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General introduction

CHRONIC OBSTRUCTIVE PULMONARY DISEASE,
AN UNDERESTIMATED PROBLEM
Chronic obstructive pulmonary disease (COPD) is a common airway and lung disease
characterized by persistent airflow limitation, which is the result of small airway
remodeling and loss of elastic recoil due to alveolar destruction. The pathophysiology
of COPD is associated with an enhanced inflammatory response to noxious gases,
mostly cigarette smoke. Clinically, the disease expresses in the combination of less or
more chronic bronchitis and pulmonary emphysema. Most frequent symptoms in COPD
are dyspnea, cough, wheeze and chest tightness. The natural history of COPD is usually
progressive and patients commonly suffer from exacerbations of the disease. The
disease cannot be cured, and main treatment goals are the reduction of symptoms and
the prevention of exacerbations. COPD is a serious public health problem throughout
the world, with an increasing morbidity and mortality especially in countries with an
ageing population. The World Health Organization Global Burden of Disease Project
estimated that COPD was the fifth leading cause of death worldwide in 2001 and will be
the third leading cause by 2020, with only heart disease and cerebrovascular disease
accounting for more deaths.1 The disease imposes increasing demands on the health
care systems and is a growing economic burden on societies worldwide. Although COPD
primarily affects the elderly, it also affects many patients before they reach retirement
age. Lost productivity due to COPD has a particularly high impact on economies. In the
Netherlands it accounts for 50% of the overall COPD‐related societal costs.2,3
Epidemiologic data on COPD are important. COPD tends to be under‐presented to
physicians, underdiagnosed and undertreated by healthcare professionals. Thus, it is
poorly recognized among the general population.2 Improving the diagnosis and
management of COPD requires raising awareness of the burden of the disease.

THE FEMALE FACE OF COPD
While global prevalence of tobacco use in men has peaked in most countries, smoking
in women, which historically was much less common than in men, continues to rise. By
2025 over 500 million women will be daily smokers, representing 20% of the total
female population in the world.4 Therefore, worldwide prevalence of chronic airway
disease is increasing faster in women than men. Despite this fact there is still a scarcity
of research that deals with gender‐related issues in the etiology, diagnosis,
management and perception of symptoms related to COPD. For both men and women,
diagnosis and treatment of lung disease often begins with the reporting of respiratory
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symptoms to their physician. Therefore consideration of gender‐related differences in
symptoms is important.

THE COMPLEXITY OF COPD, FROM BODY COMPOSITION TO
MULTIMORBIDITY
Although COPD is defined by the presence of chronic airflow limitation, it is increasingly
recognized that the presence of other chronic conditions (comorbidities) such as
cardiovascular disease, depression, osteoporosis, anemia and diabetes substantially
contributes to disease severity in patients with chronic airflow limitation.5
Comorbidities not only affect symptom burden, functional performance and health
status in patients with COPD,6 but also the risk of hospitalization7 and mortality.7,8 As a
consequence, COPD is nowadays considered a complex, heterogeneous and multi‐
component condition.9
Some of the first recognized systemic manifestations of COPD were the changes in
nutritional status. Indeed, a low body weight is a common clinical observation in
patients with COPD. Not only it is commonly noticed, but also it has important
implications as a low BMI in COPD is associated with mortality,10‐13 independent of
disease severity.12 The presence of a low BMI was included in one of the best validated
and broadly used composite indices to predict mortality in patients with COPD, namely
the BODE index.14
On the other hand obesity is increasingly recognized as a risk factor for respiratory
symptoms15 and functional limitation16 in subjects with COPD. Furthermore, divergent
effects have been noticed with respect to mortality: while obesity may be associated
with lower mortality in patients with severe airflow obstruction, a higher mortality rate
was seen in mild to moderate COPD patients with obesity.12,17
Nevertheless, there is a scarcity of epidemiological studies on the association between
BMI and chronic airflow limitation, that control for other factors that influence BMI, like
age, gender, smoking history and geography. Low body weight has only been studied in
selected patient populations,13,18 and previous studies did not account for the impact of
smoking,19 gender,20 and age.21 Data on obesity in subjects with airflow limitation in
general population samples were scarce and conflicting.22,23
To date, most studies on the impact of comorbidities in COPD used data on self‐
reported concurrent chronic conditions. This may limit the internal validity of these
studies.7,8,24‐31 Self‐reported data are most probably underestimating the true
prevalence of comorbidities in COPD. Indeed, in patients with stable COPD,
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cardiovascular morbidity often remains unrecognized. This is most probably due to
similarities in presenting symptoms and clinical signs. For example, in a primary care
population of patients with COPD, the prevalence of undiagnosed heart failure was
about 20%.32
Moreover, most comorbidities have been studied separately, while the majority of
elderly have two or more chronic morbidities.35 Overlap in self‐reported comorbidities
has been shown in primary care COPD patients.29 Although some associations between
objectively identified comorbidities, such as vascular stiffness and osteoporosis,36 have
been studied, it is currently unknown whether and to what extent comorbidities cluster
in COPD. Also, it remains unclear whether or not patients with different comorbidity
profiles differ in disease severity, pharmacological treatment or other relevant clinical
outcomes.

SYSTEMIC INFLAMMATORY RESPONSE IN COPD, AN
EPIPHENOMENON?
Persistent low‐grade systemic inflammation may be the link between COPD and
comorbidities.37 Indeed, markers of inflammation in the systemic circulation have
shown to be increased in subjects with COPD as well as in subjects with cardiovascular
disease.38 Simultaneously elevated inflammatory markers have been associated with an
increased risk of comorbidities in COPD,39 in particular cardiovascular disease.40
However, the Evaluation of COPD Longitudinally to Identify Predictive Surrogate End‐
points (ECLIPSE) study reported that chronic systemic inflammation is a feature in only
a small proportion of the COPD patients.41 Intriguingly, the risk of chronic systemic
inflammation was not increased in patients with self‐reported cardiovascular
comorbidity, while older age and obese BMI, among other factors, were associated
with this feature. These observations shed new light on the role of chronic
inflammation in the development of comorbidities in COPD and on the possible
etiology of systemic inflammation in COPD.

