20 C, AA S F 1.15 (1.06 - 

1.25) 

      
T (vs. C) 

FOXO1  rs75700692 20 C, AA S M 1.02 (0.87 - 

1.17) 

      
A (vs. C) 

FOXO1  rs75700692 20 C, AA S F 0.65 (0.49 - 

0.82) 

      
A (vs. C) 

FOXO1  rs78372177 20 C, AA S M 1.00 (0.85 - 

1.16) 

      
A (vs. G) 

FOXO1  rs78372177 20 C, AA S F 0.63 (0.45 - 

0.80) 

      
A (vs. G) 

GEMIN4  rs11652959 20 C, AA S M 1.07 (0.94 - 

1.20) 

      
T (vs. C/A/G) 

GEMIN4  rs11652959 20 C, AA S F 1.43 (1.30 - 

1.57) 

      
T (vs. C/A/G) 

GLIS3 rs7872188 42 C 
UMN

R 

UM

NR 

1.06 (1.02 - 

1.10)       T (vs. C) 

GSTCD rs11727735 25 UMNR UMN

R 

UM

NR 

1.26 (1.18 - 

1.33) 

      A (vs. G) 

GSTCD rs10516526 42 C 
UMN

R 

UM

NR 

1.12 (1.07 - 

1.18)       A (vs. G) 

GYPA  rs13105210 20 C, AA S M 0.84 (0.74 - 

0.94) 

      
T (vs. C) 

GYPA  rs13105210 20 C, AA S F 0.75 (0.64 - 

0.85) 

      
T (vs. C) 

GYPA  rs4835177 20 C, AA S M 1.18 (1.07 - 

1.28) 

      
A (vs. G) 

GYPA  rs4835177 20 C, AA S F 1.32 (1.21 - 

1.43) 

      
A (vs. G) 



     

159 
 

GSTT1 Null/Wt 15 C, A, Af UMN

R 

UM

NR 

      

1.28 

(1.09 – 

1.50) 

Null (vs. Wt) 

GSTM1 & 

GSTT1 

combined 

Null/Wt 15 C, A, Af UMN

R 

UM

NR 

      

1.42 

(1.21 – 

1.66) 

Null (vs. Wt) 

HDAC4 rs12477314 42 C 
UMN

R 

UM

NR 

1.09 (1.06 - 

1.12)       T (vs. C) 

HHIP rs13118928 9 C UMN

R 

UM

NR 

0.76 (0.65 - 

0.89) 

      
G (vs. A) 

HHIP rs13141641 25 UMNR UMN

R 

UM

NR 

1.22 (1.19 - 

1.26) 

      T (vs. C) 

HHIP rs1828591 8 C, AA UMN

R 

UM

NR 

0.77 (0.70 – 

0.86) 

      G (vs. A) 

HLA-

DQB1/HLA-

DQA2 

rs34864796 42 C 
UMN

R 

UM

NR 
1.12 (1.07 - 

1.16)       A (vs. G) 

HLA-

DQB1/HLA-

DQA2 

rs114229351 42 C 
UMN

R 

UM

NR 
1.07 (1.00 - 

1.13)       C (vs. T) 

HTR4 rs7715901 42 C 
UMN

R 

UM

NR 

1.10 (1.08 - 

1.13)       A (vs. G) 

HTR4 rs7733088 25 UMNR UMN

R 

UM

NR 

1.18 (1.14 - 

1.21) 

      G (vs. A/C) 

HYKK rs8034191 11 C, A, AA, 

Unspecified 

UMN

R 

UM

NR 

1.29 (1.18 - 

1.41) 

  
1.37 (1.20 - 1.56) 1.56 (1.27 

- 1.92) 

  
C (vs. T) 

IL1B rs1143627 51 E-A, S-A, Ar UMN

R 

UM

NR 

 
0.80 

(0.52 - 

1.21) 

1.25 

(0.79 - 

1.96) 

 
1.00 (0.52 

- 1.95) 

  
G (vs. A) 

IL1B rs1143627 51 E-A UMN

R 

UM

NR 

 
0.87 

(0.64 - 

1.18) 

1.55 

(1.14 - 

2.11) 

 
1.27 (0.87 

- 1.87) 

  
G (vs. A) 



     

160 
 

IL1B rs16944 44 C, A UMN

R 

UM

NR 

  
0.89 

(0.78 - 

1.01) 

    
A (vs. G) 

IL1B rs16944 44 A UMN

R 

UM

NR 

  
0.73 

(0.60 - 

0.88) 

    
A (vs. G) 

IL1B rs16944 44 C UMN

R 

UM

NR 

  
1.07 

(0.89 - 

1.29) 

    
A (vs. G) 

IL6 rs1800795 50 C UMN

R 

UM

NR 

1.16 (1.03 - 

1.30) 

1.21 

(0.96 - 

1.53) 

1.21 

(1.02 - 

1.43) 

1.18 (0.99 - 1.40) 1.32 (1.03 

- 1.70) 

  
C (vs. G) 

IL27 rs181206 24 UMNR UMN

R 

UM

NR 

0.85 (0.78 - 

0.92) 

      A (vs. G) 

IREB2 rs1062980 8 C, AA UMN

R 

UM

NR 

0.80 (0.69 – 

0.87) 

      C (vs. T) 

IREB2 rs11858836 9 C UMN

R 

UM

NR 

1.29 (1.13 - 

1.47) 

      
A (vs. G/T) 

IREB2 rs13180 9 C UMN

R 

UM

NR 

0.78 (0.70 - 

0.86) 

      
C (vs. T) 

IREB2 rs2568494 20 C, AA S M 0.79 (0.74 - 

0.85)‡ 

      
G (vs. A) 

IREB2 rs2568494 20 C, AA S F 0.88 (0.81 - 

0.96)‡ 

      
G (vs. A) 

IREB2  rs2568494 16 C, I, A UMN

R 

UM

NR 

0.95 (0.77 - 

1.18) 

0.94 

(0.75 - 

1.18) 

0.72 

(0.57-

0.92)‡ 

0.91 (0.79 - 1.04) 0.88 (0.50 

- 1.56) 

  
G (vs. A) 

IREB2 (MMA) rs2568494 16 20 C, I, A, AA UMN

R 

UM

NR 

0.85 (0.76 - 

0.93); I2=60.3%; 

n=3 

      G (vs. A) 

IREB2 rs2656052 20 C, AA S M 0.79 (0.70 - 

0.88) 

      
A (vs. C) 



     

161 
 

IREB2 rs2656052 20 C, AA S F 0.88 (0.79 - 

0.98) 

      
A (vs. C) 

IREB2 rs2656065 20 C, AA S M 1.26 (1.16 - 

1.35) 

      
A (vs. G) 

IREB2 rs2656065 20 C, AA S F 1.13 (1.04 - 

1.23) 

      
A (vs. G) 

IREB2 rs2938670 20 C, AA S M 0.79 (0.70 - 

0.88) 

      
T (vs. G) 

IREB2 rs2938670 20 C, AA S F 0.88 (0.79 - 

0.98) 

      
T (vs. G) 

ITGA1 rs1551943 42 C 
UMN

R 

UM

NR 

1.08 (1.03 - 

1.12)       A (vs. G) 

LINC00310/K

CNE2  
rs2834440 42 C 

UMN

R 

UM

NR 

1.05 (1.03 - 

1.08)       G (vs. A) 

LOC1053729

26 
rs4328080 42 C 

UMN

R 

UM

NR 

1.04 (1.02 - 

1.07)       G (vs. A) 

LOC1053774

62 
rs138641402 42 C 

UMN

R 

UM

NR 

1.17 (1.14 - 

1.20)       A (vs. T) 

LOC1079844

37 
rs10850377 42 C 

UMN

R 

UM

NR 

1.03 (1.00 - 

1.05)       G (vs. A) 

LOC389602/L

OC285889 
rs12698403 42 C 

UMN

R 

UM

NR 

1.05 (1.01 - 

1.09)       A (vs. G) 

LOC1053774

62 

rs720485 8 C, AA UMN

R 

UM

NR 

0.78 (0.64 – 

0.81) 

      C (vs. A/T) 

LRMDA rs2637254 42 C 
UMN

R 

UM

NR 

1.05 (1.02 - 

1.07)       A (vs. G) 

LRP1 rs11172113 42 C 
UMN

R 

UM

NR 

1.04 (1.01 - 

1.07)       T (vs. C) 

KBTBD12 rs17282209 20 C, AA S M 1.20 (1.05 - 

1.36) 

      
T (vs. C) 

KBTBD12 rs17282209 20 C, AA S F 1.51 (1.35 - 

1.67) 

      
T (vs. C) 
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KCNQ5 rs141651520 42 C 
UMN

R 

UM

NR 

1.05 (1.00 - 

1.10)       
TTCTAT (vs. Del) 

KCNS3/RDH1

4  
rs62126408 42 C 

UMN

R 

UM

NR 

1.07 (1.04 - 

1.11)       T (vs. C) 

MECOM/LOC

100507661  
rs56341938 42 C 

UMN

R 

UM

NR 

1.05 (1.01 - 

1.10)       A (vs. G) 

MFAP2 rs2284746 42 C 
UMN

R 

UM

NR 

1.05 (1.02 - 

1.07)       G (vs. C) 

MICAL1 rs59056467 24 UMNR UMN

R 

UM

NR 

1.14 (1.07-1.20)       T (vs. C) 

MMP3 rs679620 24 UMNR UMN

R 

UM

NR 

1.13 (1.07-1.19)       T (vs. C) 

MMP9 rs17576 7 C, A UMN

R 

UM

NR 

1.35 (1.00 - 

1.82) 

1.20 

(0.62 - 

2.30) 

1.46 

(1.02 - 

2.08) 

    
A (vs. G) 

MMP9 rs17576 7 A UMN

R 

UM

NR 

1.44 (0.96 - 

2.17) 

0.78 

(0.31 - 

1.99) 

1.66 

(1.01 - 

2.71) 

    
A (vs. G) 

MMP9 rs17576 7 C UMN

R 

UM

NR 

1.13 (0.88 - 

1.45) 

2.23 

(0.93 - 

5.33) 

1.07 

(0.81 - 

1.41) 

    
A (vs. G) 

MMP9  rs3918242 27 C, A UMN

R 

UM

NR 

1.47 (1.21 - 

1.79) 

1.33 

(0.82 - 

2.15) 

1.36 

(1.16 - 

1.61) 

1.00 (0.60 - 1.66)† 1.56 (0.95 

- 2.56) 

  
T (vs. C) 

MMP12 rs626750, severe 

COPD 10 

C, AA UMN

R 

UM

NR 

1.36 (1.23 - 

1.51) 

     
  G (vs.A) 

MMP15 rs12447804 42 C 
UMN

R 

UM

NR 

1.04 (1.01 - 

1.08)       T (vs. C) 

MN1 rs134041 42 C 
UMN

R 

UM

NR 

1.06 (1.03 - 

1.08)       T (vs. C) 

MN1 rs2283847 42 C 
UMN

R 

UM

NR 

1.05 (1.01 - 

1.09)       T (vs.C) 
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MTCL1 rs647097 25 UMNR UMN

R 

UM

NR 

1.10 (1.06 - 

1.13) 

      C (vs. T) 

NCR3/AIF1 rs2857595 42 C 
UMN

R 

UM

NR 

1.08 (1.05 - 

1.11)       A (vs. G) 

NPNT rs34712979 42 C 
UMN

R 

UM

NR 

1.12 (1.06 - 

1.18)       A (vs. G) 

PABPC4 
rs17513135 42 C 

UMN

R 

UM

NR 

1.06 (1.01 - 

1.11)       T (vs. C) 

PID1 rs16825267 25 UMNR UMN

R 

UM

NR 

1.19 (1.12 - 

1.25) 

      C (vs. G/A) 

PRDM11 rs2863171 42 C 
UMN

R 

UM

NR 

1.05 (1.02 - 

1.09)       A (vs. C) 

PSMA4  rs58365910 20 C, AA S M 0.78 (0.68 - 

0.87) 

      
T (vs. C) 

PSMA4  rs58365910 20 C, AA S F 0.85 (0.75 - 

0.94) 

      
T (vs. C) 

PTCH1 rs16909859 42 C 
UMN

R 

UM

NR 

1.05 (1.01 - 

1.10)       A (vs. G) 

RAB4B rs2604894 9 C UMN

R 

UM

NR 

0.74 (0.65 - 

0.84) 

      
A (vs. G) 

RAB4B rs7937 9 C UMN

R 

UM

NR 

0.73 (0.63 - 

0.83) 

      
C (vs. T) 

RARB rs1529672 42 C 
UMN

R 

UM

NR 

1.07 (1.03 - 

1.10)       C (vs. A) 

RIN3 rs1075472 20 C, AA S M 1.13 (1.01 - 

1.25) 

      
A (vs. G/T) 

RIN3 rs1075472 20 C, AA S F 1.39 (1.26 - 

1.52) 

      
A (vs. G/T) 

RIN3 rs72699855 20 C, AA S M 0.90 (0.78 - 

1.02) 

      
C (vs. G/A) 

RIN3 rs72699855 20 C, AA S F 0.72 (0.59 - 

0.85) 

      
C (vs. G/A) 
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RIN3 rs754388 25 UMNR UMN

R 

UM

NR 

1.15 (1.11 - 

1.20) 

      C (vs. G/T) 

RIN3 rs754388 20 C, AA S M 1.17 (1.05 - 

1.28) 

      
C (vs. G/T) 

RIN3 rs754388 20 C, AA S F 1.41 (1.28 - 

1.54) 

      
C (vs. G/T) 

RIN3 rs117068593 42 C 
UMN

R 

UM

NR 

1.08 (1.04 - 

1.11)       C (vs. T) 

RSRC1 rs1595029 42 C 
UMN

R 

UM

NR 

1.04 (1.01 - 

1.06)       C (vs. A) 

SERPINA1 rs28929474 24 UMNR UMN

R 

UM

NR 

1.57 (1.33 - 

1.80) 

      T (vs. C/G) 

SERPINA1 PI MS 14 C UMN

R 

UM

NR 

1.19 (1.02 - 

1.38) 

      MS (vs. MM) 

SERPINA1 PI MS 14 C S UM

NR 

1.02 (0.81 - 

1.28) 

      MS (vs. MM) 

SFTPD rs721917 25 UMNR UMN

R 

UM

NR 

1.08 (1.05 - 

1.11) 

      G (vs. A) 

SLC22A11 rs141159367 36 UMNR UMN

R 

UM

NR 

1.87 (1.49-2.26)       T (vs. C/A) 

SNRPF rs12820313 42 C 
UMN

R 

UM

NR 

1.06 (1.03 - 

1.10)       C (vs. T) 

SPATA9 rs153916 42 C 
UMN

R 

UM

NR 

1.04 (1.02 - 

1.07)       T (vs. C) 

SPHKAP/PID1 rs10498230 42 C 
UMN

R 

UM

NR 

1.12 (1.07 - 

1.18)       C (vs. T) 

TEKT5 rs12149828 42 C 
UMN

R 

UM

NR 

1.06 (1.02 - 

1.09)       A (vs. G) 

TESMIN rs146043252 36 UMNR UMN

R 

UM

NR 

1.66 (1.17 – 

2.15) 

      G (vs. A) 

TET2 rs2047409 25 UMNR UMN

R 

UM

NR 

1.12 (1.08 - 

1.15) 

      A (vs. G) 
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TGFB1 rs1800470 34 C, A UMN

R 

UM

NR 

0.87 (0.73 - 

1.03) 

0.94 

(0.51 - 

1.74) 

0.81 

(0.59 - 

1.12) 

 0.74 (0.40 

- 1.37) 

  
C (vs. T/G) 

TGFB1 rs1800470 34 C UMN

R 

UM

NR 

0.79 (0.64 - 

0.99) 

0.61 

(0.26 - 

1.46) 

0.66 

(0.50 - 

0.86) 

 0.50 (0.20 

- 1.22) 

  
C (vs. T/G) 

TGFB1 rs1800470 34 A UMN

R 

UM

NR 

0.95 (0.71 - 

1.28) 

1.17 

(0.53 - 

2.58) 

0.94 

(0.60 - 

1.47) 

 0.92 (0.41 

- 2.08) 

  
C (vs. T/G) 

TGFB2 rs4846480, Severe 

COPD10 

C, AA UMN

R 

UM

NR 

1.26 (1.16 - 

1.37) 

      
A (vs. T) 

TGFB2 rs10429950 25 UMNR UMN

R 

UM

NR 

1.11 (1.07 - 

1.14) 

      T (vs. C) 

THSD4 rs10851839 42 C 
UMN

R 

UM

NR 

1.10 (1.07 - 

1.13)       T (vs. A) 

TIRAP rs8177374 24 UMNR UMN

R 

UM

NR 

1.21 (1.12-1.30)       T (vs. C) 

THSD4 rs1441358 25 UMNR UMN

R 

UM

NR 

1.13 (1.10 - 

1.16) 

      G (vs. T) 

TNF rs80267959 13 C, A UMN

R 

UM

NR 

1.39 (1.01 - 

1.90) 

 
1.39 

(0.97 - 

1.99) 

    
A (vs. G) 

TNF rs80267959 13 C UMN

R 

UM

NR 

1.15 (0.76 - 

1.73) 

 
1.17 

(0.68 - 

2.00) 

    
A (vs. G) 

TNF rs80267959 13 A UMN

R 

UM

NR 

1.58 (1.04 - 

2.42) 

 
1.59 

(0.99 - 

2.54) 

    
A (vs. G) 

TNS1 rs2571445 42 C 
UMN

R 

UM

NR 

1.07 (1.05 - 

1.10)       A (vs. G) 

TRIP11 rs7155279 42 C 
UMN

R 

UM

NR 

1.05 (1.03 - 

1.08)       G (vs. T) 
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VDBP rs4588, rs7041 45 C, A UMN

R 

UM

NR 

      
1.64 

(1.09 - 

2.48) 

1F-1F (vs. 1S-

1F+1S-1S+2-1F+2-

1S+2-2) 

VDBP rs4588, rs7041 45 A UMN

R 

UM

NR 

      
1.73 

(1.07 - 

2.81) 

1F-1F (vs. 1S-

1F+1S-1S+2-1F+2-

1S+2-2) 

VDBP rs4588, rs7041 45 C UMN

R 

UM

NR 

      
1.44 

(0.57 - 

3.66) 

1F-1F (vs. 1S-

1F+1S-1S+2-1F+2-

1S+2-2) 

VDBP rs4588, rs7041 45 C, A UMN

R 

UM

NR 

      
0.74 

(0.46 - 

1.19) 

2-2 (vs. 1F-1F+1S-

1F+1S-1S+2-1F+2-

1S) 

VDBP rs4588, rs7041 45 A UMN

R 

UM

NR 

      
0.71 

(0.34 - 

1.48) 

2-2 (vs. 1F-1F+1S-

1F+1S-1S+2-1F+2-

1S) 

VDBP rs4588, rs7041 45 C UMN

R 

UM

NR 

      
0.83 

(0.56 - 

1.24) 

2-2 (vs. 1F-1F+1S-

1F+1S-1S+2-1F+2-

1S) 

VDBP rs4588, rs7041 45 C, A UMN

R 

UM

NR 

      
0.78 

(0.65 - 

0.94) 

1F-1S (vs. 1F-

1F+1S-1S+2-1F+2-

1S+2-2) 

VDBP rs4588, rs7041 45 A UMN

R 

UM

NR 

      
0.70 

(0.55 - 

0.89) 

1F-1S (vs. 1F-

1F+1S-1S+2-1F+2-

1S+2-2) 

VDBP rs4588, rs7041 45 C UMN

R 

UM

NR 

      
0.93 

(0.69 - 

1.24) 

1F-1S (vs. 1F-

1F+1S-1S+2-1F+2-

1S+2-2) 

VDBP rs4588, rs7041 45 C, A UMN

R 

UM

NR 

      
1.03 

(0.84 - 

1.25) 

1S-1S (vs. 1F-

1F+1S-1F+2-1F+2-

1S+2-2) 

VDBP rs4588, rs7041 45 A UMN

R 

UM

NR 

      
0.87 

(0.60 - 

1.26) 

1S-1S (vs. 1F-

1F+1S-1F+2-1F+2-

1S+2-2) 
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VDBP rs4588, rs7041 45 C UMN

R 

UM

NR 

      
1.10 

(0.87 - 

1.39) 

1S-1S (vs. 1F-

1F+1S-1F+2-1F+2-

1S+2-2) 

VDBP rs4588, rs7041 45 C, A UMN

R 

UM

NR 

      
0.83 

(0.69 - 

1.01) 

2-1S (vs. 1F-1F+1S-

1F+1S-1S+2-1F+2-

2) 

VDBP rs4588, rs7041 45 A UMN

R 

UM

NR 

      
0.83 

(0.63 - 

1.10) 

2-1S (vs. 1F-1F+1S-

1F+1S-1S+2-1F+2-

2) 

VDBP rs4588, rs7041 45 C UMN

R 

UM

NR 

      
0.82 

(0.64 - 

1.04) 

2-1S (vs. 1F-1F+1S-

1F+1S-1S+2-1F+2-

2) 

VDBP rs4588, rs7041 45 C, A UMN

R 

UM

NR 

      
1.24 

(0.88 - 

1.76) 

1F-2 (vs. 1F-1F+1S-

1F+1S-1S+2-1S+2-

2) 

VDBP rs4588, rs7041 45 A UMN

R 

UM

NR 

      
1.19 

(0.79 - 

1.80) 

1F-2 (vs. 1F-1F+1S-

1F+1S-1S+2-1S+2-

2) 

VDBP rs4588, rs7041 45 C UMN

R 

UM

NR 

      
1.34 

(0.63 - 

2.84) 

1F-2 (vs. 1F-1F+1S-

1F+1S-1S+2-1S+2-

2) 

VDBP rs4588, rs7041 45 C, A UMN

R 

UM

NR 

      
1.27 

(1.04 - 

1.54) 

1F (vs. 1S+2) 

VDBP rs4588, rs7041 45 A UMN

R 

UM

NR 

      
1.35 

(1.04 - 

1.75) 

1F (vs. 1S+2) 

VDBP rs4588, rs7041 45 C UMN

R 

UM

NR 

      
1.13 

(0.83 - 

1.54) 

1F (vs. 1S+2) 

VDBP rs4588, rs7041 45 C, A UMN

R 

UM

NR 

      
0.90 

(0.72 - 

1.11) 

2 (vs. 1F+1S) 
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VDBP rs4588, rs7041 45 A UMN

R 

UM

NR 

      
0.88 

(0.63 - 

1.24) 

2 (vs. 1F+1S) 

VDBP rs4588, rs7041 45 C UMN

R 

UM

NR 

      
0.90 

(0.69 - 

1.19) 

2 (vs. 1F+1S) 

VDBP rs4588, rs7041 45 C, A UMN

R 

UM

NR 

      
0.86 

(0.77 - 

0.96) 

1S (vs. 1F+2) 

VDBP rs4588, rs7041 45 A UMN

R 

UM

NR 

      
0.76 

(0.64 - 

0.89) 

1S (vs. 1F+2) 

VDBP rs4588, rs7041 45 C UMN

R 

UM

NR 

      
0.97 

(0.83 - 

1.13) 

1S (vs. 1F+2) 

VPS53 rs11247558 20 C, AA S M 0.96 (0.85 - 

1.07) 

      
C (vs. G) 

VPS53 rs11247558 20 C, AA S F 1.34 (1.22 - 

1.46) 

      
C (vs. G) 

VPS53 rs11656538 20 C, AA S M 1.03 (0.91 - 

1.16) 

      
A (vs. C) 

VPS53  rs11656538 20 C, AA S F 1.42 (1.28 - 

1.55) 

      
A (vs. C) 

VPS53 rs34001232 20 C, AA S M 1.02 (0.90 - 

1.14) 

      
A (vs. T) 

VPS53  rs34001232 20 C, AA S F 1.41 (1.28 - 

1.54) 

      
A (vs. T) 

VPS53 rs34469205 20 C, AA S M 0.99 (0.86 - 

1.11) 

      
A (vs. T) 

VPS53  rs34469205 20 C, AA S F 0.71 (0.58 - 

0.84) 

      
A (vs. T) 

VPS53 rs34729304 20 C, AA S M 1.02 (0.90 - 

1.14) 

      
C (vs. G) 
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VPS53  rs34729304 20 C, AA S F 1.41 (1.28 - 

1.53) 

      
C (vs. G) 

VPS53 rs35716682 20 C, AA S M 0.93 (0.82 - 

1.03) 

      
A (vs. G/T) 

VPS53  rs35716682 20 C, AA S F 1.34 (1.22 - 

1.45) 

      
A (vs. G/T) 

VPS53 rs4968100 20 C, AA S M 0.99 (0.87 - 

1.10) 

      
A (vs. G) 

VPS53  rs4968100 20 C, AA S F 0.72 (0.59 - 

0.84) 

      
A (vs. G) 

VPS53 rs4968102 20 C, AA S M 1.00 (0.89 - 

1.12) 

      
T (vs. C) 

VPS53  rs4968102 20 C, AA S F 1.38 (1.25 - 

1.51) 

      
T (vs. C) 

 

Results of most comprehensive genetic factors with weak significant associations (OR of >0.5 and <2.0) 

Legend: Symbols. *: if unspecified, it is an ‘overall’ estimate, including a mixed population of ethnicities, genders and/or smoking status. 

†: This heterozygous model comparison is WW vs. WM, rather than WM vs. MM. ‡: This estimate was inversed to fit the genetic model 

and comparison in relation to other estimates.  

Abbreviations. Genders: F = Female, M = Male, UMNR = Unclear/mixed/not reported; Smoking status: Non-S = Non-smokers, S = 

Smokers, UMNR = Unclear/mixed/not reported; Ethnicities: AA = African American, A = Asian, Af = African, Ar = Arabian, C = Caucasian, 

E = European, E-A = East Asian, I = Indian, S-A = South Asian, UMNR = Unclear/mixed/not reported. Estimates in bold face indicate 

significant associations.  

Genetic models. M = Mutant; W = Wildtype. Allelic model: M vs. W; Recessive model = MM vs. MW+WW; Dominant model = MM+MW 

vs. WW; Heterozygous model = MW vs. WW; Homozygous model = MM vs. WW; Overdominant model = MW vs. MM+WW.  

ORs displayed bold are significant ORs 
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Supplementary Table 5 

Gene Variant / rs number Ethn

i-

city 

Smo-king* Ge

nd

er* 

Allelic Recess

ive 

Domin

ant 

Hetero

-zygous 

Homo-

zygous  

Over-

domin

ant  

Other Risk 

allele 

ABLIM3 rs3839234 42 C UMNR 
UM

NR 

0.98 

(0.95 - 

1.02)       

Del 

(vs. 