A ROLE FOR BIOMARKERS IN IDENTIFYING
ATHEROSCLEROSIS IN COPD?
Cardiovascular disease is now well recognized as a major comorbid complication in
patients with COPD. It has been associated with increased health care utilization and
mortality7,42. Therefore, identification of COPD patients at risk is essential for optimal
management.
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While traditional cardiovascular risk factors, including age, smoking, body mass index
(BMI) and blood pressure, have been associated with atherosclerosis in smokers with
airflow limitation,34 the pathophysiology of co‐occurring COPD and atherosclerosis
remains poorly understood. Although it is well‐established that atherosclerosis is
associated with the presence of a low‐grade systemic inflammatory state, traditional
biomarkers of inflammation in COPD lack sufficient disease specificity to identify
atherosclerotic artery disease.43 Throughout the years, multiple biomarkers have been
related to different disease manifestations of atherosclerosis in different patient
populations. For example, proinflammatory cytokines,40,44,45 matrix metallo‐
proteinases,46 adipokines,47 vascular adhesion molecules,48 regulators of fibrosis and
fibrinolysis,49 the growth hormone – insulin growth factor axis,50 body iron,51 and bone
markers52,53 have been reported to have its role in the atherosclerotic process.
However, it is unknown whether and to what extent a combination of these biomarkers
may provide a more accurate identification of patients with COPD and atherosclerosis,
additionally to traditional cardiovascular risk factors.

PULMONARY REHABILITATION AND CARDIOVASCULAR
RISK MANAGEMENT
Comprehensive state‐of‐the‐art pulmonary rehabilitation has proven its benefits in
patients with COPD. It results in a reduction of symptoms, an optimization of the
functional status, an increased participation and reduction in healthcare costs.54
Nevertheless, the effects of pulmonary rehabilitation on cardiovascular risk have not
been extensively studied. Exercise‐based pulmonary rehabilitation seems to have a
beneficial effect on arterial stiffness in patients with COPD.55,56 However, these results
need to be confirmed in larger samples.

DOES COMORBIDITY PREVENT PULMONARY
REHABILITATION SUCCESS?
Pulmonary rehabilitation is a comprehensive intervention recognized as a core
component in the treatment of patients with COPD.54 Comorbidities have been
suggested to affect outcomes of pulmonary rehabilitation in this population, but
conflicting results have been found.26,57‐60 These studies, however, used charts
reviewing, and only the impact of individual comorbidities or arbitrarily grouped
comorbidities was studied.
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AIMS OF THE THESIS
The main objectives of this thesis were:
1. to estimate the prevalence of COPD in the Netherlands;
2. to increase insight in gender differences in COPD‐related symptoms;
3. to increase the understanding of the relationship between body mass index and
chronic airflow obstruction in a world‐wide general population.
4. to study the prevalence of objectively identified ischemic heart disease and to
evaluate its clinical consequences in patients with COPD;
5. to investigate the coexistence and clustering of objectified comorbidities in
patients with COPD;
6. to study low‐grade systemic inflammation in subjects with COPD in relation with
(clusters of) comorbidities;
7. to investigate the additional value of atherosclerosis‐related biomarkers in
cardiovascular risk assessment in COPD;
8. to study the potential of pulmonary rehabilitation in reducing cardiovascular risk in
COPD;
9. to study the impact of individual comorbidities and clusters of comorbidities on
pulmonary rehabilitation outcomes.