G) 

ADAM33 rs2280089 (T+1)60 A UMNR UM

NR 

0.88 

(0.72 - 

1.07) 

1.06 

(0.62 - 

1.81) 

0.82 

(0.57 - 

1.19) 

 
1.00 

(0.58 - 

1.71) 

  
A (vs. 

G) 

ADAM33 rs2787094 (V4)60 E, A UMNR UM

NR 

0.95 

(0.76 - 

1.19) 

0.89 

(0.63 - 

1.25) 

0.96 

(0.72 - 

1.27) 

 
0.87 

(0.58 - 

1.31) 

  
C (vs. 

G) 

ADAM33 rs2787094 (V4)60 E UMNR UM

NR 

0.98 

(0.77 - 

1.23) 

1.06 

(0.77 - 

1.45) 

0.96 

(0.71 - 

1.28) 

 
1.02 

(0.74 - 

1.42) 

  
C (vs. 

G) 

ADAM33 rs2787094 (V4)60 A UMNR UM

NR 

0.91 

(0.55 - 

1.51) 

0.74 

(0.42 - 

1.30) 

0.95 

(0.50 - 

1.79) 

 
0.74 

(0.34 - 

1.60) 

  
C (vs. 

G) 

ADAM33 rs528557 (S2)60 E, A UMNR UM

NR 

0.97 

(0.74 - 

1.27) 

1.05 

(0.75 - 

1.46) 

0.97 

(0.71 - 

1.33) 

 
1.01 

(0.66 - 

1.52) 

  
G (vs. 

C/A) 

ADAM33 rs528557 (S2)60 E UMNR UM

NR 

0.88 

(0.62 - 

1.24) 

0.92 

(0.55 - 

1.54) 

0.82 

(0.55 - 

1.22) 

 
0.88 

(0.43 - 

1.80) 

  
G (vs. 

C/A) 

ADAM33 rs528557 (S2)60 A UMNR UM

NR 

1.05 

(0.68 - 

1.62) 

1.19 

(0.73 - 

1.94) 

1.08 

(0.68 - 

1.72) 

 
1.13 

(0.67 - 

1.92) 

  
G (vs. 

C/A) 

ADRB2  rs1042714 37 C, A, 

Af 

UMNR UM

NR 

   0.94 

(0.69 - 

1.24) 

1.00 

(0.80 - 

1.25) 

  
G (vs. 

C/T) 

ADRB2  rs1800888 37 C, A, 

Af 

UMNR UM

NR 

   1.17 

(0.96 - 

1.44) 

2.57 

(0.54 - 

12.36) 

  
T (vs. 

C) 
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AHNAK rs2509961 42 C UMNR 
UM

NR 

1.01 

(0.97 - 

1.05)       

T (vs. 

C) 

BMP6 rs6924424 42 C UMNR 
UM

NR 

1.00 

(0.97 - 

1.04)       

G (vs. 

T) 

C1GALT1 rs10246303 42 C UMNR 
UM

NR 

1.02 

(0.98 - 

1.06)       

T (vs. 

A) 

CASC20/

BMP2 
rs6140050 42 C UMNR 

UM

NR 

1.01 

(0.97 - 

1.05)       

C (vs. 

A) 

CCDC91 rs2348418 42 C UMNR 
UM

NR 

1.03 

(1.00 - 

1.05)       

C (vs. 

T) 

CDC7/TG

FBR3 
rs1192404 42 C UMNR 

UM

NR 

1.02 

(0.97 - 

1.08)       

G (vs. 

A) 

CHRM3 rs6688537 42 C UMNR 
UM

NR 

1.03 

(0.99 - 

1.07)       

A (vs. 

C) 

CISD3 rs11658500 42 C UMNR 
UM

NR 

1.04 

(0.99 - 

1.10)       

A (vs. 

G) 

DNLZ rs10870202 42 C UMNR 
UM

NR 

1.02 

(0.99 - 

1.05)       

C (vs. 

T) 

EFCAB5 rs59835752 42 C UMNR 
UM

NR 

1.03 

(0.97 - 

1.09)       

A (vs. 

Del) 

EFEMP1 rs1430193 42 C UMNR 
UM

NR 

0.99 

(0.96 - 

1.01)       

T (vs. 

A) 
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EPHX1  rs2234922 2 C UMNR UM

NR 

1.01 

(0.96 - 

1.06) 

      
G (vs. 

A/T) 

EPHX1  rs2234922 2 E-A UMNR UM

NR 

0.92 

(0.79 - 

1.08) 

      
G (vs. 

A/T) 

FGD6 rs11374563542 C UMNR 
UM

NR 

1.03 

(0.99 - 

1.08)       

T (vs. 

C) 

GSTP1 rs1695 54 C, A UMNR UM

NR 

1.07 

(0.82 - 

1.40) 

1.51 

(0.93 - 

2.44) 

1.00 

(0.76 - 

1.33) 

0.92 

(0.73 - 

1.17) 

1.50 

(0.86 - 

2.61) 

  
G (vs. 

A) 

GSTP1 rs1695 54 A UMNR UM

NR 

1.04 

(0.74 - 

1.46) 

1.66 

(0.91 - 

3.03) 

0.95 

(0.66 - 

1.35) 

0.86 

(0.64 - 

1.15) 

1.59 

(0.81 - 

3.09) 

  
G (vs. 

A) 

GSTP1 rs1695 54 C UMNR UM

NR 

1.13 

(0.71 - 

1.81) 

1.39 

(0.62 - 

3.12) 

1.11 

(0.66 - 

1.85) 

1.04 

(0.70 - 

1.55) 

1.48 

(0.56 - 

3.91) 

  
G (vs. 

A) 

GSTT1 Null/Wt 40 C, A UMNR UM

NR 

 
1.00 

(0.82 - 

1.22) 

     
Null 

(vs. 

Wt) 

GSTT1 Null/Wt 40 C UMNR UM

NR 

 
1.20 

(0.63 - 

2.29) 

     
Null 

(vs. 

Wt) 

GSTT1 Null/Wt 40 A UMNR UM

NR 

 
0.93 

(0.73 - 

1.19) 

     
Null 

(vs. 

Wt) 

GSTT1 Null/Wt 52 C, A S UM

NR 

1.05 

(0.87 - 

1.26) 

      
Null 

(vs. 

Wt) 

GSTT1 Null/Wt 52 A S UM

NR 

1.07 

(0.88 - 

1.31) 

      
Null 

(vs. 

Wt) 



     

173 
 

GSTT1 Null/Wt 52 C, A S M 1.48 

(0.90 - 

2.43) 

      
Null 

(vs. 

Wt) 

GSTT1 Null/Wt 52 C, A S F 1.42 

(0.44 - 

4.58) 

      
Null 

(vs. 

Wt) 

GSTT1 Null/Wt 23 C, A S F  
     

1.64 

(0.73 – 

3.69) 

Null 

(vs. 

Wt) 

HLA-

DQB1 
rs114544105 42 C UMNR 

UM

NR 

1.06 

(0.99 - 

1.13)       

A (vs. 

G) 

HSD17B1

2  
rs4237643 42 C UMNR 

UM

NR 

1.02 

(0.99 - 

1.05)       

T (vs. 

G) 

IL1B rs1143634 51 E-A, 

S-A, 

Ar 

UMNR UM

NR 

 
0.97 

(0.32 - 

2.88) 

1.16 

(0.78 - 

1.73) 

 
1.02 

(0.33 - 

3.12) 

  
A (vs. 

G) 

IL1B rs1143634 51 E-A UMNR UM

NR 

 
0.33 

(0.01 - 

8.19) 

1.16 

(0.75 - 

1.78) 

 
0.35 

(0.01 - 

8.54) 

  
A (vs. 

G) 

IL4 rs2070874 4 UM

NR 

UMNR UM

NR 

1.05 

(0.79 - 

1.38) 

      
C (vs. 

T) 

KANSL1 rs35524223 42 C UMNR 
UM

NR 

1.01 

(0.94 - 

1.08)       

A (vs. 

T) 

KCNJ2 rs6501431 42 C UMNR 
UM

NR 

0.98 

(0.95 - 

1.01)       

C (vs. 

T) 

LINC0146

7/LINC00

911 

rs1698268 42 C UMNR 
UM

NR 

1.01 

(0.96 - 

1.06)       

T (vs. 

A) 
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LOC1027

23639 

rs35506 42 C UMNR 
UM

NR 

0.99 

(0.95 - 

1.03)       

T (vs. 

A) 

LOC1053

69591 

rs567508 42 C UMNR 
UM

NR 

1.04 

(0.99 - 

1.10)       

G (vs. 

A) 

LOC1079

84427 

rs145729347 42 C UMNR 
UM

NR 

0.99 

(0.92 - 

1.06)       

C (vs. 

G/A) 

LST1 rs28986170 42 C UMNR 
UM

NR 

1.02 

(0.93 - 

1.11)       

Del 

(vs. 

AA) 

LTA rs909253 4 UM

NR 

UMNR UM

NR 

1.00 

(0.78 - 

1.28) 

      
A (vs. 

G/T) 

LTBP4 rs113473882 42 C UMNR 
UM

NR 

1.04 

(0.93 - 

1.17)       

T (vs. 

C) 

MECOM rs1344555 42 C UMNR 
UM

NR 

1.01 

(0.98 - 

1.04)       

T (vs. 

C) 

MGA rs72724130 42 C UMNR 
UM

NR 

1.01 

(0.92 - 

1.10)       

T (vs. 

A) 

MICAL3 rs11704827 42 C UMNR 
UM

NR 

1.03 

(0.99 - 

1.08)       

A (vs. 

T) 

MMP1 rs1799750 59 C, A UMNR UM

NR 

0.99 

(0.89 - 

1.10) 

0.99 

(0.81 - 

1.21) 

1.03 

(0.86 - 

1.22) 

 
0.93 

(0.77 - 

1.12) 

  
1C 

(vs. 

2C) 

MMP1 rs1799750 59 A UMNR UM

NR 

0.97 

(0.67 - 

1.41) 

0.68 

(0.39 - 

1.20) 

1.20 

(0.75 - 

1.92) 

 
0.76 

(0.40 - 

1.44) 

  
1C 

(vs. 

2C) 
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MMP1 rs1799750 59 C UMNR UM

NR 

0.99 

(0.92 - 

1.07) 

1.12 

(0.96 - 

1.31) 

0.93 

(0.82 - 

1.06) 

 
0.99 

(0.85 - 

1.16) 

  
1C 

(vs. 

2C) 

MMP1 rs1799750 59 C, A Smoking index 

matched between 

cases and controls 

UM

NR 

1.00 

(0.69 - 

1.45) 

0.80 

(0.41 - 

1.54) 

1.17 

(0.72 - 

1.91) 

 
0.85 

(0.43 - 

1.68) 

  
1G 

(vs. 

2G) 

MMP3 rs3025058 27 C, A UMNR UM

NR 

0.95 

(0.77 - 

1.17) 

0.74 

(0.53 - 

1.06) 

1.14 

(0.83 - 

1.55) 

1.41 

(0.97 - 

2.06) 

0.85 

(0.55 - 

1.31) 

  
6A 

(vs. 

5A) 

MMP3 rs35068180 59 C, A UMNR UM

NR 

0.88 

(0.61- 

1.27) 

0.91 

(0.58 - 

1.41) 

0.92 

(0.58 - 

1.46) 

 
1.18 

(0.76 - 

1.82) 

  
5A 

(vs. 

6A/6

C) 

MMP12 rs2276109 59 C, A UMNR UM

NR 

0.98 

(0.80 - 

1.20) 

0.96 

(0.76 - 

1.21) 

1.14 

(0.59 - 

2.20) 

 
1.17 

(0.61 - 

2.25) 

  
T (vs. 

C) 

MSRB3 rs1494502 42 C UMNR 
UM

NR 

1.03 

(0.99 - 

1.07)       

A (vs. 

G) 

MYPN rs7095607 42 C UMNR 
UM

NR 

1.02 

(0.98 - 

1.06)       

A (vs. 

G) 

QSOX2 rs10858246 42 C UMNR 
UM

NR 

1.00 

(0.98 - 

1.03)       

C (vs. 

G) 

SERPINA

3 

rs4934 4 UM

NR 

UMNR UM

NR 

0.80 

(0.62 - 

1.03) 

      
A (vs. 

G/C) 

SERPINE2 rs3795879 41 C, A UMNR UM

NR 

1.23 

(0.97 - 

1.32) 

1.19 

(0.85 - 

1.66) 

1.18 

(0.85 - 

1.62) 

1.19 

(0.81 - 

1.76)† 

1.23 

(0.89 - 

1.70) 

  
C (vs. 

T/A) 

SERPINE2 rs3795879 41 A UMNR UM

NR 

1.10 

(0.89 - 

1.36) 

1.08 

(0.86 - 

1.37) 

1.43 

(0.70 - 

2.91) 

1.01 

(0.83 - 

1.34)† 

1.45 

(0.71 - 

2.96) 

  
C (vs. 

T/A) 
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SERPINE2 rs3795879 41 C UMNR UM

NR 

1.15 

(0.92 - 

1.45) 

1.32 

(0.64 - 

2.73) 

1.12 

(0.78 - 

1.60) 

1.36 

(0.58 - 

3.24)† 

1.17 

(0.82 - 

1.69) 

  
C (vs. 

T/A) 

SOD2 rs4880 40 C, A UMNR UM

NR 

  
1.07 

(0.82 - 

1.40) 

    
T (vs. 

C) 

SOD3 rs1799895 40 C, A UMNR UM

NR 

  
0.63 

(0.25 - 

1.60) 

    
G (vs. 

C) 

SFTPB Combination of rs1130866 (G>A/C)and rs2077079 (G>T)35 C, A UMNR UM

NR 

1.13 

(0.73 - 

1.74) 

1.18 

(0.48 - 

2.92) 

2.02 

(0.92 - 

4.42) 

1.10 

(0.46 - 

2.66) 

2.38 

(0.91 - 

6.20) 

  
W 

(vs. 

M) 

SFTPD Combination of rs1051246 (A>G), rs2245121 (G>A), 

rs2255601 (G>A), rs3088308 (T>A), rs6413520 (A>G), 

rs721917 (A>G)and rs911887 (T>C)35 

C, A UMNR UM

NR 

1.09 

(0.85 - 

1.40) 

1.07 

(0.79 - 

1.44) 

1.07 

(0.71 - 

1.61) 

1.06 

(0.82 - 

1.37) 

1.06 

(0.64 - 

1.76) 

  
W 

(vs. 

M) 

SH3GL3 rs66650179 42 C UMNR 
UM

NR 

1.04 

(0.97 - 

1.12)       

Del 

(vs. 

A) 

SPAG17/

TBX15 
rs200154334 42 C UMNR 

UM

NR 

1.00 

(0.95 - 

1.05)       

CAT 

(vs. C 

SUCLG2 rs1490265 42 C UMNR 
UM

NR 

1.01 

(0.97 - 

1.05)       

C (vs. 

A) 

SVIL/JCA

D 
rs3847402 42 C UMNR 

UM

NR 

1.01 

(0.97 - 

1.06)       

A (vs. 

G) 

TARS/LO

C340113 
rs91731 42 C UMNR 

UM

NR 

1.03 

(0.96 - 

1.09)       

A (vs. 

C) 

TGFB1 rs1800469 34 C, A UMNR UM

NR 

0.89 

(0.77 - 

1.02) 

0.89 

(0.72 - 

1.11) 

0.88 

(0.66 - 

1.18) 

 0.87 

(0.66 - 

1.14) 

  
A (vs. 

G) 
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TGFB1 rs1800469 34 C UMNR UM

NR 

0.84 

(0.68 - 

1.05) 

    
  

A (vs. 

G) 

TGFB1 rs1800469 34 A UMNR UM

NR 

0.89 

(0.77 - 

1.02) 

0.92 

(0.73 - 

1.17) 

0.93 

(0.64 - 

1.35) 

 0.93 

(0.69 - 

1.26) 

  
A (vs. 

G) 

TGFB1 rs2241712 34 A UMNR UM

NR 

1.03 

(0.89 - 

1.20) 

1.03 

(0.52 - 

2.07) 

1.15 

(0.84 - 

1.58) 

 1.08 

(0.45 - 

2.58) 

  
T (vs. 

C) 

TGFB1 rs6957 34 C, A UMNR UM

NR 

1.14 

(0.95 - 

1.36) 

1.45 

(0.89 - 

2.36) 

1.30 

(0.74 - 

2.30) 

 1.52 

(0.91 - 

2.56) 

  T (vs. 

C) 

TGFB1 rs6957 34 C UMNR UM

NR 

1.19 

(0.92 - 

1.54) 

      T (vs. 

C) 

TGFB1 rs6957 34 A UMNR UM

NR 

1.02 

(0.78 - 

1.33) 

      T (vs. 

C) 

TGFB1 rs2241718 34 C, A UMNR UM

NR 

0.95 

(0.79 - 

1.14) 

    
  

G (vs. 

A) 

TGFB1 rs2241718 34 A UMNR UM

NR 

0.91 

(0.71 - 

1.16) 

    
  

G (vs. 

A) 

TGFB2/M

IR548F3 
rs993925 42 C UMNR 

UM

NR 

1.02 

(0.99 - 

1.04)       

C (vs. 

T) 

TGFBR3 rs12140637 42 C UMNR 
UM

NR 

1.02 

(0.98 - 

1.06)       

T (vs. 

C) 

THSD4 rs12591467 42 C UMNR 
UM

NR 

1.03 

(0.99 - 

1.07)       

C (vs. 

T) 
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TRAF3IP1

/ASB1 
rs61332075 42 C UMNR 

UM

NR 

1.02 

(0.96 - 

1.08)       

G (vs. 

C) 

TSEN54/

CASKIN2 
rs7218675 42 C UMNR 

UM

NR 

1.00 

(0.96 - 

1.04)       

A (vs. 

C) 

TIMP2 rs2277698 4 UM

NR 

UMNR UM

NR 

0.59 

(0.23 - 

1.48) 

      
A (vs. 

G) 

TNF rs1800610 40 C, A UMNR UM

NR 

  
1.10 

(0.92 - 

1.33) 

    
A (vs. 

G) 

TNF rs361525 12 C, A UMNR UM

NR 

0.97 

(0.69 - 

1.37) 

 
0.85 

(0.59 - 

1.21) 

    
A (vs. 

G) 

WWOX rs1079572 42 C UMNR 
UM

NR 

1.00 

(0.98 - 

1.03)       

A (vs. 

G) 

ZGPAT rs72448466 42 C UMNR 
UM

NR 

1.04 

(1.00 - 

1.08)       

Del 

(vs. 

GT) 

ZKSCAN1 rs72615157 42 C UMNR 
UM

NR 

1.02 

(0.97 - 

1.07)       

G (vs. 

A) 

 

Results of most comprehensive genetic factors with no significant associations. 

Legend: Symbols. *: if unspecified, it is an ‘overall’ estimate, including a mixed population of ethnicities, genders and/or smoking 

status. †: This heterozygous model comparison is WW vs. WM, rather than WM vs. MM. ‡: This estimate was inversed to fit the 

genetic model and comparison in relation to other estimates. $: rs1130866 (C>T)and rs2077079 (C>A), rs1051246 (A>G), rs2245121 

(G>A), rs2255601 (G>A), rs3088308 (T>A), rs6413520 (A>G), rs721917 (T>C)and rs911887 (T>C). 

Abbreviations. Genders: F = Female, M = Male, UMNR = Unclear/mixed/not reported; Smoking status: Non-S = Non-smokers, S = 

Smokers, UMNR = Unclear/mixed/not reported; Ethnicities: AA = African American, A = Asian, Af = African, Ar = Arabian, C = Caucasian, 
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E = European, E-A = East Asian, I = Indian, S-A = South Asian, UMNR = Unclear/mixed/not reported. Estimates in bold face indicate 

significant associations.  

Genetic models. M = Mutant; W = Wildtype. Allelic model: M vs. W; Recessive model = MM vs. MW+WW; Dominant model = MM+MW 

vs. WW; Heterozygous model = MW vs. WW; Homozygous model = MM vs. WW; Overdominant model = MW vs. MM+WW.  
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Supplementary Table 6 
Risk factor Comparison OR AR%* 

Active smoking MC: Forey (2011) 64  

Additionally in MMA: Wang (2015)74 Jayes (2016)66, 

and Kamal 67 

Ever vs. never smoking (any product) Overall: 2.61 (2.03 - 3.19)(MMA; I2=80%; 

n=3)a 

62 

  Cohort: 2.82 (1.16 - 4.49)(MMA 

I2=90.4%)a 

65 

  Case-control: 2.49 (1.44 - 3.54)(MMA; 

I2=45%; n=2)a 

60 

  Cross-sectional: 2.54 (2.32 - 2.80) 61 

  Males: 2.77 (1.13 - 4.41)(MMA; I2=91%; 

n=2)a 

64 

  Females: 2.71 (2.22 - 3.20)(MMA; I2=0%; 

n=2)a 

61 

  European: 2.79 (2.46 - 3.16) 64 

  North American: 3.48 (2.88 - 4.20) 71 

  Asian: 2.80 (2.30 - 3.30)(MMA; I2=0%; 

n=2)a 

64 

 Current vs. never smoking (any product) Overall: 3.51 (3.16 - 3.86)(MMA; I2=0%; 

n=3)b 

72 

  Cohort: 4.35 (3.27 - 5.43)(MMA; I2=0%; 

n=2)c 

77 

  Case-control: 4.69 (2.83 - 7.77) 79 

  Cross-sectional: 2.99 (2.67 - 3.31)(MMA; 

I2=0%; n=2)c 

67 

  Males: 4.03 (3.15 - 4.90)(MMA; I2=0%; 

n=2)d 

75 

  Females: 3.28 (2.35 - 4.58) 70 

  European: 3.69 (2.96 - 4.41)(MMA; 

I2=27.1%; n=3)b 

73 



     

181 
 

  Non-European: 3.23 (2.44 - 4.02)(MMA; 

I2=0%; n=5)b 

69 

  American: 3.36 (1.06 - 5.66)(MMA; 

I2=94%; n=2)c 

70 

  Asian: 2.97 (2.38 - 3.56)(MMA I2=0%; 

n=2)c 

66 

 Former vs. never smoking (any product) Overall: 2.44 (2.15 - 2.73)(MMA; I2=23%; 

n=2)c 

59 

  Cohort: 2.89 (2.16 - 3.62)(MMA; I2=0%; 

n=2)c 

65 

  Case-control: 3.45 (2.26 - 5.28) 71 

  Cross-sectional: 2.26 (1.63 - 2.89)(MMA; 

I2=80%; n=2)c 

56 

  Males: 2.87 (2.35 - 3.50) 65  

  Females: 2.02 (1.53 - 1.68) 50 

  European: 2.20 (1.60 - 2.81)(MMA; 

I2=57%; n=2)c 

55 

  American: 2.64 (1.99 - 3.29)(MMA; 

I2=42%; n=2)c† 

62 

  Asian: 3.36 (2.28 - 4.44)(MMA I2=86%; 

n=2)c 

70 

  About 5 cigs/day vs. never smoking 2.89 (2.41 - 3.45) 65 

 About 20 cigs/day vs. never smoking 6.21 (4.72 - 8.17) 84 

 About 45 cigs/day vs. never smoking 9.50 (7.38 - 12.22) 89 

 Highest vs. lowest amount of cigs/day 2.32 (1.90 - 2.83) 57 

 About age 26 years to start smoking vs. never smoking 1.91 (1.25 - 1.91) 48 

 About age 18 years to start smoking vs. never smoking 2.11 (1.08 - 4.11) 53 

 About age 14 years to start smoking vs. never smoking 3.12 (2.07 - 4.70) 68 

 Earliest vs. latest age at start smoking 1.49 (1.26 - 1.76) 33 
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 About 5 pack-years vs. never smoking 1.25 (1.09 - 1.44) 20 

 About 20 pack-years vs. never smoking 2.53 (1.87 - 3.43) 60 

 About 45 pack-years vs. never smoking 3.69 (2.79 - 4.86) 73 

 Highest vs. lowest amount of pack-years 2.80 (2.37 - 3.30) 64 

 Longest vs. shortest total duration of smoking 1.12 (0.63 - 1.98) -‡ 

 About 3 years quit vs. never smoking 4.08 (0.80 - 20.77) -‡ 

 About 7 years quit vs. never smoking 4.94 (1.21 - 20.07) 80 

 About 12 years quit vs. never smoking 2.12 (1.06 - 4.26) 53 

 Shortest vs. longest duration of quitting 2.21 (1.24 - 3.94) 55 

 About 3 years quit vs. current smoking 0.77 (0.51 - 1.15) -‡ 

 About 7 years quit vs. current smoking 1.03 (0.62 - 1.70) -‡ 

 About 12 years quit vs. current smoking 0.52 (0.37 - 0.71) -48 

Dietary pattern 

MC: Zheng (2016)76  

Highest vs. lowest category of intake of the healthy/prudent 

dietary pattern 

0.55 (0.46 - 0.66) -45 

 Highest vs. lowest category of intake of the 

unhealthy/western-style dietary pattern 

2.12 (1.64 - 2.74) 53 

Passive smoking 

MC: Fischer (2015)63  

Additionally in MMA: Yang (2017)73  

Second hand smoke exposed vs. not exposed Overall: 1.32 (0.66 – 1.99)(MMA I2=89%; 

n=2)d 

-‡ 

  Females: 2.17 (1.48 - 3.18) 54 

Waterpipe tobacco smoking 

MC: Waziry (2017)75  

Waterpipe tobacco smoking vs. no waterpipe tobacco 

smoking 

3.18 (1.25 - 8.08) 

 

69 

 

Results of all most comprehensive lifestyle factors 

Legend: References belonging to MMA estimates: a: this MMA is based on estimates from Forey (2011),64 Wang (2015),74 and Yang 
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(2017);73 b: this MMA is based on estimates from Forey (2011),64  Jayes (2016),66 and Kamal (2015);67 c: this MMA is based on 

estimates from Forey (2011)64 and Kamal (2015);67 d: this MMA is based on estimates from Fischer (2015)63 and Yang (2017)73  

Abbreviations: AR% = Attributable risk percent; JEM = Job Exposure Matrix; MC = Most comprehensive article selected; MMA = Meta-

meta-analysis; OR = Odds Ratio  

Symbols: * The AR% can be interpreted as the percentage of disease incidence among the exposed that are the result of the exposure, 

and therefore could be prevented if the exposure were eliminated. In case of protective factors (RR<1.00), the AR% can be interpreted 

as the percentage of cases that could be avoided if the entire population were exposed to this protective factor. † This estimate refers 

to the entire American continent ‡ No AR% could be calculated because the association was not significant.  