OUTLINE OF THE THESIS
Country‐specific studies on the current and future impact of COPD in the Netherlands
are scarce and were mostly based on physician’s diagnosis of “COPD”, “chronic
bronchitis” or “lung emphysema”61. Given the well‐known under‐diagnosis of COPD,
these studies can importantly underestimate the real prevalence of COPD62. The
Burden of Obstructive Lung Disease (BOLD) initiative began in order to develop and use
standardized methods to measure the prevalence of COPD and its risk factors in various
areas around the world.63 A study in a random general population implementing
rigorous methods to achieve the maximum accuracy and completeness of the surveys
and to obtain high‐quality post‐bronchodilator spirometry, has not been done in the
Netherlands. Chapter 2 is the BOLD report of the prevalence of COPD in Maastricht, the
Netherlands.
From a population‐based perspective, little is known about gender‐related differences
in respiratory symptoms. Since the vast majority of COPD cases goes undetected,
particularly for women,64 analyses of gender‐related differences within population‐
based samples are important. Chapter 3 addresses this knowledge‐gap with regard to
respiratory symptoms in men and women with normal and impaired lung function
using data of the international population‐based BOLD study.
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Since the association between low body weight and chronic airflow limitation remains
incompletely understood as it has only been studied in selected patient
populations,65,66 the principal objective in chapter 4 is to study in detail the relationship
between low and obese BMI and the presence of chronic airflow limitation in a general
worldwide population, taking into account the impact of gender, smoking status, age
and site‐to‐site heterogeneity.
Electrocardiography (ECG) is a simple, fast, easily accessible and non‐invasive method
to evaluate ischemic heart disease. Furthermore, the results from different studies in
general population are quite consistent that ischemia‐like ECG changes are associated
with an approximately twofold increased risk of dying of coronary heart disease,67‐69
but have never been systematically evaluated in patients with COPD, nor evaluated in
relation to clinical outcome. Chapter 5 describes the prevalence of ischemic‐like
electrocardiographic changes in patients with COPD. In addition, differences in clinical
outcomes between patients with and without ischemic electrocardiographic findings
were studied.
Chapter 6 investigates the frequency of 13 clinically relevant and objectively identified
comorbidities as well as the clustering of these comorbidities in a well‐characterized
cohort of COPD patients. In addition, potential differences in disease severity and
clinical characteristics, inflammatory status and current pharmacologic treatment
between comorbidity clusters are explored.
Since cardiovascular disease is well recognized as a major comorbid complication in
patients with COPD, 70 the identification of patients at risk is important for optimal
COPD care, but also challenging. In chapter 7, the degree of (subclinical) atherosclerosis
is objectively measured with the use of ultrasound measurement of carotid wall intima‐
media thickness (c‐IMT). Clinical determinants of c‐IMT are studied and the potential
value of a combination of multiple atherosclerosis‐related biomarkers in the
identification of atherosclerosis in COPD is evaluated.
Chapter 8 consists of a study on arterial stiffness in patients with COPD. Arterial
stiffness was determined by measuring aortic pulse wave velocity (APWV), a robust
predictor of future cardiovascular risk.71 The aim of this chapter is to confirm increased
arterial stiffness in COPD, to evaluate its correlates including systemic inflammation;
and to study whether or not it is influenced by pulmonary rehabilitation.
Chapter 9 evaluates prospectively the impact of both individual and clusters of
objectively identified comorbidities (identified in chapter 6) on changes in functional
exercise capacity (i.e., walking and cycling) and health status after pulmonary
rehabilitation in patients with COPD.
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In chapter 10 the results of this thesis are discussed in a broader perspective.
Additionally the results of a side‐project of this thesis concerning the possible role of
visceral fat in atherosclerosis in COPD are discussed.
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ABSTRACT
Background
Chronic obstructive pulmonary disease (COPD) is an increasing public health problem worldwide.
Although epidemiologic data on COPD are important to raise awareness of the burden of disease,
there are no actual spirometry‐based data on the prevalence of COPD in the Netherlands.
Methods
Using the Burden of Obstructive Lung Disease (BOLD) protocol and study design, a population‐
based sample of adults, aged ≥40 years, in the area of Maastricht, the Netherlands was surveyed.
Post‐bronchodilator spirometry and questionnaires with information on smoking history and
reported respiratory disease were collected. COPD was defined as post‐bronchodilator FEV1/FVC
ratio <0.7 (GOLD) or <the lower limit of normal (LLN) (95th percentile) of the population
distribution for FEV1/FVC. Data were statistically weighted for the total number of people in the
Maastricht population.
Results
Overall prevalence of COPD was 24%, and was higher for men (28.5%) than for women (19.5%).
(unweighted p=0.002) The prevalence of GOLD stage 2 or higher COPD was 10%. The prevalence
of LLN defined COPD was 19% and 10% for stage 2 or higher. Overall prevalence of current
smoking was 23%. The prevalence of COPD increased with age and amount of packyears,
although 14% of never smokers fulfilled spirometric criteria for COPD. The prevalence of doctor‐
diagnosed COPD was only 8.8%.
Conclusion
Almost one quarter of the Maastricht population aged ≥40 years had COPD. Considering the
ageing population and still an important smoking prevalence, this burden is bound to increase
and imposes great demands to public health care and society in the Netherlands.
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INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is a serious and increasing public health
problem throughout the world. Although preventable, COPD cannot be cured and
causes high levels of disability. This imposes increasing demands on regional health
care systems and a growing economic burden on society. Lost productivity due to COPD
has a particularly high impact on the economy, accounting for 50% of the overall COPD‐
related societal cost in the Netherlands.1,2
Although epidemiologic data on COPD are important to raise awareness of the burden
of this disease, country‐specific studies on the current and future impact of COPD in the
Netherlands are scarce. Available date are mostly based on physician’s diagnosis of
“COPD”, “chronic bronchitis” or “lung emphysema”.3 Moreover, COPD tends to be
underdiagnosed and undertreated by healthcare professionals in the Netherlands.2
Therefore, the aim of the present study was to assess the prevalence of COPD and its
risk factors in the general population aged 40 years and older in Maastricht, the
Netherlands. To achieve both maximum accuracy and completeness of the survey as
well as high‐quality post‐bronchodilator spirometry, the Burden of Obstructive Lung
Disease (BOLD) protocol and study design were implemented.4

METHODS
A population‐based cross‐sectional study of the prevalence of COPD in the area of
Maastricht, the Netherlands was conducted from October 2007 till March 2009. The
BOLD protocol and definitions of smoking history were followed.4 Municipal
administrators sampled adults aged ≥40 years at random from the population.
Following a recruitment letter, subjects were contacted by phone and a clinic visit was
scheduled. All participants gave written informed consent. The study was approved by
medical ethical committee of Maastricht University Medical Center.
COPD was defined according to GOLD5 or according to the lower limit of normal (LLN),
which is beneath the 95th percentile of population distribution for the FEV1/FVC ratio
according to NHANES.6 COPD stage 2 or higher was defined as FEV1<80% of predicted.
Doctor‐diagnosed COPD was defined as a self‐reported physician’s diagnosis of chronic
bronchitis, emphysema, or COPD.
Prevalence estimates for the overall Maastricht population, as well as for subgroups
defined by gender and either age or pack‐years of cigarette smoking were calculated
using the Stata package (Stata Corporation, College Station, TX USA). Weighting class
adjustments were made to adjust for differential response rates for the eight categories
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defined by gender and age, to assure that the estimated prevalences and SEs properly
reflect the sampling design. Differences within the study sample were calculated on the
unweighted dataset, using two‐sided p‐value based on Pearson chi‐square test.

RESULTS
A total of 634 of 1345 subjects (47%) selected for recruitment signed informed consent.
This is 48% of the 1323 subjects whom the site attempted to contact (22 were
ineligible), and 55% of the 1147 successful contacted subjects. Compared to
participants subjects who denied participation or could not be reached were more
prevalent in the 70+ age category (p<0.05), but there were no differences in gender
(p>0.05) or smoking history (p>0.05). Forty‐two subjects were excluded because of
unacceptable post‐bronchodilator spirometry. These were more frequently current
smokers compared to 592 subjects included in the analyses (43% vs. 23%, p<0.01)
Baseline characteristics are listed in Table 2.1.
Table 2.1

Characteristics of subjects included in the analyses.

No.
Age

40‐49
50‐59
60‐69
70+
Gender
Male
Female
Smoking status
Current
Ex
Never
Doctor diagnosed asthma
Doctor diagnosed COPD, chronic bronchitis or emphysema

592 (100%)
160 (27%)
182 (31%)
167 (28%)
83 (14%)
300 (51%)
292 (49%)
136 (23%)
252 (43%)
204 (34%)
60/591 (10%)
48/591 (8%)

Results are for observed sample only and are not population estimates.