ORs displayed bold are significant ORs. 
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Supplementary Table 7 
Risk factor Comparison OR AR%* 

Living circumstances  

MC: Yang (2017) 73 for living circumstances 

Living in a city vs. living in a town 1.23 (0.67 - 1.88) -†
 

 Living around a polluted area 1.63 (1.20 – 2.21) 39 

 Poor ventilation 3.99 (1.24 – 12.82) 75 

Solid fuel smoke  

MC: Kurmi (2010) 68  

Any solid fuel smoke exposure vs. cooking on gas, 

oil or electricity 

 

2.80 (1.85 - 4.23) 64 

MC: Sana (2018)72  

MMA: Sana (2018)72 and Yang73 
Biomass smoke exposure vs. cooking on gas, oil or 

electricity 

1.52 (0.59 – 2.45) (MMA; I2=61.1%; n=2)a -† 

MC: Sana (2018) 72   
 Women: 1.20 (0.99 – 1.40) -† 

  

Women, non-smokers: 1.80 (1.48 - 2.20) 44 

MC: Kurmi (2010) 68   Wood smoke exposure vs. cooking on gas, oil or 

electricity 

4.29 (1.35 - 13.70) 77 

Frequent cooking 

MC: Yang (2017) 73  

Cooking frequently 1.53 (0.79 – 2.93) -† 

Occupational exposure to vapours, gases, dust or 

fumes 

MC: Sadhra (2017)71  

Other used in MMA: Yang (2017) 73  

Occupational vs. no exposure to vapours, gases, 

dust or fumes  

Overall: 1.22 (1.18 - 1.27) 18 

  Cohort: 1.11 (1.08 - 1.14) 10 

  Case-control: 1.75 (1.51 - 2.01) 43 

  Cross-sectional: 1.21 (1.13 - 1.29) 17 

  Male: 1.32 (1.21 - 1.45) 24 

  Female: 1.78 (1.42 - 2.23) 44 
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  Determination of exposure status: 

Self-reported: 1.91 (1.72 - 2.13) 

48 

  Determination of exposure status: 

JEM-based: 1.10 (1.06 - 1.24) 

10 

 Low occupational vs. no exposure to vapours, 

gases, dust or fumes 

0.77 (0.29 - 2.05) -† 

 Medium occupational vs. no exposure to vapours, 

gases, dust or fumes 

1.07 (0.75-1.54) -† 

 High occupational vs. no exposure to vapours, 

gases, dust or fumes 

1.36 (1.14 - 1.63) 26 

 Occupational vs. no exposure to vapours 1.24 (1.08 - 1.42) 19 

 Occupational vs. no exposure to gases 1.10 (1.04 - 1.17) 9 

 Occupational vs. no exposure to dusts 1.38 (1.29 - 1.47)(MMA; I2=1%; n=2)b 28 

 Occupational vs. no exposure to biological dust 1.33 (1.17 - 1.51) 25 

 Occupational vs. no exposure to mineral dust 1.07 (1.05 - 1.09) 7 

 Occupational vs. no exposure to fumes  1.16 (1.09 - 1.23) 14 

 Occupational vs. no exposure to fibres 1.76 (0.89 - 3.47) -† 

Physical labour work 

MC: Yang (2017) 73  

Physical labour work vs. no physical labour work 1.29 (0.81 – 2.07) -† 

 
Results of all most comprehensive environmental factors. 
Legend. References belonging to MMA estimates: a: this MMA is based on estimates from Sana (2018)72 and Yang;73 b: this MMA is 

based on estimates from Yang (2017)73 and Sadhra (2017).71  

Abbreviations: AR% = Attributable risk percent; JEM = Job Exposure Matrix; MC = Most comprehensive article selected; MMA = Meta-

meta-analysis; OR = Odds Ratio  

Symbols: * The AR% can be interpreted as the percentage of disease incidence among the exposed that are the result of the exposure, 

and therefore could be prevented if the exposure were eliminated. In case of protective factors (RR<1.00), the AR% can be interpreted 
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as the percentage of cases that could be avoided if the entire population were exposed to this protective factor. † No AR% could be 

calculated because the association was not significant 

ORs displayed bold are significant ORs. 
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Abstract 
The aetiology of chronic obstructive pulmonary disease remains poorly understood. Meta-

analyses and genome-wide association studies are common methods for studying genetic risk 

factors for disease. Although these studies are useful for the identification of candidate genes 

and variants, the interpretation of the results within a disease and pathway context remains 

challenging. In this study, we used network analysis to elucidate the biological context of the 

genetic variants Methods: In associated with chronic obstructive pulmonary disease and to 

perform analysis based on data visualization. We used data collected in a comprehensive 

review, including all known (181 statistically significant) chronic obstructive pulmonary disease 

related variants. Different visualizations of the same SNP-gene-pathway network were created 

in Cytoscape to investigate both the gene functionality and the potential variant effect in 

context. For the interpretation of the gene’s roles and their connections in the network, we 

identified eleven functional classes obtained after the analysis on the specific gene function. 

Subsequently, we performed a variant effect predictor analysis to examine the influence of the 

significant single nucleotide polymorphisms on their respective genes. Significant genes were 

found in 315 biological pathways from the curated human collection of WikiPathways. We 

focused the analysis on the potentially influential seven missense single nucleotide 

polymorphisms present in different genes: AK9, SERPINA1, IL27, CYP1A1, EPHX1, SLC22A11 

and TESMIN. Our results suggest that inflammatory and detoxification pathways may be the 

most relevant targets for future research on chronic obstructive pulmonary disease. This 

emphasises the relevance of gene-environment, gene-behaviour and gene-lifestyle 

interactions. 
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Introduction 

Chronic obstructive pulmonary disease (COPD) is characterized by persistent respiratory 

symptoms and airflow limitation that is due to airway and/or alveolar abnormalities.1 

1Unfortunately, COPD is the third leading cause of death worldwide2 but on the other hand, it 

is largely preventable, as its primary risk factor is smoking.3 Although, not all smokers will 

develop COPD,4 and cases also occur in never smokers.5 Given this marked variability in 

susceptibility, COPD risk may be attributable to genetic predispositions6 and/or to 

environmental factors such as poor diet,7 8 lack of exercise,9 exposure to pollution, vapours, 

gases, infection10 and/ or gene-environment interactions.11 However, the causal mechanisms 

behind COPD remain poorly understood12 13 and current treatments are limited to symptom 

control.14 Determining the mechanism(s) behind the development of COPD, specifically which 

genetic factors are associated with it, could lead to better and more personalized 

interventions, prevention, and risk prediction, by allowing us to more specifically intervene 

with damaged gene-products.  

 

As a result of genome-wide association studies (GWAS), significant advances have been made 

in the identification of risk loci for COPD. These studies have discovered many genetic 

variations, including single nucleotide polymorphisms (SNPs), which may be relevant to the 

development of COPD, but many of these SNPs are in non-coding regions of DNA,15 or the gene 

function is not known. However, disease manifestations are rarely a result of single gene 

alteration, instead they reflect disturbances within complex intracellular networks.16 

Nonetheless, such large caches of information are difficult to interpret, particularly within the 

context of other systems, within the disease process itself and in the presence of unknown 

gene functions. Considering genes in context, as well as the gene variant effect aids in 

understanding the function of the included SNPs within biological contexts. Network analysis 

provides a way of deciphering the biological relationships between SNPs, genes and pathways, 

by providing a framework which allows for the integration, analysis and display of this complex 

data.17 18 The creation of a SNP-gene-pathway network, does not only provide useful 

visualizations of the different types of data, but may also give new insights into the 

pathobiology of COPD.19 
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In this study we used data and knowledge-driven methods based on pathway and network 

analysis to examine the inter-relationships between the genes associated with COPD risk, 

identified through genetic variation associations with COPD. We made functional maps of the 

network to better understand the genes roles in the context of COPD as well as examined the 

types of variants and their biological consequences.  

Methods 

Dataset 

The genetic variations analysed in this study have been taken from a comprehensive overview 

that was performed by Mount and Stewart. The authors performed a systematic search of 

Embase, Pubmed, and Web of Science to find and extract all genetic variants published in 

pooled and meta-analysis studies related to the genetic risk of COPD. A detailed description of 

study methods can be found on Prospero (CRD4201705) May 2018. 

 

From this review we extracted the 181 significant genetic variants mapped to 99 genes. The 

list of variants includes 176 SNPs with an rs identifier and eight variations represented by: a 

combination of multiple SNPs, insertions and deletions or length polymorphisms [refer to Table 

E1). The latter two are included only in the SNP-gene-pathway network visualizations as nodes, 

but could not be further investigated due to the lack of a unique identifier. All genetic variants 

from the comprehensive overview have been included in our networks, regardless of any 

linkage disequilibrium. 

 

Analysis workflow 

The analysis workflow is presented in Figure 1, and shows the different steps and tools used. 

In the first step, the list of 181 variants and 99 genes were represented in a SNP-gene network 

using Cytoscape version 3.6,20 an open source, modular, software platform for integrating, 

analysing and visualizing complex networks. In the second step, the genes were used to 

retrieve the biological pathways from the complete WikiPathways Human collection, version 

20180710 (10 July 2018).21 WikiPathways is an open and community-curated biological 

pathway database that allows for the analysis, visualization and integration of transcriptomic, 

proteomic, epigenomic, metabolomic and interaction related data.21 Genes present in one or 
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more pathways were displayed in a Cytoscape gene-pathway network. In the third step, the 

SNP-gene and gene-pathway network were consolidated using the core "merge" function in 

Cytoscape. This yielded a SNP-gene-pathway network that was used as a basic reference for 

the biological interpretation of the connected elements. In the fourth step, additional 

investigations on the gene and SNPs descriptions were performed. 

 

The retrieved information was included in the network visualizations and presented using table 

legends and/or colour coding. The SNP-gene-pathway networks are publicly available for 

consultation and further exploration at the NDEx (Network Data Exchange) website  

(http://www.ndexbio.org/),22 and include the additional SNPs and gene information. 

 

Results 

Different visualization for the SNP - gene - pathway networks   

Our analysis (Figure 1) produced four different visualizations of the same SNP-gene-pathway 

network. Each network visualization highlights different types of information and contains an 

attribute table related to the network node, for ease of interpretation. In Table 1, an overview 

of the main characteristics of the networks is reported. In each network title, the link to the 

NDEx visualization is provided, and the main features of the networks and nodes codes are 

reported.  

 

 

http://www.ndexbio.org/
http://www.ndexbio.org/
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Figure 1: work flow of the analysis. 

Different visualization for the SNP - gene - pathway networks   
Our analysis (Figure 1) produced four different visualizations of the same SNP-gene-pathway 

network. Each network visualization highlights different types of information and contains an 

attribute table related to the network node, for ease of interpretation. In Table 1, an overview 

of the main characteristics of the networks is reported. In each network title, the link to the 

NDEx visualization is provided, and the main features of the networks and nodes codes are 

reported.  
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Table 1 

Network 
title 

Weblink Features Node colour 

Gene -
pathway 
network 

http://doi.org/10.18119/N9SW2N Result of the merged 
"SNP-gene" and 
"gene-pathway" 
networks. This is the 
basic set for the other 
two network 
visualizations. 
 

SNP= green; 
gene= blue;  
pathway = red. 

Functional-
gene - map 

http://doi.org/10.18119/N9JC76 Genes belonging to a 
specific functional 
class listed and colour 
coded. 

SNP = grey 
triangle; gene= 
squared coloured 
node according to 
the; pathway = 
grey circle; 
 

Variant -
effect 
network 

http://doi.org/10.18119/N9P301 SNPs with different 
type of gene impact 
are highlighted. 

SNP low=green; 
SNP moderate = 
blue; SNP 
modifier = orange; 
gene=grey 
triangle; pathway 
= grey circle 

    

 

Overview of the four SNP-gene-pathway networks 

The "Gene - pathway network" represents the basic workflow output. All the networks account 

for 181 variants nodes, 99 genes nodes and 315 pathways nodes for a total number of 739 

connections within the three elements. Of the original set of 99 genes, 74 genes are present 

in pathways from the curated WikiPathways. The basic version highlights the three elements: 

SNPs, genes and pathways in different colours. The other networks present more elaborate 

visualizations and are discussed in the following sections. 

 

Gene function interpretation 

The "Functional - gene - map", visualization presents "Functional classes" classification (Table 

E1) network. In this table, 13 non-overlapping functional classes are identified: Addiction (6), 

Cellular interaction (3), Cellular metabolism (17), Cellular structure (5), Detoxification (5), 

http://doi.org/10.18119/N9SW2N
http://doi.org/10.18119/N9JC76
http://doi.org/10.18119/N9P301
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Development (12), Homeostasis organismal (3), Inflammation (15), Lung function (2), 

Metabolism organismal (3), Regulation (11), Tissue remodelling (12), and Unknown (4),  (refer 

to Figure E2 for coding legend). When examining the gene distribution in the network and 

pathway connections, it is interesting to observe that in some of the functional classes, genes 

are dispersed, while in others all are connected. Cellular metabolism (shown in dark green) is 

an example of this dispersion, 15 genes are not connected in the major central network and 

seven of the 15 do not present any pathway connections. Comparatively, all five genes related 

to Detoxification cluster in a specific area (displayed in pink). Similarly, all 15 genes involved in 

Inflammation are grouped in the central area of the major network (shown in purple), which 

are also intensely connected to other genes and pathways. This network visualization thus 

gives an indication of the biological process in which the 26 unlinked genes are involved. 

However, we relied on the additional information we collected, shown in the attribute table of 

the network (Table E2), for the biological interpretation. 

 

Variant effect interpretation 

The "Variant - effect network" visualization makes use of VEP Ensembl tool and gives an 

indication of the impact of the variants on the gene sequence (refer to Table E4). The resulting 

network contained 149 modifier (or non-coding variants) SNPs, 19 moderate (or missense) 

SNPs and two low (or synonymous) impact SNPs. Polyphen23 and SIFT24 prediction scores, 

presented in the network table as attributes, were also consulted to elucidate the 

deleteriousness of the 19 missense variants. The Polyphen resulted in five probably damaging 

SNPs (rs141159367, rs1051740, rs10499052, rs146043252, rs28929474,) and two possibly 

damaging (rs1048943, rs181206) SNPs. However, SIFT indicated that only three (rs1051740, 

rs10499052, rs146043252) of the seven SNPs identified by Polyphen are deleterious. Due to 

this discrepancy, we considered the more extensive list in further discussion and analysis. In 

Figure 2 a SNP-gene-pathway subnetwork is presented, highlighting only the connections 

related to the seven genes (e.g. AK9, SERPINA1, IL27, CYP1A1, EPHX1, SLC22A11 and TESMIN) 

carrying the deleterious missense SNPs. 
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Figure 2: Subnetwork of the SNP-gene-pathway network highlighting the connection of the seven genes (e.g. AK9, SERPINA1, IL27, CYP1A1, 

EPHX1, SLC22A11 and TESMIN) carrying deleterious missense SNPs. 

 

https://drive.google.com/file/d/1P3B4Ew15bo14heTfTaZ5v67lTYIdOVby/view
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Discussion 
We applied network analysis to genes associated with COPD to improve the interpretability of 

genetic variants. We provide an integrated view of the variants, the genes, their pathways and 

interactions. Most of the genes within a functional class grouped together, indicating that they 

share common pathways; while other genes tended to be more dispersed, perhaps dictated 

by the pleiotropic role of the genes.  

 

Detoxification, inflammation, tissue remodelling and lung function genes are likely to be the 

most interesting to discuss with respect to COPD, as they may provide direct targets for risk 

modification. In contrast, the genes related to cellular metabolism, organismal metabolism, 

organismal homeostasis, cell structure, development and addiction pathways, although 

relevant, may be involved in more indirect causal pathways. The distinctions have been made 

in the functional classes based on the (probable) function of the genes. For example, genes 

classified in cellular metabolism class play roles in RNA or protein coding, genes with the 

function of maintaining energy are part of spliceosome metabolism class, and genes involved 

in nutrient and waste product balance are clustered in the organismal metabolism class. These 

classifications are subjective, but help to guide on the important functions of the gene/protein 

product in the context of COPD.  

  

The VEP analysis presented here showed that the vast majority of the SNPs associated with 

COPD are modifiers, with a small number of missense mutations. Modifier SNPs may affect 

regulatory mechanisms, such as gene splicing, transcription factor binding, or messenger RNA 

degradation 25. However, the influence of modifiers is likely limited, particularly if a single 

modifier SNP is considered, although they may be cumulatively relevant.26  

 

Nineteen of the 181 variants were missense SNPs mutations. Of these, seven SNPs: 

rs10499052, rs28929474, rs181206, rs1048943, rs1051740, rs141159367 and rs146043252 

showed deleterious alterations in the associated proteins for SLC22A11, AK9, SERPINA1, IL27, 

CYP1A1, EPHX1 and TESMIN respectively. Figure 2 displays the interactions of those seven 

genes with the missense SNPs and pathways. Interestingly, all but two of the deleterious 
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alterations, located in AK9 and TESMIN, are in genes which are either directly or indirectly, 

involved in inflammatory pathways. The AK9 gene mutation is involved in cellular metabolic 

processes and is primarily expressed in extra-pulmonary tissues,27 while TESMIN is involved in 

heavy metal ion binding and sequestering.  

 

The IL27 and SERPINA1 encode proteins directly involved in inflammation. The cytokine IL27 

has both anti-inflammatory and inflammatory functions28 while SERPINA1 encodes alpha-

antitrypsin which acts to prevent the uncontrolled proteolytic attack of the lungs.29 The leucine 

to proline substitution caused by rs181206 (IL27) was predicted to be possibly damaging by 

Polyphen, indicating a strong change in protein structure. Proline is known to have an 

exceptional conformational rigidity, often causing structural changes. This is in line with the 

results from a previous meta-analysis and clinical findings. Hobbs et. al. reported an increased 

OR of 1.18 in presence of proline (originally reported OR inversed to show the effect of the 

minor/risk allele).30 Indeed, higher levels of IL27 have also been observed in the sputum and 

plasma of COPD patients, compared to healthy controls.31 Moreover, levels have been 

observed to be further elevated (in serum) during exacerbations, and sputum levels are also 

negatively correlated with FEV1.31 32 Lastly, cigarette smoke upregulates the naïve CD4+ T cell 

expression of IL27.33 Together, these findings highlight the relevance of IL27 in COPD 

pathogenesis. Similar to IL27 in the inflammatory pathway is SERPINA1. This is perhaps the 

most well-known gene associated with COPD.34 However, variants in this gene account for less 

than two per cent of all COPD cases.35 Interestingly, the deleterious variant (PiMZ) associated 

with this gene was only observed in crude estimates and disappeared after adjusting for 

smoking behaviour.36 Although this is puzzling, it could be attributable to other environmental 

or behavioural factors. To add to this puzzle, the findings of cohort studies remain inconsistent 

with respect to lung function decline in smoking and non-smoking individuals with the PiMZ 

variant.37-40 

 

Detoxification as well as the oxidative stress may determine the susceptibility to COPD, but the 

mechanism of this risk remains poorly understood.41 Interestingly we observed that two 

deleterious SNPs rs1048943 and rs1051740 respectively, associated with CYP1A1 and EPHX1, 
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may play a key role in this type of susceptibility. Both of these genes are involved in 

detoxification pathways, and under some circumstances, may be directly linked, as in 

Benzo(a)pyrene metabolism (WikiPathways identifier: WP696). Polycyclic aromatic 

hydrocarbons (PAH), found in cigarette smoke, air pollution,42 coal tar, and grilled meats,43 are 

catalysed by cytochrome P450 enzymes.44 The risk associated with CYP1A1 (rs1048943) gene 

variant (462 Ile/Val) was 3.23 (1.50n-6.93),45 and has been associated with markers of 

increased oxidative stress.41 This stress is due to the CYP1A1 variant’s ability to increase 

enzyme activity, and further activate tobacco carcinogens.46 This is particularly relevant with 

respect to PAH metabolism, as CYP1A1 acts sequentially with EPHX1. The EPHX1 gene encodes 

a phase II biotransformation enzyme in epoxide metabolism.47 The EPHX1 rs1051740 variant 

is known to reduce enzyme activity and is sometimes referred to as the slow allele.48 The slow 

variant of this gene has been associated with an increased risk of COPD in Caucasians49 while 

the fast variant (rs2234922) has been observed to be protective in Asians.50 However, the 

contribution of the EPHX1 variants to COPD risk remains controversial.51 If these variants were 

present in the same individual, i.e. the fast CYP1A1 variant, causing a build-up of carcinogens, 

and the slow EPHX1 variant, a build-up of dangerous xenobiotics and/or xenobiotic metabolites 

could arise thereby increasing the risk of COPD.  

 

Finally, the SLC22A11 (rs141159367) gene is involved in the excretion of xenobiotics, 

endogenous organic anions, and urate.52 The mutation results in an alanine to valine 

substitution. However, both are non-reactive and hydrophobic, thus this substitution may have 

an overall neutral affect.53 

 

To our knowledge, this is the first time this type of network analysis has been performed on 

COPD GWAS meta-analytic data. The most comparable study was performed in 70 patients 

with emphysema and bronchiolitis.54 However, our results deviated strongly from their 

findings, with the only similarities being commonly expressed risk altering genes being HMOX1, 

IL6, and AGER. These deviations may stem from differences in tissue collection,55 our inclusion 

of only statistically relevant variants, or from differences in patient populations. 

 

https://www.wikipathways.org/index.php/Pathway:WP696
https://www.wikipathways.org/index.php/Pathway:WP696
https://www.wikipathways.org/index.php/Pathway:WP696
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Strengths and Limitations 

The methods demonstrated here have a number of strengths and limitations. We have used 

data collected at the highest level of evidence, a so-called meta-meta-analysis. This data is then 

presented within the pathways of disease, through the use of network analysis. This allows us 

to study the disease more precisely by putting candidate genes and gene variants into their 

pathway and interaction contexts, instead of only considering individual genetic 

determinants.56 However, all genetic variants from the comprehensive overview have been 

included in our networks, regardless of any linkage disequilibrium. As a result, the discussed 

pathways, genes and variants may be affected by known and unknown linkage disequilibrium 

(LD). Lastly, by making our network publicly available in NDEX, we have made it available for 

further research and made it easier to reproduce our analysis. 

 

Conclusion 
In this study, we graphically presented SNPs, genes and pathways involved in the risk of COPD 

in extensive networks. Furthermore, we compartmentalized the genes into functional classes 

in order to simplify the visual representation of pathways and aid the understand-ability of this 

complex information. We also discuss the impact of seven deleterious missense gene-variants 

while explaining how to interpret the networks. The visual representation of the complex data, 

highlights relevant pathways, as well as targets for laboratory and human intervention trials. 
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Supplementary methods 

Functional annotation of identified genes 

In order to classify the genes presented in the merged network into functional classes, we 

collected and reported Human Gene Name Consortium (HGNC) approved symbols and gene 

acronyms (Table E1). Next, the function of the gene was examined using the gene descriptions 

in GeneCards  (https://www.genecards.org) (reported as a link), as well as secondary sources 

including PubMed. Using this information, we determined what the general function of the 

gene was assigned a "Synthetic function" term, such as neurotransmitter, homeostatic control, 

enzyme, a transmembrane protein, etc. Then, we used this information in order to make a 

"General classification" for the gene depending on the general function of the gene such as 

neurotransmission, metabolism or cellular interactions. Furthermore, we identified a 

"Functional classes", a term which summarizes the genes’ functionalities within the disease 

context using the previous information, as well as further consulting PubMed and GeneCards, 

(Table E2). In the event that the gene function could not be determined from the above 

sources, a Gene Ontology (GO) predicted term was assigned using ARCHS4  

(https://amp.pharm.mssm.edu/archs4/). This is a database which estimates gene functions 

using GO terms. However, no information was available on two genes (CRAMP1L and 

EPB41L4A-AS1), thus their functions and classification remain unknown. Although they may 

possess regulator roles since the latter is a non-coding antisense RNA, while the former is a 

cramped chromatin regulator homolog. The "Functional class" terms obtained, were used to 

colour the gene nodes in the SNP-gene-network. 

 

As a fourth step, we performed a GO enrichment analysis using GO-Elite E(1) to ensure that we 

captured the most important functionalities of the genes. Lastly, experts in molecular 

https://www.genecards.org/
https://amp.pharm.mssm.edu/archs4/
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pathways and COPD pathology were consulted to verify the classifications of the genes and 

gene pathways. 

 

Gene ontology analysis 

The GO enrichment analysis was performed using GO-Elite. The 99 genes from the 

comprehensive review were annotated with GO terms using GO-Elite E(1) in which 203 terms 

were detected in the three top-level GO trees: molecular function, biological process and 

cellular component. The GO annotation of these genes was obtained running the GO-Elite 

analysis with default parameters: Z-score cut off for initial filtering above 1.96, three minimum 

number of genes changed genes connected to a GO term, permuted p-value cut off above 

0.05, excluding terms with gene ID counts greater than 10000. The pruned results list was 

consulted and reported in Table E3.  

 

Functional annotation of variants 

In the set of the 181 variants, 140 were SNPs with an annotated rs identifier. The description 

of the 140 SNPs was retrieved using Variant Effect Predictor (VEP) analysis E(2). The tool 

provides different types of variant descriptions on genes, transcripts, and protein sequences 

as well as regulatory regions. In addition, it indicates the potential variant effect on the gene 

or sequence in which the SNP is located. The settings chosen for the analysis are shown in 

Figure E1, and the output with the information for the different SNPs is available in Table E4. 

The SNPs are classified into modifier, moderate and low impact SNPs, which were visualized in 

the SNP-gene-pathway network with different colour According to VEP, these three 

classifications refer to the type of consequence of a variant sequence on the gene. Modifier is 

the classification for variants located in non-coding regions both intra and inter-genic E(3), 
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moderate is a term used to indicate missense variants changing the protein sequence of the 

gene, and low impact variants are synonymous SNPs that do not have any consequence on the 

amino acid sequence of the protein. The VEP analysis also provides the Polyphen and SIFTS 

prediction scores that were consulted to elucidate the deleteriousness of the missense 

variants. The SIFT or the sorting intolerant from tolerant E(4) is an algorithm which uses 

sequence homology to predict whether an amino acid substitution affects protein function 

E(5). PolyPhen or Polymorphism phenotyping calculates the impact of amino acid alterations 

on the stability and function of proteins using structural and comparative evolutionary 

considerations E(6).  