Estimated population prevalence of GOLD‐ and LLN‐defined COPD by age, gender and
smoking status is presented in Tables 2.2 and 2.3. The estimated prevalence of doctor‐
diagnosed COPD was 8.8% (SE:1.2).
The estimated prevalence of current smoking was 23% (SE:1.8) and was similar for both
sexes. (Male 24% (SE:2.4); female 22% (SE:2.7)) The prevalence of ever smokers (overall
63% (SE:2.1)) was higher in men (70% (SE:2.7) than in women (57% (SE:3.2) (p<0.001).
The highest prevalence of ever smokers was in men, 60‐69 years old and was 85%
(SE:3.7). Thirty‐one percent% of the population ever smoked more than 20 pack‐years.
Of these subjects, 22% had at least GOLD stage 2 COPD and 11% had doctor diagnosed
COPD.
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Table 2.2

GOLD 1 +

GOLD 2 +

LLN 1 +

LLN 2 +

Estimated Population Prevalence of GOLD stage 1 or higher, GOLD stage 2 or higher, LLN stage
1 or higher, LLN stage 2 or higher COPD by age and sex.
Age
40‐49
50‐59
60‐69
70+
Total
40‐49
50‐59
60‐69
70+
Total
40‐49
50‐59
60‐69
70+
Total
40‐49
50‐59
60‐69
70+
Total

Male
9.0% (3.4)
27.4% (4.9)
37.0% (5.3)
51.2% (7.7)
28.5% (2.8)
4.4% (2.6)
13.7% (3.8)
18.9% (4.4)
19.9% (6.3)
13.2% (2.1)
7.8% (3.2)
22.6% (4.6)
20.0% (4.5)
33.6% (7.4)
19.7% (2.4)
4.4% (2.6)
12.7% (3.7)
12.7% (3.7)
19.9% (6.3)
11.6% (2.0)

Female
5.8% (3.0)
18.4% (4.1)
18.4% (4.2)*
35.6% (8.2)
19.5% (2.9)*
1.2% (1.2)
8.2% (3.1)
6.9% (2.7)*
15.6% (7.2)
8.0% (2.3)*
14.0% (4.1)
18.4% (4.1)
16.1% (4.0)
22.3% (7.7)
17.8% (2.7)
3.5% (2.0)
8.2% (3.1)
6.9% (2.7)
15.6% (7.2)
8.6% (2.3)

Total
7.4% (2.2)
22.9% (3.2)
27.6% (3.5)
41.6% (5.9)
23.7% (2.0)
2.8% (1.4)
10.9% (2.4)
12.8% (2.6)
17.3% (5.0)
10.4% (1.5)
11.0% (2.6)
20.5% (3.1)
18.0% (3.0)
26.6% (5.5)
18.7% (1.8)
3.9% (1.6)
10.4% (2.4)
9.8% (2.3)
17.3% (5.0)
10.0% (1.5)

Weighted population estimate, with SE shown in parenthesis. * p<0.05 on the unweighted population sample

Table 2.3

GOLD 1 +

GOLD 2 +

LLN 1 +

LLN 2 +

Estimated Population Prevalence of GOLD stage 1 or higher, GOLD stage 2 or higher, LLN stage
1 or higher, LLN stage 2 or higher COPD by pack years and sex.
Packyears

Male

Never smokers
0‐10
10‐20
20+
Total
Never smokers
0‐10
10‐20
20+
Total
Never smokers
0‐10
10‐20
20+
Total
Never smokers
0‐10
10‐20
20+
Total

10.7% (3.5)
20.4% (5.6)
21.3% (6.3)
51.0% (5.0)
28.5% (2.8)
4.8% (2.5)
8.3% (4.2)
4.0% (2.8)
26.4% (4.5)
13.2% (2.1)
4.8% (2.5)
13.2% (4.8)
17.9% (5.9)
37.5% (4.9)
19.7% (2.4)
3.8% (2.3)
0.8% (4.2)
2.3% (2.3)
23.9% (4.4)
11.6% (2.0)

Female
16.2% (4.1)
12.0% (5.3)
20.9% (7.0)
29.8% (6.7)*
19.5% (2.9)*
2.0% (1.5)
4.6% (3.4)
7.0% (5.2)
20.6% (6.7)
8.0% (2.3)*
10.0% (3.1)
9.4% (4.7)
19.0% (6.9)
35.9% (6.7)
17.8% (2.7)
2.0% (1.5)
6.3% (3.7)
7.0% (5.2)
21.8% (6.7)
8.6% (2.3)

Total
14.1% (2.8)
16.1% (3.8)
21.1% (4.7)
41.2% (4.0)
23.7% (2.0)
3.1% (1.3)
6.4% (2.7)
5.5% (3.0)
23.7% (3.9)
10.4% (1.5)
8.0% (2.2)
11.2% (3.4)
18.5% (4.5)
36.7% (4.1)
18.7% (1.8)
2.7% (1.3)
7.2% (2.8)
4.6% (2.9)
22.9% (3.9)
10.0% (1.5)

Weighted population estimate, with SE shown in parenthesis. *p<0.05 on the unweighted population sample.
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DISCUSSION
Using BOLD methodology, this study showed that the prevalence of GOLD‐defined
COPD in the general population aged 40 years and older in Maastricht, the Netherlands
is 24%. Ten percent of population had COPD GOLD stage 2 or higher. Using the LLN to
define COPD, still 19% had COPD and 10% had at least stage 2 . The overall prevalence
of GOLD defined COPD was higher in men than in women. The estimated prevalence of
current smokers was 23%.
Based on five databases containing registrations of physician’s diagnosis of COPD,
chronic bronchitis or lung emphysema in primary care, the state institute for public
health and environment in the Netherlands (RIVM) estimated the prevalence of COPD
in 2007 as 1.8% for men and 1.6% for women.3 This reported prevalence does not
approach the magnitude reported in the present study and probably underestimated
the real burden of COPD. Also in the present study, the prevalence of spirometric
confirmed COPD was much higher than the prevalence of physician diagnosed COPD.
Even the prevalence of at least GOLD stage 2 COPD in subjects who smoked more than
20 pack years (22%) was twice as high as the physician’s diagnosis of COPD in the same
group (11%). This problem of underdiagnosis of COPD has been reported earlier.7,8 In
the “confronting COPD survey”1 COPD was underdiagnosed and undertreated, in the
Netherlands as well as in the six other participating countries. In the Netherlands, 19%
of patients were undiagnosed despite having symptoms consistent with COPD.
The prevalence of COPD increases with age and the amount of smoked pack‐years.
A fixed ratio for FEV1/FVC to classify COPD as proposed by GOLD5 may lead to
increasing false positive diagnosis of COPD with age, since FEV1/FVC physiologically
reduces with age.9 This misclassification could be reduced by using the LLN for the
FEV1/FVC ratio and this could possibly better distinct physiology from pathology. Using
the LLN instead of the GOLD criterion to define COPD in subjects older than 70 years in
this study population resulted in a reduction in COPD diagnosis from 42% to 27%. This
was still substantially higher than in lower age‐categories. Obviously the cumulative
effect of smoking history and inhalational exposures influence airflow limitation in the
elderly. Current and former smoking by oneself are clearly related to age, with older
men (age 60‐69 years) having stunning ever‐smoking prevalence up to 85%. This
magnitude of ever‐smoking has to mean that environmental tobacco exposure has also
been substantial during the foregone decades before recognition of its harmfulness.10
GOLD‐defined COPD was found in 14% of persons who had never smoked. According to
the LLN this was still 6%. Although never smokers were less likely to have COPD than
ever smokers, never smokers nonetheless comprised one fifth of all subjects with
COPD. Predictors of COPD in never smokers in the international BOLD cohort included
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age, education, occupational exposure, childhood respiratory diseases and BMI
alterations.11
As generally seen among the BOLD sites throughout the world,12 also in the present
study the overall prevalence of COPD was higher in men than in women. It has been
predicted that the expected changes in smoking behaviour will result in a smaller
increase of the projected prevalence in men and greater increase in women.13 Given
men and women smoked equally in the present study, also in Maastricht the gender
difference in the prevalence of COPD will equalize or possibly even reverse since
women seem to be more vulnerable to develop COPD.14 Already in the youngest age
group, the prevalence of COPD according to the LLN tended to be higher in women
than in men. This is consistent with the remarkably high incidence of COPD in the
youngest women in the Rotterdam study.15
This study also has limitations. An important limitation is the lower than desirable
response rate which causes uncertainty about the representativeness of the results. On
the other hand we nearly reached the sample size of at least 300 men and 300 women
as requested by the BOLD protocol. The prevalence of non‐responders was higher in
older age, but the sample individuals were weighted for the whole population of
Maastricht. Unacceptable spirometry was more frequent in smokers. Another limitation
was that other potential causes of airflow limitation than COPD (e.g. asthma,
sarcoidosis, bronchiectasis, bronchiolar diseases) were not excluded. However, BOLD
methodology was applied in the current survey, according to published methods and
protocol. According to BOLD standards, COPD diagnosis was based on the lung function
criteria without requiring documented exposure to a known causative agent.12
Although the Netherlands is a developed country and COPD is a preventable disease, a
surprisingly high burden of COPD was found. With the ageing population and still an
important smoking prevalence, this burden is bound to increase and impose great
demands to public health care and society. The government faces the important task to
continue the efforts to prevent the population from exposure to noxious substances,
most importantly tobacco smoke. Health care professionals should give priority to a
better evaluation and diagnosis of patients with COPD, as well as improved
management of COPD and take an aggressive attitude on the reduction of tobacco
smoking.
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Sex‐related differences in respiratory symptoms