Supplementary figures 

 

Figure E1 : VEP settings  
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Figure E2: Legend of the colour code corresponding to a specific “Functional classes” term. 
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Supplementary tables 
Table E1 

Gene name Gene Ensembl Identifier Variant / rs number Outcome 

ACE ENSG00000159640 del/ins COPD 

ADAM19 ENSG00000135074 rs113897301 COPD 

ADAM33 ENSG00000149451 rs2280090 COPD 

ADAM33 ENSG00000149451 rs2280090 COPD 

ADAM33 ENSG00000149451 rs2280091 COPD 

ADAM33 ENSG00000149451 rs2280091 COPD 

ADAM33 ENSG00000149451 rs3918396  COPD 

ADAM33 ENSG00000149451 rs3918396  COPD 

ADAM33 ENSG00000149451 rs511898  COPD 

ADAM33 ENSG00000149451 rs597980  COPD 

ADAM33 ENSG00000149451 rs612709  COPD 

ADAM33 ENSG00000149451 rs612709  COPD 

ADAM33 ENSG00000149451 rs612709  COPD 

ADGRG6 ENSG00000112414 rs9399401 COPD 

ADRB2  ENSG00000169252 rs1042713 COPD 

AGER ENSG00000204305 rs2070600 COPD 

HYKK ENSG00000188266 rs8042849 COPD 

HYKK ENSG00000188266 rs8042849 COPD 

HYKK ENSG00000188266 rs9788721 COPD 

HYKK ENSG00000188266 rs9788721 COPD 

AKD1 ENSG00000155085 rs10499052 COPD 

ARMC2 ENSG00000118690 rs2806356 COPD 

CCDC101 ENSG00000176476 rs17707300 COPD 

CELSR1  ENSG00000075275 rs56344079 COPD 

CELSR1  ENSG00000075275 rs7286446 COPD 

CELSR1  ENSG00000075275 rs7286446 COPD 

CELSR1  ENSG00000075275 rs9615358 COPD 

CELSR1  ENSG00000075275 rs9615973 COPD 

CELSR1  ENSG00000075275 rs9615981 COPD 

CELSR1  ENSG00000075275 rs9615981 COPD 

CELSR1  ENSG00000075275 rs9615982 COPD 

CELSR1  ENSG00000075275 rs9615982 COPD 

CFDP1 ENSG00000153774 rs7186831 COPD 

CHRNA3 ENSG00000080644 rs1051730 COPD 

CHRNA3 ENSG00000080644 rs1051730 COPD 

http://www.ensembl.org/Homo_sapiens/geneview?gene=ENSG00000188266
http://www.ensembl.org/Homo_sapiens/geneview?gene=ENSG00000188266
http://www.ensembl.org/Homo_sapiens/geneview?gene=ENSG00000188266
http://www.ensembl.org/Homo_sapiens/geneview?gene=ENSG00000188266


  
   

212 
 

CHRNA3 ENSG00000080644 rs1051730 COPD 

CHRNA3 ENSG00000080644 rs1051730 COPD 

CHRNA3 ENSG00000080644 rs114205691 COPD 

CHRNA3 ENSG00000080644 rs114205691 COPD 

CHRNA3 ENSG00000080644 rs12914385 COPD 

CHRNA3 ENSG00000080644 rs12914385 COPD 

CHRNA3 ENSG00000080644 rs12914385 Moderate-to-severe COPD 

CHRNA3 ENSG00000080644 rs12914385 Severe COPD 

CHRNA3 ENSG00000080644 rs138544659 COPD 

CHRNA3 ENSG00000080644 rs138544659 COPD 

CHRNA3 ENSG00000080644 rs141518190 COPD 

CHRNA3 ENSG00000080644 rs141518190 COPD 

CHRNA3 ENSG00000080644 rs146009840 COPD 

CHRNA3 ENSG00000080644 rs146009840 COPD 

CHRNA3 ENSG00000080644 rs147144681 COPD 

CHRNA3 ENSG00000080644 rs147144681 COPD 

CHRNA3 ENSG00000080644 rs147499554 COPD 

CHRNA3 ENSG00000080644 rs147499554 COPD 

CHRNA3 ENSG00000080644 rs4887067 COPD 

CHRNA3 ENSG00000080644 rs4887067 COPD 

CHRNA3 ENSG00000080644 rs55676755 COPD 

CHRNA3 ENSG00000080644 rs55676755 COPD 

CHRNA3 ENSG00000080644 rs56077333 COPD 

CHRNA3 ENSG00000080644 rs56077333 COPD 

CHRNA3 ENSG00000080644 rs6495309 COPD 

CHRNA3 ENSG00000080644 rs8034191 COPD 

CHRNA3 ENSG00000080644 rs8192482 COPD 

CHRNA3 ENSG00000080644 rs8192482 COPD 

CHRNA5 ENSG00000169684 rs11633958 COPD 

CHRNA5 ENSG00000169684 rs11633958 COPD 

CHRNA5 ENSG00000169684 rs140330585 COPD 

CHRNA5 ENSG00000169684 rs140330585 COPD 

CHRNA5 ENSG00000169684 rs16969968 COPD 

CHRNA5 ENSG00000169684 rs16969968 COPD 

CHRNA5 ENSG00000169684 rs16969968 COPD 

CHRNA5 ENSG00000169684 rs17486195 COPD 

CHRNA5 ENSG00000169684 rs17486195 COPD 

CHRNA5 ENSG00000169684 rs17486278 COPD 

CHRNA5 ENSG00000169684 rs17486278 COPD 
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CHRNA5 ENSG00000169684 rs17486278 COPD 

CHRNA5 ENSG00000169684 rs190065944 COPD 

CHRNA5 ENSG00000169684 rs190065944 COPD 

CHRNA5 ENSG00000169684 rs2036527 COPD 

CHRNA5 ENSG00000169684 rs2036527 COPD 

CHRNA5 ENSG00000169684 rs55853698 COPD 

CHRNA5 ENSG00000169684 rs55853698 COPD 

CHRNA5 ENSG00000169684 rs56390833 COPD 

CHRNA5 ENSG00000169684 rs56390833 COPD 

CHRNA5 ENSG00000169684 rs7172118 COPD 

CHRNA5 ENSG00000169684 rs7172118 COPD 

CHRNA5 ENSG00000169684 rs7180002 COPD 

CHRNA5 ENSG00000169684 rs7180002 COPD 

CHRNA5 ENSG00000169684 rs72740955 COPD 

CHRNA5 ENSG00000169684 rs72740955 COPD 

CHRNA5 ENSG00000169684 rs72740964 COPD 

CHRNA5 ENSG00000169684 rs72740964 COPD 

CHRNA5 ENSG00000169684 rs951266 COPD 

CHRNA5 ENSG00000169684 rs951266 COPD 

CHRNB4 ENSG00000117971 rs55988292 COPD 

CHRNB4 ENSG00000117971 rs55988292 COPD 

CHRNB4 ENSG00000117971 rs72743158 COPD 

CHRNB4 ENSG00000117971 rs72743158 COPD 

CHRNB4  ENSG00000117971 rs17487223 COPD 

CHRNB4  ENSG00000117971 rs17487223 COPD 

CRAMP1L ENSG00000007545 rs61746451 COPD 

CYP1A1 ENSG00000140465 rs1048943 COPD 

CYP1A1 ENSG00000140465 rs4646903 COPD 

CYP1A1 ENSG00000140465 rs4646903 COPD 

CYP2A6 ENSG00000255974 rs12459249 COPD 

DSP ENSG00000096696 rs2076295 COPD 

EEFSEC  ENSG00000132394 rs2811416 COPD 

EEFSEC  ENSG00000132394 rs2811416 COPD 

EEFSEC ENSG00000132394 rs2955083 COPD 

EPB41L4A-AS1  ENSG00000224032 rs66669542 COPD 

EPHX1 ENSG00000143819 Combination of rs1051740 
and rs2234922 

COPD 

EPHX1 ENSG00000143819 Combination of rs1051740 
and rs2234922 

COPD 
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EPHX1 ENSG00000143819 Combination of rs1051740 
and rs2234922 

COPD 

EPHX1 ENSG00000143819 Combination of rs1051740 
and rs2234922 

COPD 

EPHX1 ENSG00000143819 rs1051740 COPD 

EPHX1 ENSG00000143819 rs1051740 COPD 

FAM13A ENSG00000138640 rs10021465 COPD 

FAM13A  ENSG00000138640 rs10021465 COPD 

FAM13A ENSG00000138640 rs1812329 COPD 

FAM13A  ENSG00000138640 rs1812329 COPD 

FAM13A ENSG00000138640 rs1964516 COPD 

FAM13A  ENSG00000138640 rs2013701 COPD 

FAM13A  ENSG00000138640 rs2013701 COPD 

FAM13A  ENSG00000138640 rs2045517 COPD 

FAM13A ENSG00000138640 rs2045517 COPD 

FAM13A ENSG00000138640 rs28455964 COPD 

FAM13A  ENSG00000138640 rs28455964 COPD 

FAM13A  ENSG00000138640 rs2869966 COPD 

FAM13A  ENSG00000138640 rs2869966 COPD 

FAM13A  ENSG00000138640 rs2869967 COPD 

FAM13A ENSG00000138640 rs2869967 COPD 

FAM13A ENSG00000138640 rs2904259 COPD 

FAM13A ENSG00000138640 rs2904259 COPD 

FAM13A ENSG00000138640 rs3846287 COPD 

FAM13A  ENSG00000138640 rs3846287 COPD 

FAM13A  ENSG00000138640 rs3857043 COPD 

FAM13A  ENSG00000138640 rs3857043 COPD 

FAM13A  ENSG00000138640 rs4416442 COPD 

FAM13A ENSG00000138640 rs4416442 COPD 

FAM13A  ENSG00000138640 rs4416442 Moderate-to-severe COPD 

FAM13A ENSG00000138640 rs4693980 COPD 

FAM13A  ENSG00000138640 rs4693980 COPD 

FAM13A  ENSG00000138640 rs6830970 COPD 

FAM13A  ENSG00000138640 rs6830970 COPD 

FAM13A  ENSG00000138640 rs6837671 COPD 

FAM13A ENSG00000138640 rs6837671 COPD 

FAM13A ENSG00000138640 rs6837671 COPD 

FAM13A  ENSG00000138640 rs76273989 COPD 

FAM13A ENSG00000138640 rs7671167 COPD 

FAM13A ENSG00000138640 rs7671167 COPD 
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FAM13A  ENSG00000138640 rs7671167 COPD 

FAM13A  ENSG00000138640 rs7671261 COPD 

FAM13A  ENSG00000138640 rs7671261 COPD 

FAM13A  ENSG00000138640 rs7674369 COPD 

FAM13A ENSG00000138640 rs7674369 COPD 

FAM13A ENSG00000138640 rs7682317 COPD 

FAM13A  ENSG00000138640 rs7682317 COPD 

FAM13A  ENSG00000138640 rs7682431 COPD 

FAM13A  ENSG00000138640 rs7682431 COPD 

FAM208B ENSG00000108021 rs41290259 COPD 

FAR2 ENSG00000064763 rs7294481 COPD 

FAR2 ENSG00000064763 rs7294481 COPD 

FOXO1  ENSG00000150907 rs75700692 COPD 

FOXO1  ENSG00000150907 rs78372177 COPD 

GEMIN4  ENSG00000179409 rs11652959 COPD 

GSTCD ENSG00000138780 rs11727735 COPD 

GSTM1 ENSG00000134184 Null/Wt COPD 

GSTM1 ENSG00000134184 Null/Wt COPD 

GSTM1 ENSG00000134184 Null/Wt COPD 

GSTM1 ENSG00000134184 Null/Wt COPD 

GSTM1 ENSG00000134184 Null/Wt COPD 

GSTM1 ENSG00000134184 Null/Wt COPD 

GYPA  ENSG00000170180 rs13105210 COPD 

GYPA  ENSG00000170180 rs13105210 COPD 

GYPA  ENSG00000170180 rs4835177 COPD 

GYPA  ENSG00000170180 rs4835177 COPD 

HHIP ENSG00000164161 rs13118928 COPD 

HHIP ENSG00000164161 rs13141641 COPD 

HMOX1 ENSG00000100292 Length polymorphism COPD 

HMOX1 ENSG00000100292 Length polymorphism COPD 

HMOX1 ENSG00000100292 Length polymorphism COPD 

HMOX1 ENSG00000100292 Length polymorphism COPD 

HMOX1 ENSG00000100292 Length polymorphism COPD 

HTR4 ENSG00000164270 rs7733088 COPD 

IL1B ENSG00000125538 rs1143627 COPD 

IL1B ENSG00000125538 rs16944 COPD 

IL6 ENSG00000136244 rs1800795 COPD 

IL6 ENSG00000136244 rs1800796 COPD 

IL13 ENSG00000169194 rs1800925 COPD 
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IL13 ENSG00000169194 rs1800925 COPD 

IL13 ENSG00000169194 rs20541 COPD 

IL13 ENSG00000169194 rs20541 COPD 

IL27 ENSG00000197272 rs181206 COPD 

IL1RN ENSG00000136689 rs2234663 COPD 

IL1RN ENSG00000136689 rs2234663 COPD 

IREB2 ENSG00000136381 rs11858836 COPD 

IREB2 ENSG00000136381 rs13180 COPD 

IREB2 ENSG00000136381 rs2568494 COPD 

IREB2 ENSG00000136381 rs2568494 COPD 

IREB2  ENSG00000136381 rs2568494 COPD 

IREB2 (MMA) ENSG00000136381 rs2568494 COPD 

IREB2 ENSG00000136381 rs2656052 COPD 

IREB2 ENSG00000136381 rs2656052 COPD 

IREB2 ENSG00000136381 rs2656065 COPD 

IREB2 ENSG00000136381 rs2656065 COPD 

IREB2 ENSG00000136381 rs2938670 COPD 

IREB2 ENSG00000136381 rs2938670 COPD 

KBTBD12 ENSG00000187715 rs17282209 COPD 

KBTBD12 ENSG00000187715 rs17282209 COPD 

MICAL1 ENSG00000135596 rs59056467 COPD 

MMP3 ENSG00000149968 rs679620 COPD 

MMP9 ENSG00000100985 rs17576 COPD 

MMP9 ENSG00000100985 rs17576 COPD 

MMP9  ENSG00000100985 rs3918242 COPD 

MMP12 ENSG00000262406 rs626750 Severe COPD 

MTCL1 ENSG00000168502 rs647097 COPD 

PID1 ENSG00000153823 rs16825267 COPD 

PSMA4  ENSG00000041357 rs58365910 COPD 

PSMA4  ENSG00000041357 rs58365910 COPD 

RAB4B ENSG00000167578 rs2604894 COPD 

RAB4B ENSG00000167578 rs7937 COPD 

RARB ENSG00000077092 rs1529672 COPD 

RIN3 ENSG00000100599 rs1075472 COPD 

RIN3 ENSG00000100599 rs1075472 COPD 

RIN3 ENSG00000100599 rs72699855 COPD 

RIN3 ENSG00000100599 rs754388 COPD 

RIN3 ENSG00000100599 rs754388 COPD 

RIN3 ENSG00000100599 rs754388 COPD 
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SERPINA1 ENSG00000197249 PiSZ COPD 

SERPINA1 ENSG00000197249 PiMZ COPD 

SERPINA1 ENSG00000197249 rs28929474 COPD 

SFTPA1/SFTPA2/SFTPB/S
FTPD combined 

ENSG00000122852/ 
ENSG00000185303/ 
ENSG00000133661 

Combination of rs1059046, 
rs1136451, rs4253527, 
rs1130866, rs2077079, 
rs1051246, rs2245121, 
rs2255601, rs3088308, 
rs6413520, rs721917 and 
rs911887  

COPD 

SFTPA1/SFTPA2/SFTPB/S
FTPD combined 

ENSG00000122852/ 
ENSG00000185303/ 
/ENSG00000133661 

Combination of rs1059046, 
rs1136451, rs4253527, 
rs1130866, rs2077079, 
rs1051246, rs2245121, 
rs2255601, rs3088308, 
rs6413520, rs721917 and 
rs911887  

COPD 

SFTPA1/SFTPA2 ENSG00000122852/ 
ENSG00000185303 

Combination of rs1059046, 
rs1136451 and rs4253527  

COPD 

SFTPD ENSG00000133661 rs721917 COPD 

TET2 ENSG00000168769 rs2047409 COPD 

TGFB1 ENSG00000105329 rs1800470 COPD 

TGFB2 ENSG00000092969 rs4846480 Severe COPD 

TGFB2 ENSG00000092969 rs10429950 COPD 

TIRAP ENSG00000150455 rs8177374 COPD 

THSD4 ENSG00000187720 rs1441358 COPD 

TNFA ENSG00000232810 rs1800629 COPD 

TNFA ENSG00000232810 rs1800629 COPD 

TNFA ENSG00000232810 rs1800630 COPD 

TNFA ENSG00000232810 rs1800630 COPD 

TNFA ENSG00000232810 rs80267959 COPD 

TNFA ENSG00000232810 rs80267959 COPD 

VDBP ENSG00000145321 rs4588, rs7041 COPD 

VDBP ENSG00000145321 rs4588, rs7041 COPD 

VDBP ENSG00000145321 rs4588, rs7041 COPD 

VDBP ENSG00000145321 rs4588, rs7041 COPD 

VDBP ENSG00000145321 rs4588, rs7041 COPD 

VDBP ENSG00000145321 rs4588, rs7041 COPD 

VDBP ENSG00000145321 rs4588, rs7041 COPD 

VDBP ENSG00000145321 rs4588, rs7041 COPD 

VPS53 ENSG00000141252 rs11247558 COPD 

VPS53  ENSG00000141252 rs11656538 COPD 

VPS53  ENSG00000141252 rs34001232 COPD 

VPS53  ENSG00000141252 rs34469205 COPD 

VPS53  ENSG00000141252 rs34729304 COPD 
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VPS53  ENSG00000141252 rs35716682 COPD 

VPS53  ENSG00000141252 rs4968100 COPD 

 

List of SNPs and genes selected from the comprehensive overview. 

 



  
   

219 
 

 

Table E2 

Gene 

identifier 

Gene 

name 

Full gene 

name 

Synthetic 

function 

General 

classification 

Functional 

network area 

GeneCards Date 

accessed 

Sources 

ENSG000

00159640 
ACE Angiotensin 

I Converting 

Enzyme 

Homeostatic 

control 

Blood pressure Homeostasis-

organismal 

https://www.g

enecards.org/c

gi-
bin/carddisp.pl

?gene=ACE&

keywords=ace 

20-4-2018 E(7, 8) 

ENSG000

00135074 

ADAM19 Disintegrin 

And 
Metalloprote

inase 

Domain-

Containing 

Protein 

Cellular 

interactions 

Transmembran

e protein 

Inflammation https://www.g

enecards.org/c
gi-

bin/carddisp.pl

?gene=ADAM

19&keywords

=ADAM19 

20-4-2018 E(9-11) 

ENSG000

00149451 

ADAM33 Disintegrin 

And 
Metalloprote

inase 

Domain 33 

Cellular 

interactions 

Transmembran

e protein 

Tissue-

remodelling 

https://www.g

enecards.org/c
gi-

bin/carddisp.pl

?gene=ADAM

33&keywords

=ADAM33 

20-4-2018 E(12-15) 

ENSG000

00112414 

ADGRG6 Adhesion G 

Protein-

Coupled 

Receptor G6 

Cellular 

interactions/ 

signalling 

Transmembran

e protein 

Development https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=ADGR

G6&keywords

=ADGRG6 

20-4-2018 E(16-18) 

ENSG000

00169252 

ADRB2 Adrenocepto

r Beta 2 

Surface 

Cellular 

interactions/ 

signalling 

Transmembran

e protein 

Homeostasis-

organismal 

https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=ADRB

2&keywords=

ADRB2 

20-4-2018 E(19) 

ENSG000

00204305 

AGER Advanced 

Glycation 

End-Product 

Specific 

Receptor 

Cellular 

interactions/ 

inflammation 

Transmembran

e protein 

Inflammation https://www.g

enecards.org/c

gi-

bin/carddisp.pl
?gene=AGER

&keywords=A

GER 

20-4-2018 E(20) 

ENSG000

00155085 

AK9 Adenylate 

Kinase 9 

Cellular 

metabolism  

Kinase Cellular-

metabolism 

https://www.g

enecards.org/c
gi-

bin/carddisp.pl

?gene=AK9&k

eywords=AK9 

20-4-2018 E(21, 22) 

ENSG000

00118690 

ARMC2 Armadillo 
Repeat 

Containing 

2 

Protein coding Protein coding Cellular-

metabolism* 

https://amp.ph
arm.mssm.edu/

archs4/search/

genepage.php?

search=go&ge

ne=ARMC2 

20-4-2018 E(23, 24)  

http://www.ensembl.org/Homo_sapiens/geneview?gene=ENSG00000159640
http://www.ensembl.org/Homo_sapiens/geneview?gene=ENSG00000159640
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ACE&keywords=ace
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ACE&keywords=ace
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ACE&keywords=ace
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ACE&keywords=ace
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ACE&keywords=ace
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ACE&keywords=ace
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADAM19&keywords=ADAM19
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADAM19&keywords=ADAM19
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADAM19&keywords=ADAM19
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADAM19&keywords=ADAM19
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADAM19&keywords=ADAM19
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADAM19&keywords=ADAM19
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADAM19&keywords=ADAM19
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADAM33&keywords=ADAM33
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADAM33&keywords=ADAM33
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADAM33&keywords=ADAM33
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADAM33&keywords=ADAM33
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADAM33&keywords=ADAM33
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADAM33&keywords=ADAM33
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADAM33&keywords=ADAM33
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADGRG6&keywords=ADGRG6
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADGRG6&keywords=ADGRG6
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADGRG6&keywords=ADGRG6
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADGRG6&keywords=ADGRG6
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADGRG6&keywords=ADGRG6
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADGRG6&keywords=ADGRG6
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADGRG6&keywords=ADGRG6
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADRB2&keywords=ADRB2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADRB2&keywords=ADRB2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADRB2&keywords=ADRB2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADRB2&keywords=ADRB2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADRB2&keywords=ADRB2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADRB2&keywords=ADRB2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ADRB2&keywords=ADRB2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=AGER&keywords=AGER
https://www.genecards.org/cgi-bin/carddisp.pl?gene=AGER&keywords=AGER
https://www.genecards.org/cgi-bin/carddisp.pl?gene=AGER&keywords=AGER
https://www.genecards.org/cgi-bin/carddisp.pl?gene=AGER&keywords=AGER
https://www.genecards.org/cgi-bin/carddisp.pl?gene=AGER&keywords=AGER
https://www.genecards.org/cgi-bin/carddisp.pl?gene=AGER&keywords=AGER
https://www.genecards.org/cgi-bin/carddisp.pl?gene=AGER&keywords=AGER
https://www.genecards.org/cgi-bin/carddisp.pl?gene=AK9&keywords=AK9
https://www.genecards.org/cgi-bin/carddisp.pl?gene=AK9&keywords=AK9
https://www.genecards.org/cgi-bin/carddisp.pl?gene=AK9&keywords=AK9
https://www.genecards.org/cgi-bin/carddisp.pl?gene=AK9&keywords=AK9
https://www.genecards.org/cgi-bin/carddisp.pl?gene=AK9&keywords=AK9
https://www.genecards.org/cgi-bin/carddisp.pl?gene=AK9&keywords=AK9
https://amp.pharm.mssm.edu/archs4/search/genepage.php?search=go&gene=ARMC2
https://amp.pharm.mssm.edu/archs4/search/genepage.php?search=go&gene=ARMC2
https://amp.pharm.mssm.edu/archs4/search/genepage.php?search=go&gene=ARMC2
https://amp.pharm.mssm.edu/archs4/search/genepage.php?search=go&gene=ARMC2
https://amp.pharm.mssm.edu/archs4/search/genepage.php?search=go&gene=ARMC2
https://amp.pharm.mssm.edu/archs4/search/genepage.php?search=go&gene=ARMC2
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ENSG000

00075275 

CELSR1 Cadherin 

EGF LAG 

Seven-Pass 
G-Type 

Receptor 1 

Cellular 

interactions/ 

signalling 

Cadherins Development https://www.g

enecards.org/c

gi-
bin/carddisp.pl

?gene=CELSR

1&keywords=

CELSR1 

20-4-2018 E(25) 

ENSG000

00153774 

CFDP1 Craniofacial 
Developmen

t Protein 1 

Protein coding Protein coding Cellular-

metabolism* 

https://amp.ph
arm.mssm.edu/

archs4/search/

genepage.php?

search=go&ge

ne=CFDP1 

20-4-2018 E(23) 

ENSG000

00080644 
CHRNA3 Cholinergic 

Receptor 

Nicotinic 

Alpha 3 

Subunit 

Neurotransmissio

n 
Ion-channel Addiction https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=CHRN

A3&keywords

=CHRNA3 

20-4-2018 E(26, 27) 

ENSG000

00169684 

CHRNA5 Cholinergic 

Receptor 

Nicotinic 

Alpha 5 

Subunit 

Neurotransmissio

n 

Ion-channel Addiction https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=CHRN

A5&keywords

=CHRNA5 

20-4-2018 E(28) 

ENSG000

00117971 

CHRNB4 Cholinergic 

Receptor 

Nicotinic 

Beta 4 

Subunit 

Neurotransmissio

n 

Ion-channel Addiction https://www.g

enecards.org/c

gi-

bin/carddisp.pl
?gene=CHRN

B4&keywords

=CHRNB4 

20-4-2018 E(27) 

ENSG000

00007545 

CRAMP1

L 

Cramped 

Chromatin 
Regulator 

Homolog 1 

Protein coding Protein coding Unknown https://www.g

enecards.org/c
gi-

bin/carddisp.pl

?gene=CRAM

P1&keywords

=CRAMP1L 

20-4-2018 E(29) 

ENSG000

00140465 
CYP1A1 Cytochrome 

P450 Family 

1 Subfamily 

A Member 1 

Metabolism  Drug 

metabolism 

and cholesterol 

synthesis 

Detoxification https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=CYP1A

1&keywords=

CYP1A1 

20-4-2018 E(30-32). 

   

ENSG000

00255974 
CYP2A6 Cytochrome 

P450 Family 

2 Subfamily 

A Member 6 

Metabolism  Drug 

metabolism 

and cholesterol 

synthesis 

Detoxification https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=CYP2A

6&keywords=

CYP2A6 

20-4-2018 E(33, 34) 

ENSG000

00096696 

DSP Desmoplaki

n 

Structure Structural 

protein 

Cellular-

structure 

https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=DSP&k

eywords=DSP 

20-4-2018 E(35) 

ENSG000

00132394 

EEFSEC Eukaryotic 

Elongation 

Factor, 

Selenocystei

ne-TRNA 

Specific 

Protein Coding Protein coding Cellular-

metabolism 

https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=EEFSE
C&keywords=

EEFSEC 

20-4-2018 E(36, 37) 

https://www.genecards.org/cgi-bin/carddisp.pl?gene=CELSR1&keywords=CELSR1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CELSR1&keywords=CELSR1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CELSR1&keywords=CELSR1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CELSR1&keywords=CELSR1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CELSR1&keywords=CELSR1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CELSR1&keywords=CELSR1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CELSR1&keywords=CELSR1
https://amp.pharm.mssm.edu/archs4/search/genepage.php?search=go&gene=CFDP1
https://amp.pharm.mssm.edu/archs4/search/genepage.php?search=go&gene=CFDP1
https://amp.pharm.mssm.edu/archs4/search/genepage.php?search=go&gene=CFDP1
https://amp.pharm.mssm.edu/archs4/search/genepage.php?search=go&gene=CFDP1
https://amp.pharm.mssm.edu/archs4/search/genepage.php?search=go&gene=CFDP1
https://amp.pharm.mssm.edu/archs4/search/genepage.php?search=go&gene=CFDP1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CHRNA3&keywords=CHRNA3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CHRNA3&keywords=CHRNA3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CHRNA3&keywords=CHRNA3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CHRNA3&keywords=CHRNA3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CHRNA3&keywords=CHRNA3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CHRNA3&keywords=CHRNA3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CHRNA3&keywords=CHRNA3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CHRNA5&keywords=CHRNA5
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CHRNA5&keywords=CHRNA5
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CHRNA5&keywords=CHRNA5
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CHRNA5&keywords=CHRNA5
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CHRNA5&keywords=CHRNA5
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CHRNA5&keywords=CHRNA5
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CHRNA5&keywords=CHRNA5
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CHRNB4&keywords=CHRNB4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CHRNB4&keywords=CHRNB4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CHRNB4&keywords=CHRNB4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CHRNB4&keywords=CHRNB4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CHRNB4&keywords=CHRNB4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CHRNB4&keywords=CHRNB4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CHRNB4&keywords=CHRNB4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CRAMP1&keywords=CRAMP1L
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CRAMP1&keywords=CRAMP1L
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CRAMP1&keywords=CRAMP1L
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CRAMP1&keywords=CRAMP1L
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CRAMP1&keywords=CRAMP1L
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CRAMP1&keywords=CRAMP1L
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CRAMP1&keywords=CRAMP1L
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CYP1A1&keywords=CYP1A1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CYP1A1&keywords=CYP1A1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CYP1A1&keywords=CYP1A1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CYP1A1&keywords=CYP1A1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CYP1A1&keywords=CYP1A1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CYP1A1&keywords=CYP1A1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CYP1A1&keywords=CYP1A1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CYP2A6&keywords=CYP2A6
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CYP2A6&keywords=CYP2A6
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CYP2A6&keywords=CYP2A6
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CYP2A6&keywords=CYP2A6
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CYP2A6&keywords=CYP2A6
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CYP2A6&keywords=CYP2A6
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CYP2A6&keywords=CYP2A6
https://www.genecards.org/cgi-bin/carddisp.pl?gene=DSP&keywords=DSP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=DSP&keywords=DSP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=DSP&keywords=DSP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=DSP&keywords=DSP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=DSP&keywords=DSP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=DSP&keywords=DSP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=EEFSEC&keywords=EEFSEC
https://www.genecards.org/cgi-bin/carddisp.pl?gene=EEFSEC&keywords=EEFSEC
https://www.genecards.org/cgi-bin/carddisp.pl?gene=EEFSEC&keywords=EEFSEC
https://www.genecards.org/cgi-bin/carddisp.pl?gene=EEFSEC&keywords=EEFSEC
https://www.genecards.org/cgi-bin/carddisp.pl?gene=EEFSEC&keywords=EEFSEC
https://www.genecards.org/cgi-bin/carddisp.pl?gene=EEFSEC&keywords=EEFSEC
https://www.genecards.org/cgi-bin/carddisp.pl?gene=EEFSEC&keywords=EEFSEC
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ENSG000

00224032 

EPB41L4

A-AS1 

(EPB41L4A 

Antisense 

RNA 1 

Antisense RNA RNA coding Unknown https://www.g

enecards.org/c

gi-
bin/carddisp.pl

?gene=EPB41

L4A-

AS1&keyword

s=EPB41L4A-

AS1 

20-4-2018 E(38) 

ENSG000

00143819 

EPHX1 Epoxide 

Hydrolase 1 

Metabolism  Epoxide 

metabolism 

Detoxification https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=EPHX1

&keywords=E

PHX1 

20-4-2018 E(39, 40) 

ENSG000

00138640 

FAM13A Family With 

Sequence 

Similarity 

13 Member 

A 

Protein coding Protein coding Tissue-

remodelling 

https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=FAM13
A&keywords=

FAM13A 

20-4-2018 (41, 42) 

ENSG000

00108021 

FAM208

B 

Family With 

Sequence 

Similarity 
208 Member 

B 

Protein coding Protein coding Cellular-

structure* 

https://amp.ph

arm.mssm.edu/

archs4/search/
genepage.php?

search=go&ge

ne=FAM208B 

20-4-2018 Not 

available 

ENSG000

00064763 

FAR2 Fatty Acyl-

CoA 

Reductase 2 

Metabolism  Wax 

biosynthesis 

Metabolism-

organismal 

https://www.g

enecards.org/c
gi-

bin/carddisp.pl

?gene=FAR2&

keywords=FA

R2 

20-4-2018 EE(43) 

ENSG000

00150907 
FOXO1 Forkhead 

Box O1 
Metabolism  Transcription 

factor that is 

the main target 

of insulin 

signaling  

Regulation https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=FOXO1

&keywords=E

NSG00000150

907 

20-4-2018 E(44, 45) 

ENSG000

00179409 

GEMIN4 Gem 

Nuclear 

Organelle 

Associated 

Protein 4 

Cellular 

metabolism  

Spliceosome 

regeneration 

Cellular-

metabolism 

https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=GEMI
N4&keywords

=GEMIN4 

20-4-2018 E(46). 

ENSG000

00138780 

GSTCD Glutathione 

S-

Transferase 
C-Terminal 

Domain 

Containing 

Protein coding Protein Coding Detoxification https://www.g

enecards.org/c

gi-
bin/carddisp.pl

?gene=GSTC

D&keywords=

GSTCD 

20-4-2018 E(47) 

ENSG000

00134184 

GSTM1 glutathione 
S-

transferase 

mu 1 

Metabolism  Drug 

metabolism  

Detoxification https://www.g
enecards.org/c

gi-

bin/carddisp.pl

?gene=GSTM

1&keywords=

GSTM1 

20-4-2018 E(48, 49) 

ENSG000

00170180 

GYPA Glycophorin 

A (MNS 

Blood 

Group) 

Structure Structural 

protein 

Development https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=GYPA

&keywords=E

20-4-2018 E(50). 

https://www.genecards.org/cgi-bin/carddisp.pl?gene=EPB41L4A-AS1&keywords=EPB41L4A-AS1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=EPB41L4A-AS1&keywords=EPB41L4A-AS1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=EPB41L4A-AS1&keywords=EPB41L4A-AS1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=EPB41L4A-AS1&keywords=EPB41L4A-AS1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=EPB41L4A-AS1&keywords=EPB41L4A-AS1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=EPB41L4A-AS1&keywords=EPB41L4A-AS1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=EPB41L4A-AS1&keywords=EPB41L4A-AS1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=EPB41L4A-AS1&keywords=EPB41L4A-AS1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=EPB41L4A-AS1&keywords=EPB41L4A-AS1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=EPHX1&keywords=EPHX1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=EPHX1&keywords=EPHX1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=EPHX1&keywords=EPHX1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=EPHX1&keywords=EPHX1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=EPHX1&keywords=EPHX1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=EPHX1&keywords=EPHX1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=EPHX1&keywords=EPHX1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FAM13A&keywords=FAM13A
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FAM13A&keywords=FAM13A
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FAM13A&keywords=FAM13A
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FAM13A&keywords=FAM13A
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FAM13A&keywords=FAM13A
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FAM13A&keywords=FAM13A
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FAM13A&keywords=FAM13A
https://amp.pharm.mssm.edu/archs4/search/genepage.php?search=go&gene=FAM208B
https://amp.pharm.mssm.edu/archs4/search/genepage.php?search=go&gene=FAM208B
https://amp.pharm.mssm.edu/archs4/search/genepage.php?search=go&gene=FAM208B
https://amp.pharm.mssm.edu/archs4/search/genepage.php?search=go&gene=FAM208B
https://amp.pharm.mssm.edu/archs4/search/genepage.php?search=go&gene=FAM208B
https://amp.pharm.mssm.edu/archs4/search/genepage.php?search=go&gene=FAM208B
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FAR2&keywords=FAR2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FAR2&keywords=FAR2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FAR2&keywords=FAR2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FAR2&keywords=FAR2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FAR2&keywords=FAR2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FAR2&keywords=FAR2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FAR2&keywords=FAR2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FOXO1&keywords=ENSG00000150907
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FOXO1&keywords=ENSG00000150907
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FOXO1&keywords=ENSG00000150907
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FOXO1&keywords=ENSG00000150907
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FOXO1&keywords=ENSG00000150907
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FOXO1&keywords=ENSG00000150907
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FOXO1&keywords=ENSG00000150907
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FOXO1&keywords=ENSG00000150907
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GEMIN4&keywords=GEMIN4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GEMIN4&keywords=GEMIN4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GEMIN4&keywords=GEMIN4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GEMIN4&keywords=GEMIN4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GEMIN4&keywords=GEMIN4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GEMIN4&keywords=GEMIN4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GEMIN4&keywords=GEMIN4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GSTCD&keywords=GSTCD
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GSTCD&keywords=GSTCD
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GSTCD&keywords=GSTCD
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GSTCD&keywords=GSTCD
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GSTCD&keywords=GSTCD
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GSTCD&keywords=GSTCD
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GSTCD&keywords=GSTCD
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GSTM1&keywords=GSTM1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GSTM1&keywords=GSTM1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GSTM1&keywords=GSTM1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GSTM1&keywords=GSTM1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GSTM1&keywords=GSTM1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GSTM1&keywords=GSTM1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GSTM1&keywords=GSTM1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GYPA&keywords=ENSG00000170180
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GYPA&keywords=ENSG00000170180
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GYPA&keywords=ENSG00000170180
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GYPA&keywords=ENSG00000170180
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GYPA&keywords=ENSG00000170180
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GYPA&keywords=ENSG00000170180
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NSG00000170

180 

ENSG000

00164161 
HHIP Hedgehog 

Interacting 

Protein 

Structure Embryonic 

development 
Development https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=HHIP&

keywords=HH

IP 

20-4-2018 E(51) 

ENSG000

00100292 

HMOX1 Heme 

Oxygenase 

1 

Metabolism  Endogenous 

metabolism 

Inflammation https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=HMOX
1&keywords=

HMOX1 

20-4-2018 E(52) 

ENSG000

00164270 

HTR4 5-

Hydroxytryp

tamine 

Receptor 4 

Neurotransmissio

n 

NT receptor Addiction https://www.g

enecards.org/c

gi-
bin/carddisp.pl

?gene=HTR4

&keywords=E

NSG00000164

270 

20-4-2018 E(53) 

ENSG000

00169194 
IL13 Interleukin 

13 

Anti-

inflammatory 

Anti-

inflammatory 

cytokine 

Inflammation https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=IL13&k

eywords=ENS

G0000016919

4 

20-4-2018 E(54). 

ENSG000

00125538 

IL1B Interleukin 1 

Beta 

Inflammation Inflammatory 

cytokine 

Inflammation https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=IL1B&
keywords=EN

SG000001255

38 

20-4-2018 E(54) 

ENSG000

00136689 

IL1RN Interleukin 1 

Receptor 

Antagonist 

Anti-

inflammatory 

Inflammation 

regulation 

Inflammation https://www.g

enecards.org/c
gi-

bin/carddisp.pl

?gene=IL1RN

&keywords=E

NSG00000136

689 

20-4-2018 E(54) 

ENSG000

00197272 

IL27 Interleukin 

27 

Inflammation Inflammatory/

anti 

inflammatory 

cytokine 

Inflammation https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=IL27&k

eywords=ENS

G0000019727

2 

20-4-2018 E(54) 

ENSG000

00136244 

IL6 Interleukin 6 Inflammation Inflammatory 

cytokine 

Inflammation https://www.g

enecards.org/c

gi-

bin/carddisp.pl
?gene=IL6&ke

ywords=ENSG

00000136244 

20-4-2018 E(54) 

https://www.genecards.org/cgi-bin/carddisp.pl?gene=GYPA&keywords=ENSG00000170180
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GYPA&keywords=ENSG00000170180
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HHIP&keywords=HHIP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HHIP&keywords=HHIP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HHIP&keywords=HHIP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HHIP&keywords=HHIP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HHIP&keywords=HHIP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HHIP&keywords=HHIP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HHIP&keywords=HHIP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HMOX1&keywords=HMOX1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HMOX1&keywords=HMOX1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HMOX1&keywords=HMOX1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HMOX1&keywords=HMOX1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HMOX1&keywords=HMOX1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HMOX1&keywords=HMOX1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HMOX1&keywords=HMOX1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HTR4&keywords=ENSG00000164270
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HTR4&keywords=ENSG00000164270
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HTR4&keywords=ENSG00000164270
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HTR4&keywords=ENSG00000164270
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HTR4&keywords=ENSG00000164270
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HTR4&keywords=ENSG00000164270
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HTR4&keywords=ENSG00000164270
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HTR4&keywords=ENSG00000164270
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL13&keywords=ENSG00000169194
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL13&keywords=ENSG00000169194
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL13&keywords=ENSG00000169194
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL13&keywords=ENSG00000169194
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL13&keywords=ENSG00000169194
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL13&keywords=ENSG00000169194
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL13&keywords=ENSG00000169194
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL13&keywords=ENSG00000169194
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL1B&keywords=ENSG00000125538
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL1B&keywords=ENSG00000125538
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL1B&keywords=ENSG00000125538
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL1B&keywords=ENSG00000125538
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL1B&keywords=ENSG00000125538
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL1B&keywords=ENSG00000125538
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL1B&keywords=ENSG00000125538
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL1B&keywords=ENSG00000125538
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL1RN&keywords=ENSG00000136689
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL1RN&keywords=ENSG00000136689
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL1RN&keywords=ENSG00000136689
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL1RN&keywords=ENSG00000136689
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL1RN&keywords=ENSG00000136689
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL1RN&keywords=ENSG00000136689
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL1RN&keywords=ENSG00000136689
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL1RN&keywords=ENSG00000136689
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL27&keywords=ENSG00000197272
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL27&keywords=ENSG00000197272
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL27&keywords=ENSG00000197272
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL27&keywords=ENSG00000197272
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL27&keywords=ENSG00000197272
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL27&keywords=ENSG00000197272
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL27&keywords=ENSG00000197272
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL27&keywords=ENSG00000197272
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL6&keywords=ENSG00000136244
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL6&keywords=ENSG00000136244
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL6&keywords=ENSG00000136244
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL6&keywords=ENSG00000136244
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL6&keywords=ENSG00000136244
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL6&keywords=ENSG00000136244
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL6&keywords=ENSG00000136244
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ENSG000

00136381 

IREB2 Iron 

Responsive 

Element 
Binding 

Protein 2 

Homeostatic 

control 

Iron 

metabolism 

Cellular-

metabolism 

https://www.g

enecards.org/c

gi-
bin/carddisp.pl

?gene=IREB2

&keywords=E

NSG00000136

381 

20-4-2018 E(55) 

ENSG000

00187715 

KBTBD1

2 

Kelch 

Repeat And 

BTB 

Domain 

Containing 

12 

Protein coding Protein coding Cellular-

metabolism* 

http://www.inf

ormatics.jax.or

g/marker/MGI:

1918481 

20-4-2018 Not 

available 

ENSG000

00135596 

MICAL1 Microtubule 

Associated 

Monooxyge

nase, 

Calponin 

And LIM 

Domain 
Containing 

1 

Structure Protein 

mobilisation? 

Cellular-

structure 

https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=MICAL

1&keywords=

MICAL1 

20-4-2018 E(56) 

ENSG000

00262406 

MMP12 Matrix 

Metallopepti

dase 12 

Metalloproteinas

e 

Cellular 

degradation 

Tissue-

remodelling 

https://www.g

enecards.org/c

gi-
bin/carddisp.pl

?gene=MMP1

2&keywords=

MMP12 

20-4-2018 E(57, 58) 

ENSG000

00149968 

MMP3 Matrix 
Metallopepti

dase 3 

Metalloproteinas

e 

Cellular 

degradation 

Tissue-

remodelling 

https://www.g
enecards.org/c

gi-

bin/carddisp.pl

?gene=MMP3

&keywords=M

MP3 

20-4-2018 E(57, 58) 

ENSG000

00100985 

MMP9 Matrix 

Metallopepti

dase 9 

Metalloproteinas

e 

Cellular 

degradation 

Tissue-

remodelling 

https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=MMP9

&keywords=M

MP9 

20-4-2018 E(57, 58) 

ENSG000

00204472 

AIF1 Allograft 

Inflammator

y Factor 1 

Protein coding Macrophage 

activation 

Inflammation https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=AIF1&
keywords=AIF

1 

21-7-2018 E(59) 

ENSG000

00168502 

MTCL1 Microtubule 

Cross 

Linking 

Factor 1 

Protein coding Protein Coding Cellular-

structure 

https://www.g

enecards.org/c

gi-
bin/carddisp.pl

?gene=MTCL

1&keywords=

MTCL1 

22-4-2018 E(60, 61) 

ENSG000

00153823 

PID1 phosphotyro
sine 

Interaction 

Domain 

Containing 

1 

Protein Coding Protein Coding Regulation https://www.g
enecards.org/c

gi-

bin/carddisp.pl

?gene=PID1&

keywords=EN

SG000001538

23 

22-4-2018 (62-64) 

https://www.genecards.org/cgi-bin/carddisp.pl?gene=IREB2&keywords=ENSG00000136381
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IREB2&keywords=ENSG00000136381
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IREB2&keywords=ENSG00000136381
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IREB2&keywords=ENSG00000136381
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IREB2&keywords=ENSG00000136381
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IREB2&keywords=ENSG00000136381
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IREB2&keywords=ENSG00000136381
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IREB2&keywords=ENSG00000136381
http://www.informatics.jax.org/marker/MGI:1918481
http://www.informatics.jax.org/marker/MGI:1918481
http://www.informatics.jax.org/marker/MGI:1918481
http://www.informatics.jax.org/marker/MGI:1918481
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MICAL1&keywords=MICAL1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MICAL1&keywords=MICAL1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MICAL1&keywords=MICAL1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MICAL1&keywords=MICAL1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MICAL1&keywords=MICAL1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MICAL1&keywords=MICAL1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MICAL1&keywords=MICAL1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MMP12&keywords=MMP12
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MMP12&keywords=MMP12
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MMP12&keywords=MMP12
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MMP12&keywords=MMP12
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MMP12&keywords=MMP12
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MMP12&keywords=MMP12
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MMP12&keywords=MMP12
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MMP3&keywords=MMP3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MMP3&keywords=MMP3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MMP3&keywords=MMP3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MMP3&keywords=MMP3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MMP3&keywords=MMP3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MMP3&keywords=MMP3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MMP3&keywords=MMP3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MMP9&keywords=MMP9
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MMP9&keywords=MMP9
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MMP9&keywords=MMP9
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MMP9&keywords=MMP9
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MMP9&keywords=MMP9
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MMP9&keywords=MMP9
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MMP9&keywords=MMP9
https://www.genecards.org/cgi-bin/carddisp.pl?gene=AIF1&keywords=AIF1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=AIF1&keywords=AIF1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=AIF1&keywords=AIF1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=AIF1&keywords=AIF1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=AIF1&keywords=AIF1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=AIF1&keywords=AIF1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=AIF1&keywords=AIF1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MTCL1&keywords=MTCL1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MTCL1&keywords=MTCL1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MTCL1&keywords=MTCL1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MTCL1&keywords=MTCL1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MTCL1&keywords=MTCL1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MTCL1&keywords=MTCL1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MTCL1&keywords=MTCL1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PID1&keywords=ENSG00000153823
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PID1&keywords=ENSG00000153823
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PID1&keywords=ENSG00000153823
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PID1&keywords=ENSG00000153823
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PID1&keywords=ENSG00000153823
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PID1&keywords=ENSG00000153823
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PID1&keywords=ENSG00000153823
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PID1&keywords=ENSG00000153823
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ENSG000

00041357 

PSMA4 Proteasome 

Subunit 

Alpha 4 

Cellular 

metabolism  

Protein 

degradation 

Cellular-

metabolism 

https://www.g

enecards.org/c

gi-
bin/carddisp.pl

?gene=PSMA4

&keywords=E

NSG00000041

357 

22-4-2018 (65) 

ENSG000

00167578 
RAB4B RAB4B, 

Member 

RAS 

Oncogene 

Family 

Cellular 

metabolism  

Protein 

degradation? 

Cellular-

metabolism 

https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=RAB4B

&keywords=E

NSG00000167

578 

22-4-2018 (66) 

ENSG000

00077092 

RARB Retinoic 

Acid 

Receptor 

Beta 

Transcription 

factor 

Growth 

regulation 

Regulation 

(transcription 

factor 

https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=RARB
&keywords=E

NSG00000077

092 

22-4-2018 EE(59) 

ENSG000

00185305 

ARL15 ADP 

Ribosylation 
Factor Like 

GTPase 15 2 

3 5 

Protein coding GTP binding Cellular-

metabolism 

https://www.g

enecards.org/c
gi-

bin/carddisp.pl

?gene=ARL15 

22-7-2018 (67, 68) 

(69) 

ENSG000

00100599 

RIN3 Ras And 

Rab 

Interactor 3 

Cellular 

metabolism  

Intracellular 

membrane 

trafficking, 

Cellular-

metabolism 

https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=RIN3&

keywords=EN
SG000001005

99 

23-4-2018 E(70, 71) 

ENSG000

00197249 

SERPIN

A1 

Serpin 

Family A 

Member 1 

Structure Structural 

protein 

Tissue-

remodelling 

https://www.g

enecards.org/c

gi-
bin/carddisp.pl

?gene=SERPI

NA1&keywor

ds=ENSG0000

0197249 

23-4-2018 E(62-64) 

ENSG000

00122852 
SFTPA1 Surfactant 

Protein A1 

Immunology/ 

Lung function 

Immune 

function/lung 

function 

Lung function https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=SFTPA

1&keywords=

SFTPA1 

23-4-2018 E(72) 

ENSG000

00185303 

SFTPA2 Surfactant 

Protein A2 

Lung function Lung function Lung function https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=SFTPA

2&keywords=

SFTPA2 

23-4-2018 E(72) 

ENSG000

00133661 

SFTPD Surfactant 

Protein D 

Immunology/ 

Lung function 

Immune 

function 

Inflammation https://www.g

enecards.org/c

gi-

bin/carddisp.pl
?gene=SFTPD

&keywords=S

FTPD 

23-4-2018 E(73, 74) 

ENSG000

00176476 

SGF29 SAGA 

Complex 
Associated 

Factor 29 

Transcription DNA 

transcription 

Regulation http://www.ge

necards.org/cg
i-

bin/carddisp.pl

?gene=SGF29

23-4-2018 E(75) 

https://www.genecards.org/cgi-bin/carddisp.pl?gene=PSMA4&keywords=ENSG00000041357
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PSMA4&keywords=ENSG00000041357
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PSMA4&keywords=ENSG00000041357
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PSMA4&keywords=ENSG00000041357
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PSMA4&keywords=ENSG00000041357
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PSMA4&keywords=ENSG00000041357
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PSMA4&keywords=ENSG00000041357
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PSMA4&keywords=ENSG00000041357
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RAB4B&keywords=ENSG00000167578
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RAB4B&keywords=ENSG00000167578
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RAB4B&keywords=ENSG00000167578
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RAB4B&keywords=ENSG00000167578
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RAB4B&keywords=ENSG00000167578
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RAB4B&keywords=ENSG00000167578
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RAB4B&keywords=ENSG00000167578
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RAB4B&keywords=ENSG00000167578
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RARB&keywords=ENSG00000077092
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RARB&keywords=ENSG00000077092
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RARB&keywords=ENSG00000077092
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RARB&keywords=ENSG00000077092
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RARB&keywords=ENSG00000077092
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RARB&keywords=ENSG00000077092
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RARB&keywords=ENSG00000077092
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RARB&keywords=ENSG00000077092
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ARL15
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ARL15
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ARL15
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ARL15
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ARL15
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RIN3&keywords=ENSG00000100599
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RIN3&keywords=ENSG00000100599
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RIN3&keywords=ENSG00000100599
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RIN3&keywords=ENSG00000100599
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RIN3&keywords=ENSG00000100599
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RIN3&keywords=ENSG00000100599
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RIN3&keywords=ENSG00000100599
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RIN3&keywords=ENSG00000100599
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SERPINA1&keywords=ENSG00000197249
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SERPINA1&keywords=ENSG00000197249
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SERPINA1&keywords=ENSG00000197249
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SERPINA1&keywords=ENSG00000197249
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SERPINA1&keywords=ENSG00000197249
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SERPINA1&keywords=ENSG00000197249
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SERPINA1&keywords=ENSG00000197249
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SERPINA1&keywords=ENSG00000197249
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SFTPA1&keywords=SFTPA1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SFTPA1&keywords=SFTPA1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SFTPA1&keywords=SFTPA1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SFTPA1&keywords=SFTPA1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SFTPA1&keywords=SFTPA1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SFTPA1&keywords=SFTPA1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SFTPA1&keywords=SFTPA1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SFTPA2&keywords=SFTPA2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SFTPA2&keywords=SFTPA2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SFTPA2&keywords=SFTPA2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SFTPA2&keywords=SFTPA2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SFTPA2&keywords=SFTPA2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SFTPA2&keywords=SFTPA2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SFTPA2&keywords=SFTPA2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SFTPD&keywords=SFTPD
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SFTPD&keywords=SFTPD
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SFTPD&keywords=SFTPD
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SFTPD&keywords=SFTPD
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SFTPD&keywords=SFTPD
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SFTPD&keywords=SFTPD
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SFTPD&keywords=SFTPD
http://www.genecards.org/cgi-bin/carddisp.pl?gene=SGF29&keywords=SGF29
http://www.genecards.org/cgi-bin/carddisp.pl?gene=SGF29&keywords=SGF29
http://www.genecards.org/cgi-bin/carddisp.pl?gene=SGF29&keywords=SGF29
http://www.genecards.org/cgi-bin/carddisp.pl?gene=SGF29&keywords=SGF29
http://www.genecards.org/cgi-bin/carddisp.pl?gene=SGF29&keywords=SGF29
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&keywords=S

GF29 

ENSG000

00105329 

TGFB1 Transformin

g Growth 

Factor Beta 

1 

Regulator Master 

regulator 

Tissue-

remodelling 

https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=TGFB1
&keywords=T

GFB1 

23-4-2018 E(76) 

ENSG000

00092969 

TGFB2 Transformin

g Growth 

Factor Beta 

2 

Regulator Master 

regulator 

Tissue-

remodelling 

https://www.g

enecards.org/c

gi-
bin/carddisp.pl

?gene=TGFB2

&keywords=T

GFB2 

23-4-2018 E(77-79) 

ENSG000

00187720 

THSD4 Thrombospo
ndin Type 1 

Domain 

Containing 

4 

Regulator Regulator Regulation https://www.g
enecards.org/c

gi-

bin/carddisp.pl

?gene=THSD4

&keywords=T

HSD4 

23-4-2018 E(80-82) 

ENSG000

00150455 

TIRAP TIR Domain 

Containing 

Adaptor 

Protein 

Immunology Immune 

function/ 

inflammation 

Inflammation https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=TIRAP

&keywords=T

IRAP 

23-4-2018 E(83, 84) 

ENSG000

00232810 

TNFA Tumor 

Necrosis 

Factor 

Inflammation Inflammation 

regulation 

Inflammation https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=TNF&k
eywords=TNF

A 

23-4-2018 E(85) 

ENSG000

00145321 

VDBP GC, Vitamin 

D Binding 

Protein 

Metabolism  Vitamin D 

transport 

Homeostasis- 

organismal 

https://www.g

enecards.org/c

gi-
bin/carddisp.pl

?gene=GC 

23-4-2018 E(86, 87) 

ENSG000

00141252 

VPS53 VPS53, 

GARP 

Complex 

Subunit 

Cellular 

metabolism  

Endosome 

recycling 

Cellular-

metabolism 

https://www.g

enecards.org/c

gi-
bin/carddisp.pl

?gene=VPS53 

23-4-2018 E(88) 

ENSG000

00148219 

ASTN2 Astrotactin 

2 

Protein coding Glial-guided 

neuronal 

migration 

Development https://www.g

enecards.org/c

gi-
bin/carddisp.pl

?gene=ASTN2

&keywords=A

STN2 

23-7-2018 E(89) 

ENSG000

00197536 

C5orf56 Chromosom

e 5 Open 
Reading 

Frame 56 

Protein coding Protein coding Unknown https://www.g

enecards.org/c
gi-

bin/carddisp.pl

?gene=C5orf5

6&keywords=

C5orf56 

23-7-2018 Not 

available. 