For both men and women, the pathway to diagnosis and treatment of lung disease
often begins with the reporting of respiratory symptoms to their physician. Men and
women with impaired lung function may experience the same symptoms but perceive
and/or report them differently.
Physiologic research on dyspnea has provided some information on how gender
differences in lung and airway size can influence the experience of dyspnea during
exercise,1 however there is still a knowledge gap with regard to gender‐related
differences in other respiratory symptoms, including cough and sputum production.
The objective of this analysis was to address this knowledge‐gap with regard to
respiratory symptoms in men and women with normal and impaired lung function
using data of the international population‐based Burden of Obstructive Lung Disease
(BOLD) study.2
The design and rationale for the BOLD Initiative and preliminary prevalence data have
been published elsewhere.2
Representative population random sampling plans were used for the recruitment of
participants for all study sites. As of June 2011, 20 sites (in 18 countries) had completed
data collection and are included in this analysis: Guangzhou (China), Adana (Turkey),
Salzburg (Austria), Cape Town (South Africa), Reykjavik (Iceland), Hannover (Germany),
Krakow (Poland), Bergen (Norway), Vancouver (Canada), Lexington (USA), Manila
(Philippines), Sydney (Australia), London (United Kingdom), Uppsala (Sweden), Mumbai
(India), Pune (India), Lisbon (Portugal), Maastricht (The Netherlands), Nampicuan/
Talugtug (Philippines), and Tartu (Estonia).
13,757 participants with acceptable post‐bronchodilator spirometry were included in
the analyses. The study recorded questionnaire data on respiratory symptoms, health
status, and exposure to risk factors for COPD.
We defined airflow limitation consistent with COPD as the ratio of post‐bronchodilator
forced expiratory volume in one second (FEV1) to forced vital capacity (FVC) below the
lower limit of normal (LLN), and used FEV1 to further grade the disease: FEV1<80%
predicted serving as the threshold for COPD stage 2 and an FEV1<50% predicted serving
as the threshold for COPD stage 3 or higher. The third National Health and Nutrition
Examination Survey (NHANES) reference equations3 were used to calculate predicted
values. Following the traditional practice of considering irreversible airflow limitation to
be COPD, the COPD diagnosis was strictly based on the post‐bronchodilator lung
function criteria without requiring documented exposure to a known causative agent. A
normal lung function was defined as a post‐bronchodilator FEV1/FVC ratio ≥LLN and
FVC ≥80%. A restrictive lung function pattern was defined present when the FEV1/FVC
ratio was ≥LLN and FVC was <80% predicted. Presence of self‐reported cough was
assessed using the following question: “Do you usually cough when you don’t have a
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cold?” Self reported phlegm was based on the answer to the following question: “Do
you usually bring up phlegm from your chest, or do you usually have phlegm in your
chest that is difficult to bring up when you don’t have a cold?” Self reported wheezing
and its intensity were recorded based on the answers to the following questions: “Have
you had wheezing or whistling in your chest at any time in the last 12 months?” and, if
appropriate, “In the last 12 months, have you had this wheezing or whistling only when
you have a cold?” For this analysis wheeze was defined by “yes” to the first and “no” to
the second question. Presence and severity of self reported dyspnea was recorded
according to the modified Medical Research Council (mMRC) dyspnea scale (0‐4).
Severe dyspnea was defined as mMRC grade 3‐4.
Logistic regression was used for evaluation of gender‐differences and all results were
adjusted for smoking status (current/ex/never), age, BMI, co‐morbidities (using binary
indicators for heart disease, hypertension, stroke, diabetes, and lung cancer), and site.
Any respiratory symptoms (dyspnea, cough, phlegm, or wheeze) were significantly
more often reported by females than males with normal lung function (50% vs. 43%,
p<0.001), and restrictive lung function pattern (55% vs. 43%, p<0.001). In contrast, no
significant difference in reported respiratory symptoms were seen in COPD stage 3‐4
(88% vs. 91%, p=0.996).
Overall, female gender was associated with increased odds for reported dyspnea (OR
1.74; 95% CI 1.59–1.90; p<0.0001) and reported cough (OR 1.26; 95% CI 1.16–1.38;
p<0.0001) but not for reported wheeze (OR 1.05; 95% CI 0.96–1.15; p=0.270). In
contrast, female gender was associated with decreased odds for reported phlegm (OR
0.91; 95% CI 0.84–0.99; p<0.042). Odds ratios of cough, wheeze, dyspnea, and phlegm
by lung function are shown in Figure 3.1. While women compared to men had
increased odds for dyspnea in all lung function categories, increased odds for cough
were only seen in normal and restrictive lung function. In contrast, decreased odds for
phlegm were observed in normal lung function and COPD.
Our results indicate that for the same degree of lung function impairment women tend
to report more dyspnea and cough, but less phlegm/sputum production than men.
This is in accordance with results of the Confronting COPD International Survey showing
that despite lower packyears of smoking, women were more likely to report severe
dyspnea than men, with similar cough and less sputum. 4 There is evidence that
compared with men, women with COPD report more functional dyspnea for the same
degree of airflow limitation.5
A relationship exists between the sensation of dyspnea and respiratory muscle
strength. As men can generate greater maximal inspiratory and expiratory pressures
than women,6 this could probably explain why female subjects with COPD are more
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dyspneic than men. In addition to this, natural anatomic differences in the size of the
lungs, airways and respiratory musculature account for a relatively reduced maximum
ventilatory reserve (capacity) in women.7

Figure 3.1

Odds ratios of respiratory symptoms in women (compared to men) by lung function. Odds
ratios are adjusted for smoking‐status, age, BMI, co‐morbidities, and site.

Neurobiologic studies demonstrated that women have a higher intrinsic sensitivity to
noxious somatic sensations, including dyspnea.8 Finally, women are held to an
expectation of beauty and youthfulness, whereas men are expected to be physically
strong and robust. These expectations may be disrupted by COPD,9 however these
expectations may influence the perception and expression of respiratory symptoms in
men and women. Thus, men might be less likely to describe themselves as breathless
than women; and women might be less likely to report sputum or phlegm production.
Physicians need to recognize that although a woman may not report sputum or phlegm
production and a man may not report dyspnea, a diagnosis of COPD should still be
considered.
Power was limited in very severe airflow limitation due to relatively small numbers.
Taking into consideration that “COPD” has still a poor term recognition in many of our
participating sites we collapsed the reported diagnoses of “COPD”, “Emphysema”, and
“Chronic Bronchitis” when presenting reported diagnoses. For the analyses however,
“COPD” was strictly defined by a post‐bronchodilator airflow limitation (FEV 1/FVC <LLN)
regardless of any reported diagnosis or risk factor.
We conclude that for the same degree of lung function impairment women tend to
report more (severe) dyspnea and cough, but less phlegm. The knowledge about this
difference in reporting symptoms is important as symptoms often are the first step to a
diagnosis of underlying airway disease.
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ABSTRACT
Background
Nutritional status has been associated with clinical outcome and prognosis in patients with
chronic airflow limitation (CAL). However, there is a scarcity of epidemiological studies on the
association between body mass index (BMI) and CAL. We aimed to assess the relationship
between BMI and presence of CAL in a worldwide population, taking into account confounding
factors.
Methods
18606 participants (49% male, 21% current smokers, mean age: 55.8±11.2 years, mean BMI:
2
26.7±5.5 kg/m ) of the Burden of Obstructive Lung Disease (BOLD) initiative from 26 sites in
23 countries were included. CAL was defined spirometrically as post‐bronchodilator
2
FEV1/FVC<lower limit of normal. Low BMI was defined as <21 kg/m , and obese BMI as
2
≥30 kg/m . Multivariate logistic regression analysis controlled for confounders age, sex and
smoking, and meta‐analysis took account of between‐site heterogeneity and clustering.
Results
Prevalence of low and obese BMI, smoking history and prevalence of CAL was highly variable
between sites. After adjustment for age, sex and smoking, the meta‐analysis of all sites showed
that compared to subjects without CAL, low BMI was more frequent in subjects with CAL,
(adjusted odds ratio (OR): 2.23 (95% confidence interval: 1.75, 2.85)) and conversely, obesity was
less frequent in subjects with CAL (adjusted OR: 0.78 (0.65, 0.94)).
Conclusions
In a worldwide population sample the presence of CAL was associated with lower BMI, even after
adjusting for confounding factors age, gender, smoking and between‐site heterogeneity. These
results indicate a CAL‐specific association with body composition.
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INTRODUCTION
Low body weight has been observed in 10‐20% of outpatients with mild to moderate
chronic obstructive pulmonary disease (COPD)1,2 and in 37% of patients with severe
disease referred for pulmonary rehabilitation.3 Moreover, low body mass index (BMI) is
related to increased mortality in these patients,4‐7 independent of disease severity.6
Also, in the general population, increased mortality in subjects with low to normal BMI
is mainly due to respiratory diseases.8 This inverse association is much stronger for
smokers than for non‐smokers.8 Nevertheless, the association between low body
weight and chronic airflow limitation (CAL) remains incompletely understood as it has
only been studied in selected patient populations.1,7 Earlier studies did not account for
the impact of smoking,9 gender,10 and age11 on body weight.
On the other hand obesity is increasingly recognized as a risk factor for respiratory
symptoms12 and functional limitation13 in COPD. Furthermore, while obesity may be
associated with low mortality in patients with severe airflow obstruction, a higher
mortality rate was seen in mild to moderate COPD patients with obesity.3,6
Epidemiologic data on obesity in subjects with CAL in general population samples are
scarce and conflicting.14,15
The Burden of Obstructive Lung Disease (BOLD) initiative is an international population‐
based study implementing rigorous standardized methods for estimating CAL
prevalence (high‐quality postbronchodilator spirometry) and its risk factors. While BMI
has already been described in the context of other possible risk factors for the presence
of airflow limitation in BOLD,16,17 the principal objective of the present study was to
study in detail the relation between low and obese BMI and the presence of CAL in a
general worldwide population, taking into account the impact of gender, smoking
status, age and site‐to‐site heterogeneity.