ENSG000

00157445 

CACNA2

D3 

Calcium 

Voltage-

Gated 

Channel 

Auxiliary 

Subunit 

Protein coding Voltage gated 

signal 

transduction 

Addiction https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=CACN

A2D3&keywo

23-7-2018 E(90, 91) 

http://www.genecards.org/cgi-bin/carddisp.pl?gene=SGF29&keywords=SGF29
http://www.genecards.org/cgi-bin/carddisp.pl?gene=SGF29&keywords=SGF29
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TGFB1&keywords=TGFB1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TGFB1&keywords=TGFB1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TGFB1&keywords=TGFB1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TGFB1&keywords=TGFB1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TGFB1&keywords=TGFB1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TGFB1&keywords=TGFB1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TGFB1&keywords=TGFB1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TGFB2&keywords=TGFB2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TGFB2&keywords=TGFB2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TGFB2&keywords=TGFB2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TGFB2&keywords=TGFB2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TGFB2&keywords=TGFB2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TGFB2&keywords=TGFB2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TGFB2&keywords=TGFB2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=THSD4&keywords=THSD4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=THSD4&keywords=THSD4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=THSD4&keywords=THSD4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=THSD4&keywords=THSD4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=THSD4&keywords=THSD4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=THSD4&keywords=THSD4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=THSD4&keywords=THSD4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TIRAP&keywords=TIRAP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TIRAP&keywords=TIRAP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TIRAP&keywords=TIRAP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TIRAP&keywords=TIRAP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TIRAP&keywords=TIRAP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TIRAP&keywords=TIRAP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TIRAP&keywords=TIRAP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TNF&keywords=TNFA
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TNF&keywords=TNFA
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TNF&keywords=TNFA
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TNF&keywords=TNFA
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TNF&keywords=TNFA
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TNF&keywords=TNFA
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TNF&keywords=TNFA
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GC
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GC
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GC
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GC
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GC
https://www.genecards.org/cgi-bin/carddisp.pl?gene=VPS53
https://www.genecards.org/cgi-bin/carddisp.pl?gene=VPS53
https://www.genecards.org/cgi-bin/carddisp.pl?gene=VPS53
https://www.genecards.org/cgi-bin/carddisp.pl?gene=VPS53
https://www.genecards.org/cgi-bin/carddisp.pl?gene=VPS53
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ASTN2&keywords=ASTN2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ASTN2&keywords=ASTN2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ASTN2&keywords=ASTN2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ASTN2&keywords=ASTN2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ASTN2&keywords=ASTN2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ASTN2&keywords=ASTN2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ASTN2&keywords=ASTN2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=C5orf56&keywords=C5orf56
https://www.genecards.org/cgi-bin/carddisp.pl?gene=C5orf56&keywords=C5orf56
https://www.genecards.org/cgi-bin/carddisp.pl?gene=C5orf56&keywords=C5orf56
https://www.genecards.org/cgi-bin/carddisp.pl?gene=C5orf56&keywords=C5orf56
https://www.genecards.org/cgi-bin/carddisp.pl?gene=C5orf56&keywords=C5orf56
https://www.genecards.org/cgi-bin/carddisp.pl?gene=C5orf56&keywords=C5orf56
https://www.genecards.org/cgi-bin/carddisp.pl?gene=C5orf56&keywords=C5orf56
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CACNA2D3&keywords=CACNA2D3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CACNA2D3&keywords=CACNA2D3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CACNA2D3&keywords=CACNA2D3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CACNA2D3&keywords=CACNA2D3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CACNA2D3&keywords=CACNA2D3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CACNA2D3&keywords=CACNA2D3
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Alpha2delta 

3 

rds=CACNA2

D3 

ENSG000

00151465 
CDC123 Cell 

Division 

Cycle 123 

Protein coding Cellular stress 

response 

Cellular-

metabolism 

https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=CDC12

3&keywords=

CDC123 

23-7-2018 E(92-94) 

ENSG000

00055163 

CYFIP2 Cytoplasmic 

FMR1 

Interacting 

Protein 

Protein coding Axon sorting/ 

neural 

development 

Development https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=CYFIP
2&keywords=

CYFIP2 

23-7-2018 (95) 

ENSG000

00107249 

GLIS3 GLIS 

Family Zinc 

Finger 3 

Protein coding Regulation of 

transcription 

Development https://www.g

enecards.org/c

gi-
bin/carddisp.pl

?gene=GLIS3

&keywords=G

LIS3 

23-7-2018 E(92-94) 

ENSG000

00068024 

HDAC4 Histone 
Deacetylase 

4 

Protein coding Regulation of 

transcription 

Inflammation https://www.g
enecards.org/c

gi-

bin/carddisp.pl

?gene=HDAC

4 

23-7-2018 E(96, 97) 

ENSG000

00237541 

HLA-

DQA2 

Major 

Histocompat

ibility 

Complex, 

Class II, DQ 

Alpha 2 

Antigen 

presenting 

receptor 

Immune 

response/protei

n binding/ 

receptor 

Inflammation https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=HLA-

DQA2&keywo

rds=HLA-

DQA2 

23-7-2018 E(98) 

ENSG000

00179344 

HLA-

DQB1 

Major 

Histocompat

ibility 

Complex, 

Class II, DQ 

Beta 1 

Antigen 

presenting 

receptor 

Immune 

response/protei

n binding/ 

receptor 

Inflammation https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=HLA-

DQB1 

23-7-2018 E(98) 

ENSG000

00188266 
HYKK Hydroxylysi

ne Kinase 

Protein coding Kinase Addiction https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=HYKK 

23-7-2018 E(99-101) 

ENSG000

00213949 
ITGA1 Integrin 

Subunit 

Alpha 1 

Protein coding Cellular 

interactions 

and adhesion 

Tissue-

remodelling 

https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=ITGA1 

23-7-2018 E(102) 

ENSG000

00159197 

KCNE2 Potassium 
Voltage-

Gated 

Channel 

Subfamily E 

Regulatory 

Subunit 2 

Signal 

transmission 

Voltage-gated 

ion channels 

Cellular-

interaction 

https://www.g
enecards.org/c

gi-

bin/carddisp.pl

?gene=KCNE2 

23-7-2018 E(103) 

ENSG000

00185760 

KCNQ5 Potassium 

Voltage-

Gated 

Channel 

Subfamily Q 

Member 5 

Signal 

transmission 

Voltage-gated 

ion channels 

Cellular-

interaction 

https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=KCNQ

5&keywords=

23-7-2018 E(104, 

105) 

https://www.genecards.org/cgi-bin/carddisp.pl?gene=CACNA2D3&keywords=CACNA2D3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CACNA2D3&keywords=CACNA2D3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CDC123&keywords=CDC123
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CDC123&keywords=CDC123
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CDC123&keywords=CDC123
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CDC123&keywords=CDC123
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CDC123&keywords=CDC123
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CDC123&keywords=CDC123
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CDC123&keywords=CDC123
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CYFIP2&keywords=CYFIP2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CYFIP2&keywords=CYFIP2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CYFIP2&keywords=CYFIP2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CYFIP2&keywords=CYFIP2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CYFIP2&keywords=CYFIP2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CYFIP2&keywords=CYFIP2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=CYFIP2&keywords=CYFIP2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GLIS3&keywords=GLIS3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GLIS3&keywords=GLIS3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GLIS3&keywords=GLIS3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GLIS3&keywords=GLIS3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GLIS3&keywords=GLIS3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GLIS3&keywords=GLIS3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=GLIS3&keywords=GLIS3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HDAC4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HDAC4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HDAC4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HDAC4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HDAC4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HDAC4
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HLA-DQA2&keywords=HLA-DQA2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HLA-DQA2&keywords=HLA-DQA2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HLA-DQA2&keywords=HLA-DQA2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HLA-DQA2&keywords=HLA-DQA2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HLA-DQA2&keywords=HLA-DQA2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HLA-DQA2&keywords=HLA-DQA2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HLA-DQA2&keywords=HLA-DQA2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HLA-DQA2&keywords=HLA-DQA2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HLA-DQB1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HLA-DQB1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HLA-DQB1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HLA-DQB1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HLA-DQB1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HLA-DQB1
http://www.ensembl.org/Homo_sapiens/geneview?gene=ENSG00000188266
http://www.ensembl.org/Homo_sapiens/geneview?gene=ENSG00000188266
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HYKK
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HYKK
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HYKK
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HYKK
https://www.genecards.org/cgi-bin/carddisp.pl?gene=HYKK
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ITGA1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ITGA1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ITGA1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ITGA1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=ITGA1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=KCNE2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=KCNE2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=KCNE2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=KCNE2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=KCNE2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=KCNQ5&keywords=ENSG00000185760
https://www.genecards.org/cgi-bin/carddisp.pl?gene=KCNQ5&keywords=ENSG00000185760
https://www.genecards.org/cgi-bin/carddisp.pl?gene=KCNQ5&keywords=ENSG00000185760
https://www.genecards.org/cgi-bin/carddisp.pl?gene=KCNQ5&keywords=ENSG00000185760
https://www.genecards.org/cgi-bin/carddisp.pl?gene=KCNQ5&keywords=ENSG00000185760
https://www.genecards.org/cgi-bin/carddisp.pl?gene=KCNQ5&keywords=ENSG00000185760
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ENSG0000018

5760 

ENSG000

00170745 
KCNS3 Potassium 

Voltage-

Gated 

Channel 

Modifier 

Subfamily S 

Member 3 

Signal 

transmission 

Voltage-gated 

ion channels 

Cellular-

interaction 

https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=KCNS3 

23-7-2018 E(106, 

107) 

ENSG000

00227456 

LINC003

10 

Long 

Intergenic 

Non-Protein 

Coding 

RNA 310 

RNA gene Unknown Unknown https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=LINC0

0310 

23-7-2018 E(108) 

ENSG000

00148655 

LRMDA Leucine 

Rich 

Melanocyte 

Differentiati
on 

Associated 

Protein coding Melanocyte 

differentiation 

Development https://www.g

enecards.org/c

gi-

bin/carddisp.pl
?gene=LRMD

A&keywords=

LRMDA 

23-7-2018 Not 

available 

ENSG000

00123384 

LRP1 LDL 

Receptor 
Related 

Protein 

Transmembrane 

receptor 

LDL receptor 

protein 

Inflammation https://www.g

enecards.org/c
gi-

bin/carddisp.pl

?gene=LRP1&

keywords=LR

P1 

23-7-2018 E(109-

111) 

ENSG000

00085276 
MECOM MDS1 And 

EVI1 

Complex 

Locus 

Protein coding Transcription 

regulator 
Regulation https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=MECO

M&keywords=

MECOM 

23-7-2018 E(112) 

ENSG000

00117122 

MFAP2 Microfibril 

Associated 

Protein 2 

Structure Major antigen 

of elastin-

associated 

microfibrils 

Tissue-

remodelling 

https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=MFAP2

&keywords=M

FAP2 

23-7-2018 E(113) 

ENSG000

00102996 

MMP15 Matrix 

Metallopepti

dase 15 

Metalloproteinas

e 

Cellular 

degradation 

Tissue-

remodelling 

https://www.g

enecards.org/c

gi-

bin/carddisp.pl
?gene=MMP1

5&keywords=

ENSG0000010

2996 

23-7-2018 E(57, 58) 

ENSG000

00169184 

MN1 MN1 Proto-
Oncogene, 

Transcriptio

nal 

Regulator 

Transcription Transcription 
regulator, 

oncogene 

Regulation https://www.g
enecards.org/c

gi-

bin/carddisp.pl

?gene=MN1&

keywords=MN

1 

23-7-2018 E(114, 

115) 

ENSG000

00204475 

NCR3 natural 

Cytotoxicity 

Triggering 

Receptor 3 

Receptor Natural killer 

cell interaction 

Inflammation https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=NCR3

&keywords=N

CR3 

23-7-2018 E(116) 

https://www.genecards.org/cgi-bin/carddisp.pl?gene=KCNQ5&keywords=ENSG00000185760
https://www.genecards.org/cgi-bin/carddisp.pl?gene=KCNQ5&keywords=ENSG00000185760
https://www.genecards.org/cgi-bin/carddisp.pl?gene=KCNS3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=KCNS3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=KCNS3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=KCNS3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=KCNS3
https://www.genecards.org/cgi-bin/carddisp.pl?gene=LINC00310
https://www.genecards.org/cgi-bin/carddisp.pl?gene=LINC00310
https://www.genecards.org/cgi-bin/carddisp.pl?gene=LINC00310
https://www.genecards.org/cgi-bin/carddisp.pl?gene=LINC00310
https://www.genecards.org/cgi-bin/carddisp.pl?gene=LINC00310
https://www.genecards.org/cgi-bin/carddisp.pl?gene=LINC00310
https://www.genecards.org/cgi-bin/carddisp.pl?gene=LRMDA&keywords=LRMDA
https://www.genecards.org/cgi-bin/carddisp.pl?gene=LRMDA&keywords=LRMDA
https://www.genecards.org/cgi-bin/carddisp.pl?gene=LRMDA&keywords=LRMDA
https://www.genecards.org/cgi-bin/carddisp.pl?gene=LRMDA&keywords=LRMDA
https://www.genecards.org/cgi-bin/carddisp.pl?gene=LRMDA&keywords=LRMDA
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ENSG000

00168743 

NPNT Nephronecti

n 

Ligand Ligand of 

integrin alpha-

8/beta 

Development https://www.g

enecards.org/c

gi-
bin/carddisp.pl

?gene=NPNT

&keywords=N

PNT 

23-7-2018 E(117-

119) 

ENSG000

00090621 

PABPC4 Poly(A) 
Binding 

Protein 

Cytoplasmic 

4 

RNA protein RNA-
processing 

protein 

Cellular-

metabolism 

https://www.g
enecards.org/c

gi-

bin/carddisp.pl

?gene=PABPC

4&keywords=

PABPC4#prot

eins 

23-7-2018 E(120) 

ENSG000

00019485 

PRDM11 PR/SET 

Domain 11 

Protein coding Transcriptional 

regulator 

Regulation https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=PRDM

11&keywords

=PRDM11 

23-7-2018 E(121, 

122). 

ENSG000

00185920 

PTCH1 Patched 1 Protein coding Related to 

SHH genes 

and tumour 

suppressors 

Development https://www.g

enecards.org/c

gi-

bin/carddisp.pl
?gene=PTCH1

&keywords=P

TCH1 

23-7-2018 E(123, 

124) 

ENSG000

00240857 

RDH14 Retinol 

Dehydrogen

ase 14 

Enzyme Purine 

metabolism 

Cellular-

metabolism 

https://www.g

enecards.org/c
gi-

bin/carddisp.pl

?gene=RDH14

&keywords=R

DH14 

23-7-2018 E(125) 

ENSG000

00168065 

SLC22A1

1 

Solute 

Carrier 

Family 22 

Member 11 

Transport protein Salt 

metabolism/ex

cretion 

Metabolism-

organismal 

https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=SLC22

A11&keyword

s=SLC22A11 

23-7-2018 E(126) 

ENSG000

00139343 

SNRPF Small 

Nuclear 

Ribonucleop

rotein 

Polypeptide 

F 

Protein coding RNA-

processing 

protein 

Cellular-

metabolism 

https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=SNRPF

&keywords=S

NRPF 

23-7-2018 Not 

available 

ENSG000

00145757 

SPATA9 Spermatoge

nesis 

Associated 9 

Protein coding Unknown Development https://www.g

enecards.org/c

gi-

bin/carddisp.pl
?gene=SPATA

9&keywords=

SPATA9 

23-7-2018 E(127) 

ENSG000

00153820 

SPHKAP SPHK1 

Interactor, 
AKAP 

Domain 

Containing 

Enzyme Kinase  Cellular-

metabolism 

https://www.g

enecards.org/c
gi-

bin/carddisp.pl

?gene=SPHK

AP&keywords

=SPHKAP 

23-7-2018 E(128) 

ENSG000

00153060 
TEKT5 Tektin 5 Protein coding Unknown Cellular-

structure 

https://www.g

enecards.org/c

gi-

bin/carddisp.pl

?gene=TEKT5

&keywords=T

EKT5 

23-7-2018 E(129) 

https://www.genecards.org/cgi-bin/carddisp.pl?gene=NPNT&keywords=NPNT
https://www.genecards.org/cgi-bin/carddisp.pl?gene=NPNT&keywords=NPNT
https://www.genecards.org/cgi-bin/carddisp.pl?gene=NPNT&keywords=NPNT
https://www.genecards.org/cgi-bin/carddisp.pl?gene=NPNT&keywords=NPNT
https://www.genecards.org/cgi-bin/carddisp.pl?gene=NPNT&keywords=NPNT
https://www.genecards.org/cgi-bin/carddisp.pl?gene=NPNT&keywords=NPNT
https://www.genecards.org/cgi-bin/carddisp.pl?gene=NPNT&keywords=NPNT
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PABPC4&keywords=PABPC4#proteins
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PABPC4&keywords=PABPC4#proteins
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PABPC4&keywords=PABPC4#proteins
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PABPC4&keywords=PABPC4#proteins
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PABPC4&keywords=PABPC4#proteins
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PABPC4&keywords=PABPC4#proteins
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PABPC4&keywords=PABPC4#proteins
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PABPC4&keywords=PABPC4#proteins
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PRDM11&keywords=PRDM11
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PRDM11&keywords=PRDM11
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PRDM11&keywords=PRDM11
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PRDM11&keywords=PRDM11
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PRDM11&keywords=PRDM11
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PRDM11&keywords=PRDM11
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PRDM11&keywords=PRDM11
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PTCH1&keywords=PTCH1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PTCH1&keywords=PTCH1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PTCH1&keywords=PTCH1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PTCH1&keywords=PTCH1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PTCH1&keywords=PTCH1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PTCH1&keywords=PTCH1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=PTCH1&keywords=PTCH1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RDH14&keywords=RDH14
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RDH14&keywords=RDH14
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RDH14&keywords=RDH14
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RDH14&keywords=RDH14
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RDH14&keywords=RDH14
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RDH14&keywords=RDH14
https://www.genecards.org/cgi-bin/carddisp.pl?gene=RDH14&keywords=RDH14
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SLC22A11&keywords=SLC22A11
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SLC22A11&keywords=SLC22A11
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SLC22A11&keywords=SLC22A11
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SLC22A11&keywords=SLC22A11
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SLC22A11&keywords=SLC22A11
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SLC22A11&keywords=SLC22A11
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SLC22A11&keywords=SLC22A11
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SNRPF&keywords=SNRPF
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SNRPF&keywords=SNRPF
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SNRPF&keywords=SNRPF
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SNRPF&keywords=SNRPF
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SNRPF&keywords=SNRPF
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SNRPF&keywords=SNRPF
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SNRPF&keywords=SNRPF
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SPATA9&keywords=SPATA9
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SPATA9&keywords=SPATA9
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SPATA9&keywords=SPATA9
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SPATA9&keywords=SPATA9
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SPATA9&keywords=SPATA9
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SPATA9&keywords=SPATA9
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SPATA9&keywords=SPATA9
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SPHKAP&keywords=SPHKAP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SPHKAP&keywords=SPHKAP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SPHKAP&keywords=SPHKAP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SPHKAP&keywords=SPHKAP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SPHKAP&keywords=SPHKAP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SPHKAP&keywords=SPHKAP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=SPHKAP&keywords=SPHKAP
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TEKT5&keywords=TEKT5
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TEKT5&keywords=TEKT5
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TEKT5&keywords=TEKT5
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TEKT5&keywords=TEKT5
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TEKT5&keywords=TEKT5
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TEKT5&keywords=TEKT5
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TEKT5&keywords=TEKT5


  
   

229 
 

ENSG000

00132749 

TESMIN

* 

Testis 

Expressed 

Metallothion
ein Like 

Protein 

heavy metal 

binding 

Metallothionei

n protein 

Cellular-

metabolism 

https://www.g

enecards.org/c

gi-
bin/carddisp.pl

?gene=TESMI

N 

23-7-2018 E(130) 

ENSG000

00168769 

TET2 Tet 

Methylcytos
ine 

Dioxygenas

e 2 

Enzyme Methylcytosin

e dioxygenase 

Inflammation https://www.g

enecards.org/c
gi-

bin/carddisp.pl

?gene=TET2 

23-7-2018 E(131, 

132) 

ENSG000

00079308 TNS1 

Tensin 1 Protein coding Extracellular 

matrix cross 

linking 

Tissue-

remodelling 

https://www.g

enecards.org/c
gi-

bin/carddisp.pl

?gene=TNS1&

keywords=TN

S1 

23-7-2018 E(85) 

ENSG000

00100815 

TRIP11 Thyroid 
Hormone 

Receptor 

Interactor 11 

Receptor protein 

in golgi 

Transcription-

coregulator 

Regulation https://www.g
enecards.org/S

earch/Keywor

d?queryString

=TRIP11 

23-7-2018 E(133) 

ENSG000

00114251 

WNT5A Wnt Family 

Member 5A 

Ligand for 
transmembrane 

proteins 

Ligand  Tissue-

remodelling 

https://www.g
enecards.org/c

gi-

bin/carddisp.pl

?gene=WNT5

A&keywords=

WNT5A 

23-7-2018 E(134) 

         

            

Gene descriptions with functional classes.  
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Abstract 
General cognitive impairment is highly prevalent in patients with chronic obstructive pulmonary disease 

(COPD). Domain-specific cognitive impairments include deficits in working memory (WM), cognitive 

flexibility, verbal memory, planning and psychomotor speed. These impairments may be associated 

with poor health behaviours, such as a sedentary lifestyle and low-quality diet. Cognitive training may 

reverse these effects. Recent evidence suggests that WM training is linked to self-control and, 

indirectly, to improved lifestyle behaviour including increased physical activity. We aim to investigate 

the efficacy of WM training (WMT) in patients with COPD on cognitive performance, cognitive stress 

susceptibility and perception, self-control, and adherence to personalised physical activity and dietary 

behaviour goals. This trial will be a double blind, placebo-controlled randomised trial will be conducted 

in 60 patients with COPD. The trial will consist of two phases; 12 weeks of active WM training or sham 

training followed by 12 weeks of maintenance. Prior to the WMT, before the first phase, participants in 

both the sham (n=30) and training group (n=30) will set dietary and physical activity goals based on 

their dietary intake and physical activity profile using validated tools. Cognitive performance will be 

examined using the Cambridge Neuropsychological Test Automated Battery. The primary outcome of 

this study will be change in cognitive performance. Secondary outcomes will be self-control 

(impulsivity), compliance, stress susceptibility and perception, change in dietary intake and daily 

physical activity level and pattern. This trial will attempt to determine if cognitive performance can be 

improved in patients with COPD by WMT. Moreover, WM plays a key role in self-regulation of 

behaviour, i.e. resisting hedonic impulses in exchange for more deliberate evaluations and the 

achievement of long-term goals. Therefore, we expect that WMT will also have a positive impact on 

health behaviours. 

 

Registration: Clinicaltrials.gov registration: NCT03073954 
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Introduction 
Chronic obstructive pulmonary disease (COPD) is a serious respiratory condition which affected 

more that 251 million individuals in 2016,1 and from 2016 to 2040 is estimated to become the 

fourth leading cause of life years lost.2 Chronic obstructive pulmonary disease is characterised 

by persistent respiratory symptoms and airflow limitation,3 which is often associated with 

substantial morbidity and mortality.4 In addition, COPD patients often suffer from 

musculoskeletal impairments,5 cardiovascular comorbidity6 7 as well as anxiety 8 and 

depression.9 Moreover, COPD patients are at increased risk for cognitive impairment with 

adverse clinical consequences.10 

 

Why are cognitive impairments relevant in COPD? 

Impairments in working memory (WM) or other cognitive areas can have a significant impact 

on patients. Cognitive impairments in general can reduce quality of life, physical activity, social 

interaction11 and medication adherence in affected patients.12 Moreover, it can lead to short-

term memory problems, loss of initiative, difficulties with concentration and fatigue.13 As a 

result of these consequences, daily activities such as house work may become more difficult,13 

and the risk of all-cause hospitalisation increases.14 These issues can be further complicated in 

COPD due to the presence of anxiety and stress. This is particularly relevant to individuals with 

COPD, as compared to their peers, they experience stronger detrimental mental and quality of 

life effects when faced with life event related stress.15 Animal model research suggests that 

these effects can be further compounded as repeated stress has been shown to cause 

cognitive impairment 16 and can induce depressive and anxiety like behaviours, in addition to 

memory deficits.17 Taken together, this suggests that any existing cognitive impairment may 

be worsened by inherent stress exposure. Therefore, ways to help temper disease and stress 

related cognitive impairment are of considerable interest. 

 

Why consider cognitive training in the overall management of COPD? 

Cognitive training is an area of translational neuroscience which is gaining interest.18 The most 

recent meta-analysis on working memory training (WMT) suggests WTM is effective in mixed 

populations, but that these effects as well as transfer effects tend to be small.19 However, these 

results are primarily from relatively healthy populations, with normal levels of cognitive 

functioning, and perhaps leave little room for improvement. Individuals with COPD more 
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frequently experience cognitive impairment;10 approximately 56.7% of patients with COPD are 

affected by cognitive impairment, compared to 13.3% of aged matched peers,10 which can also 

worsen over time.20 21 When cognitive function is affected, typically attention, memory, 

executive functions and WM are affected.22 23 This is similar to the pattern which has been 

observed in patients with traumatic brain injury (TBI). In patients with TBI, attention, memory 

and executive functions are most commonly affected.24 Interestingly, the mild results observed 

in mixed populations become more striking if results are focused on patients with a TBI. 

Specifically, WMT resulted in a moderate and long-lasting improvement in untrained WM 

tasks, small improvements in evaluations of everyday life functioning, cognitive control and 

reasoning.25 Moreover, WMT has been observed to increase prefrontal cortex neural activity 

and increase the strength of the connectivity between the prefrontal cortex and other brain 

areas.26 

 

Working memory and health behaviours 

Recent research has demonstrated the importance of self-control in the regulation of health 

behaviours, including physical activity.27 Low levels of self-control are associated with reduced 

compliance to physical activity28 29 and healthy diets,29 obesity, substance abuse, and 

procrastination.30 On the other hand, individuals with high self-control are better able to 

control their thoughts, regulate their emotions and inhibit their impulses.31  

 

Self-control is a part of the executive functions, which are a family of top-down mental 

processes which allow one to concentrate and pay attention to non-instinctual tasks.32 There 

are three primary executive functions: inhibition [inhibitory control, self-control (behavioural 

inhibition) and interference control (selective attention and cognitive inhibition)], WM, and 

cognitive flexibility.32 33 Working memory, the ability to select and hold goal-relevant 

information for a short time, enables us to engage in complex goal-orientated behaviour by 

managing sensory inputs18 and plays a key role in cognitive control.34 Individual differences in 

WM capacity are related to the ability to inhibit automatic responses, in favour of more 

opportune controlled-processing responses.35 
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Employing these executive functions costs energy. Simply said it is easier to give in to 

temptation and to continue to engage in “automatic” reactions than to carefully think about 

what to do next.32 The dual process theories of behaviour suggest that the balance between 

controlled (executive system) and impulsive (impulsive system) behaviour are due to the 

interaction between these systems.35  In addition, based on this theory strengthening the 

executive system could improve goal orientated behaviour by improving control over 

automatic impulses.35 36 

 

 

The efficacy of specific WMT to improve health behaviours has been demonstrated by a 

number of studies on eating, smoking, drinking and substance use. Houben et al. observed a 

reduction in overeating in response to negative emotions and food intake in participants with 

strong dietary restraint goals,37 and Dassen et al. showed reduced caloric intake during a sham 

taste testing trial after a WM intervention, even though no differences in BMI were observed 

between groups.38 In smokers, WM capacity was shown to be related to smoking urge and 

latency to smoke. Specifically, in individuals with poorer WM, urge to smoke was more strongly 

and negatively associated with smoking latency.39 Furthermore, WTM has been shown to 

reduce alcohol intake in problem drinkers 40 as well aid in stabilising street drug and cannabis 

use in dependent opiate users.41  

 

The COGtrain Trial 

Lack of physical activity, albeit often not classified as detrimental as illicit drug or alcohol use, 

can cause considerable damage. Specifically, physical inactivity is a predictor of worse COPD 

outcomes including progression of exercise intolerance42 and increased risk of mortality, and 

is unfortunately frequently observed in patients with COPD.43 Reducing sedentary behaviour is 

therefore an important COPD management goal and an integrative part of pulmonary 

rehabilitation (PR). However, behavioural translation of improved physical capacity after PR to 
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a more active lifestyle is inconsistent.44-46 These inconsistencies likely have different drivers but 

one may be related to low levels of self-control.  

 

Working memory training may enhance self-control by improving attentional control, the 

efficiency with which attention is regulated towards relevant and away from irrelevant 

material,47 and thus aid in maintaining goal relevant information and resisting distraction.48 

These changes could then potentially improve health-related behaviours and in turn could lead 

to improvements in quality of life. However, it remains to be determined if WMT is effective in 

patients with COPD, and if it will impact further reaching areas such as behaviour, and if 

patients will accept online training modules. Therefore, the primary objective of the present 

clinical trial is to investigate the efficacy of WMT in conjunction with goal setting in patients 

with COPD on cognitive performance (executive function, episodic memory, visual memory, 

information processing, and sustained attention). Furthermore, we aim to assess the impact of 

WMT on self-control (impulsivity), stress susceptibility, perception and compliance to pre-

defined individual daily physical activity level and pattern, and dietary advice goals as well as 

stress. 

 

Hypotheses  

1) Working memory training enhances cognitive performance in patients with COPD.  

2) Working memory training facilitates the transfer of healthy lifestyle goals to a healthier 

lifestyle in patients with COPD.  

3) Improved cognitive performance reduces stress susceptibility in patients with COPD. 
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Methods 

Patient population 

This study will include a population of patients with COPD from the region of South Limburg, 

the Netherlands. Patients are eligible if they have a diagnosis of COPD based on the Global 

Initiative for Chronic Obstructive Lung Disease (GOLD) guidelines3 and if they are not afflicted 

by any of the exclusion criteria (Table 1). Once participants have agreed to participate in the 

study they will be randomly allocated into the treatment or control condition. All 

measurements will be performed at Maastricht University Medical Centre.  

 

Table 2: Exclusion Criteria 

Exclusion criteria 

Disease and/or disability limiting ability to undergo neuropsychological testing and/or 

WMT (e.g. blindness, stroke, or lack of hand control)  

Neurological disorders (e.g. Alzheimer’s Disease, Parkinson’s, Huntington’s disease)  

Insufficient mastery of the Dutch language  

Participation in an inpatient PR programme during study period 

Participation in another intervention study during study period 

 

 

Patients will be recruited using local advertising in newspapers, magazines, and local 

physiotherapy practices. In addition, patients who have participated in previous studies and 

have indicated that they may be contacted for future studies, as well as COPD patients visiting 

the outpatient clinics will be approached.  
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Intervention 
A double blind, placebo-controlled randomised trial will be conducted on 60 patients with 

COPD. The trial consists of two phases; 12 weeks of intensive training (n=30) or sham training 

(n=30) (T0-T12) followed by 12 weeks of active follow-up (T12-T24) (figure 1). Of the 30 

sessions, patients may miss five sessions. After they have missed three sessions the 

investigators will be notified and contact the participants. If patients miss more than five 

training sessions they will be withdrawn from the study. Patients will be evaluated at a 

screening appointment, baseline, T12 and T24.  
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Figure 1: Intervention schedule 
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Working memory training 

The WMT consists of three different tasks: a visuospatial task, a backward digit span task, and 

a letter span task. In the visuospatial task, participants will be shown a four-by-four grid of 

squares, some of which flash in blue one after the other. Participants will be required to recall 

which squares flashed in blue and in which order, by clicking the squares. In the backward digit 

span task, numbers will be presented on a computer screen, and the participants will be 

required to reproduce the sequence in the reverse order. Lastly, in the letter span task, letters 

will be presented one by one in the centre of the screen, and simultaneously with every letter, 

an accompanying arm will light up (see Figure 2). After all letters have been presented along 

with their corresponding arms, one arm will light up in red, and participants are required to 

indicate the letter belonging to that arm on the keyboard of the computer. Participants in the 

control (sham) group will receive the same tasks as those in the training group but in contrast 

to the intervention group the tasks will not increase in difficulty by increasing the number of 

digits, or complexity of the pattern to be recalled.40  

 

In the first phase of the study, participants will receive 30 training sessions over a 12-week 

period, and have to complete at least 25 sessions. Participants will receive a link to every 

session through e-mail, and have 48 hours to complete a session after receiving the e-mail. In 

phase two (T12-T24) we will investigate the longer-term effects of the intervention. There is 

evidence to support the maintenance of the training effect after the cessation of the 

intervention.50-53 However, providing booster sessions could greatly enhance the long-term 

effects of the training. Ball et al.54 demonstrated that one booster session compensated for 

nearly five months of cognitive decline, and the positive results of the training intervention 
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were apparent for years after it ended. Given the potential benefits of booster sessions we will 

therefore offer the participants one booster session per week for three months in the 

maintenance phase (phase two) after completion of the training.  

 

 

Figure 2: Example of working memory training exercise 

 

Goal setting  

Behaviour with respect to physical activity and dietary intake will be measured at T0 and at the 

end of phase 1 (T12) and 2 (T24) in both the intervention and the control group. Physical 

activity data will be collected by an ActivPALTM accelerometer. This device provides a well-

established measurement of both physical activity and sedentary time. Subjects wear the 

accelerometer fastened to their leg with TegadermTM adhesive tape for 7 consecutive days. 

The ActivPALTM calculates body posture as sitting/lying, standing, and stepping and energy 

expenditure (METs) using static and dynamic acceleration information.55 Energy expenditure 

can then be classified from the ActivPALTM into sedentary (G1.5 METs), light (1.5–2.99 METs), 

and MVPA (>3 METs) intensity.55 
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Dietary intake will be monitored using a 24-hour recall questionnaire in the form of an 

interview. Participants will be asked if the past 24 hours were reflective of typical dietary 

intake. If dietary intake varied significantly from normal, participants will be asked to recall 

their intake on the previous day. 

 

After having analysed the accelerometery data and the dietary questionnaire, participants will 

be informed about the results by a trained research assistant. Dietary and/or physical activity 

goals will then be set by the patients together with the research assistant. Representative 

scores will be calculated based on the Alternative Healthy Eating Index (AHEI)56 to aid 

participants in understanding how they can improve their diets. Information will be presented 

as a score and in graphical form for individual categories such as fruit, vegetable, red meat, 

excessive alcohol consumption, among others, for easy interpretation and guided goal setting 

discussions. Physical activity will be presented as daily step counts, and percent time spent in 

sitting, standing and moving activities in the form of graphs. The graphs will also clearly show 

the time of day which type of activity was performed. Goals can include dietary changes such 

as reducing alcohol, red meat, increasing whole grains, fruit and or vegetable consumption; 

physical activity will be in the form of steps per day. 

  

Study parameters and endpoints  

The study parameters are listed in Table 2. Study participants will visit twice, separated by a 

week, before the study (T0) to determine baseline performance. Additionally, they will be 
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tested at the end of phase one after 12 weeks (T12) and at the end of phase two after 24 weeks 

(T24). All measurements will be taken by the trained investigators. 

 

Primary outcome: measures of cognitive function  

The Cambridge Neuropsychological Test Automated Battery (CANTAB) is a widely used 

cognitive function assessment tool which has been used in a large range of clinical and non-

clinical studies. Using the CANTAB system, we will test WM, cognitive flexibility, and planning 

with the motor screening task, paired associated learning task, reaction time task, delated 

matching to sample task and a spatial WM task. Furthermore, we will administer the Stop-

Signal Task (SST) as a measure of impulsivity.  

 

As an additional measure of cognitive function, we administer the Addenbrooke’s Cognition 

Examination Revised (ACE-R); a brief test battery which assesses five domains, namely: 

orientation and attention, memory, verbal fluency, language and visuospatial ability. The ACE-

R is a comprehensive screening tool, and has good psychometric properties: both sensitivity 

and specificity are around 0.9.57-59  

 

Secondary measurement outcomes 

Additional outcome measures will include a measure of perceived stress (Cohen’s Perceived 

Stress Scale (PSS)),60 chronic stress (hair cortisol),61 acute stress (salivary cortisol awakening 

response (CAR))62 stress response (socially evaluated cold pressor test (SECPT)),63 functional 

http://cantabbibliography.co.uk/
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exercise capacity (6 minute walk test),64 physical performance (short performance test battery 

(SPBB)),65 disease-specific health status (COPD assessment test, (CAT)),66 motivation for 

exercise and dietary intake (Behavioral Regulation in Exercise Questionnaire-2 (BREQ-2)),67 the 

Regulation of Eating Behavior Scale REBS,68 depression (Beck depression inventory(BDI-II)),69 

anxiety (generalised anxiety disorder – 7 (GAD-7))70 and dietary intake (Food frequency 

questionnaire (FFQ)). 
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Table 2 

Primary 

outcomes  

Instrument  T0 T1 T12 T24 
   

Cognitive performance      
Cambridge 
Neuropsychological Test 
Automated Battery  

X* X X X 

  The Addenbrooke's 
Cognitive Examination 
Revised  

 
X 

  

Secondary 
outcomes 

  

Cognitive stress susceptibility and perception  

Chronic stress  The Perceived Stress Scale   X X X 

  Hair cortisol   X X 
 

  Salivary cortisol awakening 
response 

  X X 
 

Acute stress  Socially Evaluated Cold 
pressor test  

  X X X 

Physical activity    

  Accelerometer: step count, 
gait variability 

  X X X 

  6-minute walking test X X X X 

Balance 

  Short Performance Battery   X X X 

Quality of life      

 COPD assessment test   X X X 

Motivational questionnaires 

 Behavioural Regulation in 
Exercise Questionnaire-2 

X   X 

 Regulation of Eating 
Behaviour Scale  

X   X 

Psychological wellbeing 

  Beck Depression Inventory- 
second edition 

 X X X 

  Generalised Anxiety 
Disorder-7 

 X X X 

Dietary intake  
   

  Food Frequency 
Questionnaire 

X 
 

X X 
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Table 2 continued 

Other characteristics  
  

Socioeconomic variables  
    

  Age, gender, education level  X$ X$ 
  

Anthropometry  
    

  Height  X$ X$ 
  

  Bioelectrical impedance X$ X$ X X 

  Waist circumference  X$ X$ 
  

  Weight  X$ X$ X X 

Other clinical characteristics  
    

 
Smoking status, 
exacerbations, COPD Gold 
classification, spirometry  

X 
   

Medication  
    

  Questionnaire    X X X 

Manipulation Check 
    

  Manipulation check   
 

X X 

Compliance and accessibility       

 Training compliance   X X 

 
Measurement timing of study parameters  
* Required to compensate for any possible learning effects.  
$ Measurements may be taken at screening or T1.  

 

Manipulation check 

This will be done in the form of a very short structured interview in which the participant will 

be asked to recall and name the specific dietary and physical activity goals they made at the 

beginning of the intervention. This test will be administered in a way similar to that of Hatchell 

and colleagues,71 where participants are asked to recall key health messages from their 

personalised healthy lifestyle advice sessions. Patient responses will be recorded in writing. 

The recalled points will be compared to the personalised advice given to the participant. 

Responses will then be scored as follows: 0 points – field blank or no recall of the message 

content; 1 point – key points not directly related to the message themes; 2 points – key points 
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directly related to the message themes.71 Patients who recall more information will be given 

higher scores.  

 

Compliance and accessibility  

Training compliance will serve as a measure of compliance and accessibility of the WMT. During 

the trial, patient participation in the online sessions will be recorded. Here we can examine 

participant engagement to the training (total time spent), number of completed sessions, 

answer patterns as well as monitor attrition rate. 

 

Statistical Analysis  

Data analyses will be conducted using the statistical package IBM SPSS Statistics for Windows, 

version 21.0 (SPSS, Inc., Chicago, IL). All subjects who complete the study will be included in 

the analysis of the primary outcome. Missing data will be considered as missing at random and 

will not be imputed. Two-sided p-values less than 0.05 will be claimed as statistically significant. 

No interim analysis will be performed.  

  

Demographic and clinical background information including socioeconomic status, age, 

gender, education level, smoking status, alcohol intake, medication use, oxygen therapy, 

exacerbations, comorbidities, COPD Gold classification, and spirometry will be collected at 

baseline.  
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To determine the effects of WMT on our primary and secondary parameters, assuming the 

data meets the requirements, a Repeated Measures Analysis of Variance (baseline compared 

to Post-intervention and 3-month secondary follow-up) will be used to compare mean 

changes. If the data are non-normally distributed, and transformation is deemed 

inappropriate, a generalised linear mixed model approach will be used instead. Statistical 

measures of the interaction between time points and group will be reported. Effect sizes will 

be reported as Cohen’s d, computed as the difference in performance at baseline and post-

intervention or 6-month follow-up between the two groups. Effect sizes of 0.8 are considered 

large and effect sizes between 0.5 and 0.8 are moderate. If participants withdraw from the 

study, their data will be used up to the point of their withdrawal, although techniques such as 

multiple imputation will not be used to deal with missing data. 

 

Sample size and power 

The sample size calculation was calculated with G*Power 3.1.9.2 and sample sizes used in the 

most comparable studies from literature. In a recent Canadian study examining the effects of 

cognitive training on cognitive decline, the authors anticipated the effect size of the training 

would be f = 0.475.72 When taking into account an α of 0.05 and a power of 95% these 

parameters result in a required sample size of 60 individuals, or 30 per group. To maintain an 

appropriate sample size for analysis efficacy, new patients will be recruited to compensate for 

patients who drop out of the study until 60 participants have completed the study. 
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Randomisation 

The randomisation will be performed by an independent researcher via 

www.randomization.com, before the participants start the training. A randomisation block will 

be used with 70 subjects randomised in 7 blocks (10 per block, 5x control and 5x active training) 

(allowing for drop out). After 40 subjects have been randomised, the same independent 

researcher will verify if the distribution between the groups on the basis of age and gender is 

similar. All researchers involved will remain blinded until the completion of the study and 

analysis. 

 

Data management and monitoring 

Participant data is stored on a secured network server accessible only to the researchers. All 

paper documents are stored in a secured cabinet located at Maastricht University Medical 

Centre. Data is entered into the database by the researchers or research assistants, which is 

then periodically examined by the data monitor. After completion of the study the database 

will be cleaned and compared to original documentation in the case of obscure values. 

Data monitoring is performed by the independent Clinical Trials Centre Maastricht (CTCM) 

committee at trial commencement, trial closing and twice during the course of the study.  

 

Discussion 

We hypothesise that it is possible to improve WM in patients with COPD. Moreover, because 

WM plays a key role in this self-regulation of behaviour, i.e. resisting hedonic impulses in 
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exchange for more deliberate evaluations and the achievement of long-term goals, we expect 

that WMT will also have a positive influence on diet and physical activity. 

 

Our study has a number of strengths and weaknesses. A first strength is that we use a double-

blind placebo-controlled design. Second, we monitor patient compliance carefully using the 

online training programme and compliance (completing at least 25 out of 30 training sessions) 

is a prerequisite for continuing the trial. Third, by approaching patients with COPD in the 

community, physiotherapy and outpatient clinics, we simultaneously test the efficacy and the 

feasibility of implementing online training modules in a broad COPD patient population. 

Fourth, we actively measure transfer of WM training. In addition, we have a long patient follow-

up period which allows us to determine the longer-term effects of WM training, as well as 

compliance to the offered booster session. Lastly, in addition to examining the possible 

cognitive benefits of WM training, and providing healthy lifestyle tips and goals we are 

examining the broader impact of the online training, specifically if it aids in adopting a healthier 

lifestyle. On the other hand, our study is limited by the patient recruitment area, which may 

limit the external validity of our findings to other international populations. Secondly, only 

motivated patients are likely to participate in this study. Moreover, we have some risk of 

inclusion bias due to the requirement of regular access to a computer and an internet 

connection. In addition, there may be a relatively high risk of drop out in this study due to the 

repetitive nature of the tasks and time required. 
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Anticipated clinical implications 

If the results of this study are positive it would indicate that WMT should be adopted in COPD 

management given the prevalence of (mild) cognitive impairment in COPD patients. Adding 

WMT would be a simple addition to any programme as patients can complete the training 

without supervision either in a home or in a rehabilitation setting given. Future updates will 

likely allow this type of training to be performed on tablets or smart mobile phones and offline. 

Positive results in this study also imply a greater need to create awareness among patients with 

COPD and their caregivers and physicians to remain cognitively active, for instance through 

reading newspapers or playing cognitively challenging games such as chess or sudoku. 

 

 

Trial status 

The trial started on 19 October 2017. At the time of submission, the recruitment was ongoing 

and will presumably be completed in June 2020. This study follows the SPIRIT guidelines. 
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Chapter 8 

General Discussion 
Personalised medicine is the concept that we can or will be able to customise treatments for 

each and every person in order to achieve better health outcomes. For example, a patient may 

have a genetic variation that increases the half-life of medications, leading to adverse effects, 

while another patient might have a genetic variation that makes the drugs less effective. This 

indicates that the best treatment option for these patients is different, even if they have a 

similar clinical presentation.1 This personalisation trend is something we are beginning to see 

in complex diseases like chronic obstructive pulmonary disease (COPD). Although COPD 

treatments are not yet down to the level of a person’s genetic blueprint, they are beginning to 

be customised to the clinical phenotypes: the non-exacerbator with either chronic bronchitis 

or emphysema, the asthma–COPD overlap syndrome, the frequent exacerbator with 

emphysema, or the frequent exacerbator with chronic bronchitis.2 These phenotypes 

however, may not only be the result of specific genetic predispositions, they may be in fact the 

result of gene-environment interactions. That is to say, the effect of a genotype on disease risk 

is different in persons with different environmental exposures. Regardless of the specific cause, 

if it’s purely genetic or if it’s gene-environment interactions, the development of so-called 

precision/personalised medicine for COPD is impeded due to the lack of understanding of the 

specific disease aetiology. 

 

Genome wide association studies (GWAS) may help us to understand the aetiology of chronic 

diseases, such as COPD, and could generate new leads for drug discoveries. The first GWAS 

was published a short 14 years ago in 2005,3 4 following the mapping of the genome in April 

2003. From that point onwards, over a thousand GWAS have been published on many different 
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diseases, including COPD. However, despite the success of the GWAS in identifying genetic 

variations associated with COPD, these variations only explain a fraction of the heritability of 

this disease.3 The so called “missing heritability” might be caused by gene-environment 

interactions. Using COPD we can clearly demonstrate this principle by discussing the risk 

associated with the interaction between cigarette smoke and the C-1562T variation 

(rs3918242) in the MMP-9 gene.5 Specifically, functional analyses of this gene showed 

significantly higher MMP-9 promoter activity in the T promoter compared to the C promoter 

after exposure to cigarette smoke condensate.5 Matrix metalloproteinases (MMP’s) are 

endopeptidases that catalyse the degradation of extra cellular matrix components and activate 

growth factors, receptors and adhesion molecules.6 Although the exact contribution of MMP-

9 to the development of COPD is not well understood, cigarette smoking had a significant effect 

on lung function of T-allele carriers.5  This suggests increased macrophage MMP-9 activity 

related tissue degradation as a result of cigarette smoke exposure. Unfortunately, such 

functional analyses are not yet available of all potential genetic risk variations for COPD. 

However, the search for the specific aetiologies of COPD continues and new functional 

analyses are expected in the near future. These updates, hopefully, include functional analyses 

of genetic risk variations under the influence of other environmental exposures, such as 

environmental pollutants and poor diet since these factors are largely modifiable. Specifically, 

although genetics is likely to play an important role in COPD aetiology, our meta- analysis 

(Chapter five) showed that as much as 87 percent of COPD cases could be avoided by adapting 

an optimal lifestyle. Therefore, future research should focus on both genetic as well as lifestyle 

and genetic-lifestyle interaction, in order to completely understand the aetiology of COPD and 

thereby, finding new leads to prevent and treat this disease.   Undoubtedly, discoveries here 

will also be applicable to other lifestyle related chronic diseases. 
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Although, GWAS are very powerful hypothesis free tools (thereby overcoming the obstacles 

imposed by the incomplete understanding of disease pathophysiology) to identify variants 

underlying common disorders, we also need to recognise the criticisms they face. An important 

concern is the translation of novel genetic associations into medical innovations. The 

identification of novel genetic variations is strongly dependent on the study size and is not 

necessarily a causal variant for the disease in question.7 In order to identify the causal variants, 

knowledge of every single genetic variation associated with the disease of interest is required. 

Therefore, meta-meta-analyses on identified genetic variations, as presented in Chapter five 

of this thesis, as well as network analysis to put the genetic variations into their biological 

context, as presented in Chapter six, are essential. In our meta-meta-analyses, we ordered the 

COPD associated genetic variations based on their relevance, i.e. the strength of the associated 

risk, making it possible to better identify risky genetic variants. This will allow researchers to 

better develop prediction models as well as targeted personalised interventions and or 

preventative treatments. In chapter six we not only showed the likely genetic culprits with 

respect to the development of COPD, but also how minor changes in other perhaps less 

relevant variations could affect risk on a systems level. Additionally, by using variant effect 

prediction (VEP) analysis we looked even more closely at the genetic variations associated with 

COPD risk, and saw that only a handful of the identified genetic variations associated with 

COPD actually resulted in functional changes, and thus convey actual changes in risk. Again, 

this shows that the results of meta-analyses should be interpreted with care as they can 

produce a number of statistically significant false leads.  By combining the results of larger 

meta-analyses with tools like network and VEP analysis laboratory studies and prediction 

models can be better designed. 
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As mentioned previously, and showed in Chapter five, COPD is mainly caused by lifestyle 

factors, therefore, knowing which specific lifestyle risk factors, beyond just smoking, will allow 

us to better predict who and who will not development COPD. This in-turn, allows for better 

healthcare personalisation. However, due to the lack of evidence for lifestyle risk factors 

influencing COPD development, current models for predicting COPD perform poorly.8 The 

current best performing model only incorporates risk factors such as age, gender, low 

birthweight, early life respiratory infection, and in addition, includes the presence of specific 

risk genetic variations.8 Although this model performs reasonably well, the results of our meta-

meta-analysis and network analysis suggests that the prediction model could be significantly 

improved by adding the genetic variations causing a functional change, and by considering 

environmental exposures such as western diet, smoking behaviour, exposure to solid fuel 

smoke and poor ventilation. Until we can predict with 100 per cent certainty, or entirely 

prevent exposure to environmental and or behavioural risk factors, we need to continue to 

develop better models in order to allow medical doctors to impact human health.  