METHODS
STUDY DESIGN AND PARTICIPANTS
The design and rationale for the BOLD initiative and prevalence data have been
previously published.18,19
Representative samples of the non‐institutionalised population over the age of 39 years
were selected for all study sites. As of February 2014 , 26 sites (in 23 countries) had
completed data collection and are included in this analysis: Adana (Turkey), Annaba
(Algeria), Bergen (Norway), Cape Town (South Africa), Fes (Morocco), Guangzhou
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(China), Hannover (Germany), Ife (Nigeria), Krakow (Poland), Lexington (USA), Lisbon
(Portugal), London (United Kingdom), Maastricht (the Netherlands), Manila
(Philippines), Mumbai (India), Nampicuan/Talugtug (Philippines), Pune (India), Reykjavik
(Iceland), Salzburg (Austria), Sousse (Tunisia), Srinagar (India), Sydney (Australia), Tartu
(Estonia), Tirana (Albania), Uppsala (Sweden), Vancouver (Canada).
Each participating site aimed to recruit a population‐based sample of at least 600 adults
(300 men and 300 women) living in a well‐defined administrative area in which the
total population exceeded 150,000. Approval was obtained from each local ethics
committee, and written informed consent was obtained from each participant. All
participants included in this analysis performed postbronchodilator spirometry.
SPIROMETRY TESTING
Spirometry was performed according to American Thoracic Society (ATS) criteria20 by
trained and certified technicians using the ndd EasyOne spirometer (ndd Medical
Technologies; Zurich, Switzerland) with participants in a seated position. Separate
measurements of forced expiratory volume in the first second (FEV1) and forced vital
capacity (FVC) were made before and at least 15 min after two puffs of salbutamol (200
μg) administered with a metered dose inhaler with Volumatic spacer (GlaxoSmithKline;
Uxbridge, England). Spirometry data were sent electronically to the Pulmonary
Function Quality Control Center in Salt Lake City, Utah, or London where each
spirogram was reviewed and graded using ATS guidelines.20
DEFINITIONS
Chronic airflow limitation (CAL)
The definition of CAL was based on the post‐bronchodilator lung function and defined
according to lower limit of normal (LLN), which is beneath the 5th percentile of the
population distribution for the FEV1/FVC ratio. Non‐obstructive lung function was
defined as a post‐bronchodilator FEV1/FVC ratio ≥LLN.
Smoking status
A current or ex‐smoker was defined as a person who had smoked >20 packs of
cigarettes in a lifetime or >1 cigarette/day for a year. An ex‐smoker was further defined
by a self‐report of having stopped smoking.
Body mass index
Body height was measured to the nearest 0.5 cm. Body weight (BW) was assessed to
the nearest 0.1 kg after emptying the bladder and with the subjects standing barefoot
and wearing light indoor clothing. BMI was calculated as body weight/height2 (kg/m2).
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A priori, BMI was categorized into low (<21 kg/m2)6, normal (21–24.9 kg/m2), high
(25‐29.9 kg/m2)21 and obese (>30 kg/m2).21
STATISTICAL ANALYSIS
Statistics were performed using SAS version 9.3. Results are mainly expressed as
mean ± standard deviation for quantitative variables. Independent samples Student’s
t‐test and the Wilcoxon‐Mann‐Whitney Test were used to investigate differences in
mean BMI between subjects with and without CAL. Kernel density estimation (KDE), a
non‐parametric way to estimate the probability density function of a random variable,
was used to create the distribution figures. To test whether two or more distributions
are different, the Chi‐Square test was used.
The meta‐analyses of the calculated adjusted odds ratios and 95% confidence intervals
were calculated using the Cochrane Meta‐analysis software RevMan 5.1. The v2‐based
Cochran’s Q statistic and the I2 metric were used to quantify between‐study
heterogeneity. A p<0.10 for the Q statistic was considered significant. An I2 metric of
>25% and >50% was considered indicating moderate and large heterogeneity,
respectively. Since significant between‐study heterogeneity was found, random effects
meta‐analysis was used to combine data across sites.