 

Predicting how and when someone may develop COPD is just part of the successful ager puzzle, 

i.e. who will get sick, when and how it can be prevented; we also need to be able to effectively 

treat COPD patients. COPD is an accelerated ageing syndrome affecting not only the lungs but 

also extrapulmonary tissues.9 10 Although incurable, COPD can be well managed if patients 

follow an extensive treatment regime, which often involves medication, dietary changes and 

exercise. With the latter two comes a significant amount of difficulty for the patient. While 

using medication may be easy, changes in dietary habits and physical activity level may be 

difficult, particularly for those who have been inactive throughout their lives and follow a 

lifelong poor diet. Research has  shown that only a minor fraction of the COPD patients 
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manages to sustain behavioural changes in diet and exercise upon their release from 

pulmonary rehabilitation.11-13 The lack of behaviour change may not be due to intentional 

deviance but due to lack of self-control. Therefore, when it comes to novel treatments 

methods to aid patients in improving compliance to treatment regimens, cognitive barriers are 

important to consider and tackle. 

 

In Chapter seven we propose “working memory training (WMT)” as a novel intervention. This 

training may aid patients sticking to healthier lifestyle choices, as the working memory (WM) 

is part of the executive functions top-down control of mental processes, which are required to 

avoid automatic, instinctual, or intuitional responses and allow you to concentrate and pay 

attention to tasks or important stimuli.14-16 Recent research has established that WM 

contributes to self-regulation of behaviour, including eating behaviour.17 Self-regulation is the 

ability to actively inhibit behavioural responses and impulses that are incompatible with one’s 

goals.17 In this process, the WM serves as an active mental representation of self-regulatory 

goals, by top-down control of attention away from stimuli and toward goal-relevant 

information, by suppressing ruminative thoughts, down-regulating of unwanted affect, desires 

and cravings and shielding goals and standards from interference.17 However it remains 

controversial if WMC training can result in near or far transfer effects, i.e. if training one 

cognitive area can result in improvements in other non-trained cognitive functions.18-20 

Specifically it is questioned if  WMC training can result in near and or far transfer effects on 

behavioural inhibition; an active inhibition of habitual behaviours and prepotent impulses.17 
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Self-control is a limited resource, which can become depleted through engaging in tasks or 

activities which make high demands on self-control.21 22 As we discuss in Chapter seven, there 

is evidence that working memory can be expanded. Given patients with COPD often suffer from 

some degree of cognitive impairment23 with the executively functions particularly being 

affected,24 25 that COPD is largely a lifestyle disease, and  that sustained improvement in daily 

physical activity following PR  is uncommon,11-13 this trial should it be successful, may serve as 

a new adjunctive treatment avenue for COPD and perhaps other chronic disease patients.  

 

COPD is just one of many chronic life-style related diseases which can be considered as 

syndromes of failing to age successfully, and putting one at an increased risk of becoming frail. 

Since the number of aged individuals has exponentially increased over the last decade, as does 

the number of aged individuals living with one or more chronic disease, successful ageing has 

become one of the main areas of interest in public health. PubMed lists in excess of 6500 

articles related to successful ageing, with over 350 articles being published this year (i.e. 2019), 

making it extraordinarily difficult keeping up in this specific research field. We therefore, 

reviewed all current scientific literature on this topic performed between 2013 and 2016 in 

order to gain insight into modern advances in this field (Chapter two). Results of this review 

shows that in order to determine what it is to age successfully, as well as to define the concept 

of successful ageing remains a serious challenge for both health care professionals and 

researchers. Different models, including different outcomes are proposed for the concept of 

successful ageing. Although no consensus has been made, a clear change in model focus (i.e. 

from mortality and frailty to maintained physical and cognitive abilities) has been identified 

over the years. Moreover, developments have been restricted due to the technological 
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limitations of the available cohorts, that the available data was unsuitable to detect early and 

subtle declines in function and/or were inappropriate measures for younger old adults.  

 

The healthy ageing phenotype (HAP) was proposed in 2013 as an answer, or partial answer to 

the lack of appropriate successful ageing outcome markers. This model, developed through 

the work of a consortium and further refined and published by Lara et a,l26 suggests that 

successful ageing can be operationalised and defined as having high levels of psychological 

wellbeing, social wellbeing, physiological and metabolic health, physical capability and 

cognitive function.26 To determine the validity of this healthy ageing phenotype, a confirmatory 

factor analysis was performed on a large dataset from a Dutch cohort study; “the Maastricht 

Study (TMS)” (Chapter three). Results show that this HAP could not be validated within this 

dataset due to methodological issues (data was non-factorable) which led us to try a data 

driven method using both The Maastricht Study dataset (TMS) as well as the Italian “InChianti 

“data set (Chapter four). This data driven approach in the InChianti dataset showed a four-

factor model for ageing successfully, including neuro-sensory function, muscle function, 

cardiovascular function and an adiposity domain. Moreover, it showed that these domains 

contributed to walking speed as well as the ability to perform activities of daily living at baseline 

and after the nine-year follow-up period, both of which are key indicators of maintained 

function i.e. successful ageing. Not only do these results give interesting insight with respect 

to the interrelationships between variables, they also highlight the importance of sensory 

function and maintained physical ability (walking speed, balance, chair stands etc.).  
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In Chapter four, we further tested the TMS data set and found a two-factor successful ageing 

model, factor one (HbA1c, HDL, pulse pressure, BMI, MMSE, GIT, WLTR, processing speed, 

executive function, emotional support, contact frequency, TCST time, WT speed) and factor 

two (GAD, Aggression, personal mastery, GSES persistence, GSES initiative). Differences 

between the results of the TMS and the InChianti study may be the result of differences in 

variables included in the model. For example, the InChianti data set contained variables 

describing sensory function were available while the TMS did not. Differences could also have 

been the result of methodological differences. In the InChianti study, we pre-selected a 

number of variables as outcome parameters prior to performing the factor analysis procedure 

due to the longitudinal availability of the data. In the TMS, we selected variables purely based 

on those suggested by the healthy ageing phenotype (HAP) and did not try to make any such 

predictions. Thus, resulted in variables such as those describing measures of emotional vitality 

to be available for factor analysis in the TMS study but not for the InChianti study. Given these 

methodological differences it is  unsurprising that the results differed significantly. Moreover, 

there were strong differences in the populations used for these studies. The InChianti study is 

an Italian cohort and ranges in age from 20-102 whereas the TMS population is Dutch, aged 

40-75 and had a large proportion of diabetic individuals. Recent research also suggests that 

different populations may age differently. More specifically, a recent study which examined 

population level age-related morbidity and mortality by aggregating all disability-adjusted life 

years (DALYs; a measurement of loss of healthy life, related to the 92 diseases), across 195 

countries between 1990 and 2017,27 showed that the Dutch population ranked considerably 

more poorly (27th in 2017) than Italy (fifth 2017).27 This suggests a difference in age-related 

disease burden between the countries, which may also explain differences in the factor 

structures. 
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The differences we observed between these two study populations highlights the need for 

personalised medicine and healthcare. Here we observed two clearly different factor 

structures which may not only have been influenced by the design of the cohort study but also 

from the inherent differences between these populations, cultural ideals, healthcare 

availability and behavioural factors.  We need a clear objective definition of healthy ageing 

which have be operationalised to measure ageing health such that it is useable across cultures. 

This would allow for the detection of early warning signs, as well as for research to be more 

comparable across countries.  This in turn would aid in the assessment of personalised 

interventions across cultures. 

 

Ethical considerations 

With the development of big data also considerable other challenges and dilemmas needs to 

be addressed. One such challenge is “how to deal with the ethical dilemmas that come along 

with big data and personalized healthcare”. With respect to data, researchers need to be able 

to answer the questions of what, who, where, when and how. What data will be collected, by 

whom? Who will have access to it? For how long? Where and until when will it be stored? 

When can we or health professionals access this information and how will they do this? How 

will privacy be guaranteed? How will discrimination and abuse of this data be prevented? These 

questions may seem trivial at first but the answers become considerably more complicated the 

longer they are considered due to the complexity ensuring optimised care while at the same 

time guarding against data misuse and discrimination. Answering these questions, however, is 

key to the development of big data. Each and everyone has a genetic blueprint which guides 
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our development.  This is however just part of the story as gene-environment interactions play 

a strong role in how each person’s genetic story develops. 

  

In an ideal world, with respect to the development of personalised therapies, all information 

could be anonymously and simultaneously collected and matched with biomarkers, as well as 

health outcomes, without the risk of discrimination. However even in this idealistic world, 

ethical questions would remain. Such as if or how people should be informed about specific 

risks, and how to cope with individuals who do not wish to know this information or how to 

cope with the rights family members? As big data gets bigger, we need to carefully consider 

these implications. 

 

Other challenges that comes along with big data are the high-dimensionality of biomedical 

data, incomplete, biased, heterogeneous, dynamic, and noisy.28 Although, research has already 

suggested ways to deal with these problems, it will remain a challenge as the complexity of 

data increases. Hopefully, one day in our near future, we will be able to predict successful 

ageing with a 100 per cent certainty.  
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Conclusion 
In this thesis, several approaches, including factor analysis (Chapter three & four), meta-

analysis (Chapter five) and network analysis (Chapter six), have been taken to integrate findings 

from different research areas (i.e. genetics, lifestyle, gene-environment interaction, and 

behaviour), in order to get one step closer to understand the complexity of human health and 

ageing. However, since almost every day new and exciting findings are generated in different 

fields of research, more powerful analytic tools need to be developed and validated to deal 

with this so-called big data and that effectively integrate findings from different research areas. 

 

Data mining and pattern recognition are such methods that have the potential to unravel 

important patterns in complex data. In both methods computers uses statistical models and 

algorithms without any specific instructions. Understanding these complex inter-relationships 

will not only help us define healthy ageing, but also to examine both modifiable as well as non-

modifiable determinants of ageing, as well as their interactions (i.e. gene-environment) such 

that we can customise health care regimes and optimise preventative heath assessments. 

However, with such developments the end user needs to be kept in mind. A metric needs to 

be comprehensive and should ideally be able to be used in combination with both genetic and 

behavioural data so that it may be possible to determine who will get sick when, with what, 

and when they are likely to develop frailty risk factors, while maintaining some of the simplicity 

inherent to simple risk scores such as BMI. This will allow individuals as well as clinicians to 

understand how risk is developed but also how it can be mitigated.  
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Although reductionist models such as BMI are useful due to their inherent simplicity, it is also 

this characteristic which makes them obsolete, with respect to disease risk prediction. One 

only has to consider the obesity paradox, or the fact that not all diseases are caused by the 

most relevant exposures. A key example of this is smoking, it does not always lead to the 

development of COPD (or other chronic diseases including cancer). This emphasises the 

importance of cumulative risks; chronic disease is usually the result of multiple factors, 

including genetics, environment and behaviour. Yes, individual risk factors, unquestionably 

increase disease risks, however considering such limited models, with perhaps the addition of 

gender, education and age is simply not enough when we are facing catastrophic changes in 

our population pyramids.  

 

Simplifications of risk scores are key to aid in public understanding as well as to avoid confusion. 

Moreover, they may help physicians communicate more effectively to their patients given time 

constraints. On the other hand, over simplification can ignore vital information and ignore new 

developments. In the case of BMI, we know it can be deceiving as it is often used as a static 

measurement, and does not give an indication of adiposity or muscle mass. Similarly, in the 

case of glycaemic index, another simplified model which indicates how blood sugar levels will 

respond to specific foods, recent research has shown that more accurate glycaemic responses 

can be produced when previous meals, age, gender, microbiome among other characteristics 

are accounted for.29 Thus we need models which cannot only effectively communicate specific 

health messages, they also need to be user friendly for the patient and the physician.  
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In the end though, it remains to be questioned if this ever-increasing demand for complexity, 

bigger, better models, really matters? Is a good diet, healthy body weight, sufficient exercise 

within healthy social circles not enough to help us avoid most diseases and age successfully? 

When they are not, when we fail to meet our physical and psychological needs and overstep 

the boundaries as to what health requires, i.e. to be human and less than perfect and less than 

perfect situations, we will have ever improving prediction models to determine who will get 

sick, when and with what. This hopefully will help us to prevent common chronic diseases and 

aid in helping us to age successfully – a state of maintained cognitive, physical, psychological 

and physiological wellbeing. 
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Summary 
The relevance of ageing successfully is becoming increasingly important as life expectancy 

increases and birth rates fall. Successful ageing means maintaining health and wellbeing into 

old age. Meaning, by aiding individuals to age well, we can prevent millions of premature 

deaths, chronic disease, disease related disability and years with reduced quality of life. 

Therefore, the ability to measure such factors influencing the life course is an important public 

health concern. Risk factors for disease and dependency can be considered non-controllable, 

distal, and intermediate. By developing an effective metric considering these factors, we could 

not only predict who is likely to age successfully, but also measure the effectiveness of 

interventions, and improve and personalise interventions in order to maximise the therapeutic 

effects. 

 

Measures of successful ageing 
There is great interest in developing tools to measure healthy ageing as well as in identifying 

the early stages of health impairment. However, there is lack of consensus as to how to exactly 

define healthy ageing. Unsurprisingly, due to the lack of clear definition, there is also significant 

diversity in so called healthy ageing assessment tools. Despite controversy, progress is being 

made in describing and devising tools to capture the healthy ageing phenotype. Attempts to 

measure healthy ageing have relied primarily on cross-sectional data collected in older people. 

More recent studies assessed the healthy ageing phenotype by using markers of multiple 

functional domains and used longitudinal data to model the dynamics and trajectories of 

healthy ageing. These attempts, however, relied on markers and data from earlier cohort 

studies and are limited by the tools used to collect data in those studies. Such data are often 
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unsuitable to detect early subtle declines in function and/or are inappropriate for use in 

younger old adult populations.  

 

Measuring successful ageing 
The development of tools to measure ageing has been limited by the lack of appropriate 

outcome measures, and operational definitions of successful ageing. In this thesis, however, 

we proposed to measure successful ageing, or at least a proxy of it by designing a tool that 

includes representative variables of physical function, cognitive status, social interactions, 

psychological status, blood biomarkers, disease history, and socioeconomic status. For this, we 

used data driven methods and found a four-domain health model, including; neuro-sensory 

function, muscle function, cardio-metabolic function and adiposity. This model could predict 

walking speed and dependency at baseline and longitudinally over a nine-year period. 

Unfortunately, the same model was not able to predict self-rated health or emotional vitality, 

thereby, suggesting a multi-domain health model can be used to predict objective but not 

subjective measures of successful ageing.  

 

Other models of healthy ageing 
There are many models of healthy ageing which have been proposed, but few have been 

tested. We tested whether a multidimensional model based on systematic review of literature 

and expert opinion, the Healthy ageing phenotype (HAP), was an appropriate 

operationalization of healthy ageing in a Dutch population. We used cross-sectional data from 

the Maastricht Study (TMS) and selected variables based on the HAP five domain model (i.e. 

cognitive function, social wellbeing, physical capability, psychological wellbeing, and 

physiological and metabolic health).  Among individuals from the south of the Netherlands, 
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aged between 40 and 70, we discovered that, although this model makes sense theoretically, 

data could not be combined in this way using statistical analysis, indicating that this model does 

not fit the data. Subsequent exploratory analysis suggested a two-domain model, including 

physiological, cognitive, social, physical capability domain, as well as a psychological domain 

may have been more appropriate in this population.  

 

COPD and Accelerated ageing 
COPD is considered a model of accelerated ageing as it exemplifies the key features of ageing 

including telomere shortening, cellular senescence, activation of PI3 kinase-mTOR signalling, 

impaired autophagy, mitochondrial dysfunction, stem cell exhaustion, epigenetic changes, 

abnormal microRNA profiles, immune senescence, and low-grade systemic inflammation. 

Moreover, the risk factors for COPD are similar to many other chronic diseases. Smoking is the 

most important risk factor for COPD. Not all smokers, however, develop COPD, suggesting that 

other lifestyle-, environmental- and genetic factors may play a role in the development of 

COPD.  In this thesis, we reviewed all available meta-analyses reporting on genetic variants, 

lifestyle or environmental factors associated with development of COPD. For genetic variants, 

we found 42 relevant publications, including data on 281 genetic variants. Of these 281, 74% 

(n=208) showed to be significantly associated with COPD, with COPD with odds ratio’s ranging 

from 0.17 to 3.33. For lifestyle/environmental factors, 11 relevant publications were identified 

and reported on exposures to various types of pollution such as exposure to vapours, cigarette 

smoke etc.  as well as poor diet.  Of the 281 genetic variants we identified, 74 percent (n=208), 

and 87 percent (seven) of the lifestyle or environmental factors showed a significant 

association with COPD with odds ratio’s ranging from 0.17 to 3.33 and 0.45 to 9.50 

respectively.  
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Network analysis 
The list of gene mutations associated with disease risk has little value outside of prediction 

models unless they are considered within biological systems. By examining genetic factors in a 

biological context, individual genetic risks or single nucleotide polymorphisms (SNP’s), as well 

as possible therapeutic targets, can be better predicted. In this thesis, we were able to look at 

the SNP’s associated with COPD more closely, by making use of network analysis and variant 

effect prediction analysis. As a first step, we classified genes into 11 different functional classes 

such as detoxification and cellular metabolism based on their (hypothesised) function. This 

allowed us to more easily examine the SNP’s and their associated genes, and study which genes 

were most likely to have significant environmental interactions. Of the 315 identified biological 

pathways, derived from 181 statistically significant genetic risk factors for COPD, we found that 

only seven had a potentially influential mutation, namely in AK9, SERPINA1, IL27, CYP1A1, 

EPHX1, SLC22A11 and TESMIN.  Functional analysis of genes highlighted that of all the 

identified mutations, only mutations in the genes involved in inflammatory and detoxification 

pathways are likely to be relevant with respect to COPD risk. Furthermore, these analysis show 

that more emphasis needs to be placed on gene-environment, gene-behaviour and gene-

lifestyle interactions, instead of looking only at predispositions. 

 

Interventions in unsuccessful agers 
Although a great deal of work needs to be done, with respect to better disease prediction 

models, effective interventions are still highly needed for those who have already aged 

unsuccessfully and developed chronic disease.  For COPD, key parts of these interventions 

involve lifestyle changes, improving diet, exercise and smoking cessation.  However, historically 

changes adapted in therapeutic settings are poorly adhered to once the active intervention 
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has ended. Exercise and healthy diet are key for prevention and maintenance of good health; 

this is relevant for COPD patients, but is also important for maintaining health and preventing 

other chronic illnesses. However, when inactivity and poor diet behaviours are deeply 

ingrained, change is difficult to achieve and or maintain. Recent evidence suggests that working 

memory training may aid in self-regulation and the adherence to healthy lifestyle goals, 

thereby reducing sedentary activity and improving dietary habits. This is supported by recent 

evidence in other problem populations in which working memory training was shown to reduce 

alcohol intake in problem drinkers. We hypothesise that this type of cognitive training will also 

be beneficial in COPD patients, and that it may also help them to reduce sedentary activity and 

improve dietary intake.  
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Valorisation 

Successful ageing 
If the twentieth century was the century of population growth, then the twenty-first century 

will become the century of ageing.1 The number of old and very old adults (aged 65 and over, 

and 80 and over respectively) is rapidly rising in all European countries, and represents a 

progressively growing percentage of the general population.2 At the same time, the 

proportion of working aged individuals is declining.3 These changes in the population pyramid, 

as well as increasing life expectancy, is challenging the stability of health and social care 

systems.4 Furthermore, age-related diseases are mounting as a result of healthy life 

expectancy lagging behind increased life expectancy.1 

 

Biological ageing varies markedly between individuals,5 and this disparity between individuals 

only grows with age.6 Although partially genetically determined, 75 percent of human 

longevity is believed to be determined by modifiable factors including diet, lifestyle and 

socioeconomic status.5  In order to understand whether any intervention aimed at promoting 

healthy ageing is effective, a benchmark for the assessment of healthy ageing is needed. Due 

to the multidimensional nature of ageing, and age-related pathologies, assessing healthy 

ageing by combining information across many different measurements would seem to be the 

solution. 

 

In the past and maybe the present, health has been over simplified into single units of measure. 

Given this over simplification there is substantial room for the development of personalised 

health. This is particularly true in an era when we have the ability to measure everything that 
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matters, from activity trackers, sleep, vital signs, blood pressure, heart rate and stress and 

develop algorithms in combination with genetic and physiologic information for the purposes 

of making personalised recommendations.7 We need to consider the synergisms and 

interactions between different aspects of human life in a broader sense. By understanding the 

dynamic ways in which we age, the ability to differentiate between exceptional disease-free 

ageing from one associated with increased frailty and decreased quality of life, will not only aid 

us in the comprehending disease and ageing processes but also grants us the opportunity to 

develop targeted therapies. However significant progress in this field has been hampered by a 

lack of consensus on the definition of successful and or healthy ageing.8 

 

Societal and economic relevance 
Ageing and disease are intertwined but they do not have to be. But studying ageing gives us an 

insight into disease, and disease insight into ageing. Recent developments in scientific 

literature suggest it may be possible and realistic to slow the ageing process.9 Delaying ageing 

could increase life expectancy by 2.2 years most of which could be spent in relatively good 

health, while saving 7.1 trillion dollars over the next fifty years according to an American 

simulation study.9 The same efforts put into heart disease and cancer treatment would result 

in declining returns as improvements in health and longevity would diminish by 2060 according 

the same model.9 Moreover, if chronic metabolic diseases were dealt with using appropriate 

dietary strategies, statistical models estimate the death insurance claims would drop by 13 

percent, meaning a reduction in premature loss of life from preventable conditions.10 

Therefore, efforts to establish a definition, metric and benchmark of optimal or healthy ageing 

could potentially save trillions of dollars through the use of early targeted preventative health 

interventions.  
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Relevance of new research methodology 
Our research shows that complex measurements can be combined into meaningful metrics 

using data driven methods, and that these metrics are predictive of the risk of developing 

frailty. Specifically, we show that walking speed and dependency risk can be predicted over a 

nine-year period using a combined measurement. Moreover, we emphasise the usefulness of 

using data driven methods in this field from our failure to validate the Healthy Ageing 

Phenotype model that was based on systematic review of available literature. Not only does 

this method allow us to make use of a wide array of data, it demonstrates the potential value 

of future research using machine learning techniques. 

 

The sequencing of the human genome opened the door to characterising traits of health and 

disease and linking it to genetic information.11 However the function of many genes remains 

unknown, and what is known, is limited to a few cell types, tissues or physiological contexts.11 

Difficulties in information collection, differences in disease manifestations, descriptive 

phenotypes or disease subclasses requires extensive examination of the discrete components 

of disease phenotypes, information which is not typically recorded in medical charts and 

further complicates elucidation.11 Delving into this information may help to link seemingly 

unrelated conditions which share common biological pathways and/or disease mechanisms11 

or help us better understand the process of cellular and organismal senescence. 
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By carefully examining the genes most likely to be involved in disease processes, such as with 

meta-analyses it helps to weed out some of the statistical noise; the genes shown to be 

statistically associated with the development of a particular gene, but in reality, only show 

statistical significance due to the large number of genes tested. When this shortened list of 

genes then further examined within a biological context, where we can see how gene and gene 

products potentially interact in a system, we can make better hypotheses about which genes 

are most and least likely to be involved in the disease process. Furthermore, by studying how 

individual suspect genes, i.e. the ones with strong risk associations and plausible biological 

relationships, have changed from their ‘natural’ form, we can examine what the downstream 

implications may be. From these, focused traditional laboratory studies can be designed, the 

results of which can help in the development of new treatments and therapies.  

 

Combining measurements, predictive models, trackers to genetics, understanding how these 

interactions work, and what the consequences are, helps us to develop targeted preventative 

treatments and therapies. Moreover, it will help us to understand how, when and in whom 

disease will develop. Assuming a positive ethical environment, one where such information will 

not be abused, and only used for preventive care, potentially saving thousands of dollars in 

healthcare costs in addition to improving quality of life. However, even if all treatments in the 

end are optimised, key is in prevention, and once a disease has developed, prevention of 

progression is also of the utmost importance. Until structural changes of disease can be 

reversed, such as alveolar wall destruction in emphysema, most therapies in chronic 

obstructive pulmonary disease are merely symptom control. Therefore, available and new 

strategies to maintain or improve lifestyle remain relevant particularly given the difficulty in 
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adhering to healthy lifestyles. In patients with COPD for example, even after pulmonary 

rehabilitation (PR), where emphasis is put on exercise training and physical activity, the uptake 

of a more active lifestyle upon the completion of PR is inconsistent.12-14 However, it is unlikely 

that these drivers are unique to chronic diseases such as COPD. Impediments to healthier 

lifestyles are likely almost universal in nature and may include low levels of self-control. Any 

research improving adherence will greatly improve health status by reducing the risks of 

inactivity, namely progression of exercise intolerance15 and increased risk of mortality.16 We 

present a trial to improve self-control through working memory training.  Should this trial be 

successful in improving working memory in COPD patients, and if this translates into improved 

self-control, physicians may be able to add another tool to regular PR therapy. Moreover, it 

represents a cost effect treatment option for other lifestyle related chronic diseases. 

 

Translation into practice 
Combining new definitions, metrics and interventions will bring us further into the future. By 

defining health, we can measure it. By measuring it we can predict who, what, and where a 

disease or risk of disease will develop. With predictions we can intervene to mitigate further 

risks and hopefully improve quality of life while reducing health costs, and by improving 

interventions, we can help people adhere to healthier lifestyles. Taken together this research 

can be further explored in different diseases and therapeutic areas to improve prediction 

models and potentially disease therapies, should our trial prove to be effective. Which can act 

together to improve quality of life but also aid in reducing health care costs, lost productive 

time, and curb the affects population ageing.  
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