RESULTS
GENERAL CHARACTERISTICS
A total of 18606 subjects ≥40 years had acceptable postbronchodilator spirometry,
weight and height measurement, and available information on smoking status.
(Figure 4.1)

18818 subjects with acceptable
post bronchodilator spirometry
86 younger than 40 years
18732 subjects
126 without weight
measurement
18606 subjects with full data
collected

Figure 4.1

Flowchart of the study population.
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In general, subjects were overweight with a mean age of 56±11 years. CAL was present
in 11% of subjects. Prevalence of CAL ranged from 6.2% in Pune, India to 18.9% in Cape
Town, South Africa. More than half of subjects never smoked and almost a quarter
were current smokers.
Characteristics for each site are shown in Table 4.1. Important differences in BMI were
observed between sites. For example, in Uppsala, Sweden low BMI was only seen in 3%
of subjects while in Nampicuan – Talugtug, the Philippines this percentage was up to
47%. On the other hand obesity was present in only 3% of Chinese subjects, but was
present in 47% of participants from Lexington, USA.
DISTRIBUTION OF BMI IN THE POOLED DATASET
Subjects with CAL had lower mean BMI compared to subjects without CAL (mean BMI,
kg/m2: CAL: 25.4±5.5; non‐CAL: 26.8±5.4; p<0.0001). (Figure 4.2) Likewise, in subjects
with CAL compared to subjects without CAL, a higher proportion with a low BMI (21.8%
versus 12.3%; p<0.001) and lower proportion with an obese BMI (17.6% versus 24.3%;
p<0.001) was found. Even when gender‐, age‐, and smoking‐specific strata were
investigated, the presence of CAL was consistently associated with a shift of the
distribution towards lower BMI, when compared to subjects without CAL.
(Supplemental Figures S4.1‐S4.3)

Figure 4.2
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Distribution of BMI in subjects with and without chronic airflow limitation.
2
Mean BMI (kg/m ): CAL: 25.4±5.5 vs. non‐CAL: 26.8±5.4, p<0.001; difference in KDE: p<0.001

11.3

88.7

Total

56 ± 11

18606

Albania (Tirana)
Algeria (Annaba)
Australia (Sidney)
Austria (Salzburg)
Canada (Vancouver)
China (Ghuangzhou)
Estonia (Tartu)
Germany (Hannover)
Iceland (Reykjavik)
India (Mumbai)
India (Pune)
India (Srinagar)
Morocco (Fes)
Netherlands (Maastricht)
Nigeria (Ife)
Norway (Bergen)
Philippines (Manilla)
Philippines (Nampicuan Talugtug)
Poland (Krakow)
Portugal (Lisbon)
South‐Africa (Cape Town)
Sweden (Uppsala)
Tunisia (Sousse)
Turkey (Adana)
United Kingdom (London)
USA (Lexington)
48.8

Gender
Age
Chronic airflow limitation
Male
Years
Yes
No
%
mean ± SD
%
%
928
49.9
55 ± 11
8.6
91.4
862
49.8
53 ± 10
7.0
93.0
425
49.7
59 ± 12
10.1
89.9
1258
54.5
58 ± 11
15.8
84.2
825
41.6
56 ± 12
12.4
87.6
472
50.0
54 ± 11
7.8
92.2
613
50.2
61 ± 12
7.0
93.0
683
51.1
58 ± 11
8.9
91.1
756
53.2
56 ± 12
11.0
89.0
440
62.5
51 ± 90
6.8
93.2
844
59.5
52 ± 10
6.2
93.8
738
54.9
52 ± 10
16.5
83.5
760
46.1
55 ± 10
9.6
90.4
588
50.9
57 ± 11
18.2
81.8
864
39.1
56 ± 12
6.9
93.1
657
49.2
60 ± 13
12.5
87.5
885
42.6
52± 10
8.5
91.5
719
49.4
54 ± 11
14.2
85.8
520
50.8
56 ± 12
13.9
86.1
710
46.6
63 ± 11
11.6
88.4
843
36.9
54 ± 11
18.9
81.1
546
51.8
58 ± 11
9.3
90.7
660
46.8
53 ± 90
5.0
95.0
806
48.2
54 ± 10
14.3
85.7
677
47.7
58 ± 12
16.0
84.0
507
40.4
57 ± 12
15.2
84.8

N

General characteristics of study participants at each site and overall.

Country (Site)

Table 4.1

26.7 ± 5.5

kg/m2
mean ± SD
28.1 ± 4.7
28.3 ± 5.7
28.0 ± 5.1
26.4 ± 4.2
26.7 ± 5.2
23.3 ± 3.3
28.5 ± 5.3
27.3 ± 4.6
27.9 ± 4.9
23.8 ± 4.0
22.1 ± 3.8
22.4 ± 3.6
27.9 ± 5.3
27.4 ± 4.5
25.4 ± 5.4
26.5 ± 4.3
24.9 ± 3.9
21.6 ± 3.9
27.8 ± 4.7
28.2 ± 4.6
27.9 ± 7.5
27.0 ± 4.4
29.3 ± 5.6
29.6 ± 5.3
27.1 ± 5.0
30.8 ± 6.8
13.3

27.9

35.30

Body Mass Index
Low Normal High
%
%
%
4.4
22.3
43.3
8.2
21.2
35.7
5.2
25.4
38.4
6.9
32.7
42.9
8.9
34.2
35.4
25.2
46.2
25.2
5.1
21.9
39.3
5.1
26.5
46.0
4.2
24.2
43.5
26.4
39.1
27.0
42.3
36.6
18.3
38.6
40.1
16.8
8.7
22.1
38.2
5.4
23.8
47.6
22.1
30.7
28.5
7.2
31.1
43.5
19.3
34.9
32.9
46.6
37.8
14.2
5.6
23.7
42.5
3.4
22.3
43.8
19.0
18.0
27.2
2.9
33.0
42.5
5.5
17.6
35.8
3.4
16.1
35.6
8.4
29.7
38.3
3.8
14.2
35.1
23.6

20.8

54.5 24.7

Smoking history
Obese Current Never Ex
%
%
%
%
30.0
21.8
62.9 15.3
34.8
16.7
61.4 21.9
31.1
14.8
48.2 37.0
17.5
19.2
47.3 33.5
21.6
13.7
47.9 38.4
3.4
29.9
56.1 14.0
33.8
18.1
52.5 29.4
22.4
20.6
40.1 39.3
28.0
18.4
39.0 42.6
7.5
6.6
90.2 3.2
2.8
9.0
88.0 3.0
4.5
10.2
87.9 1.9
31.1
8.6
72.8 18.7
23.1
23.0
34.7 42.3
18.8
2.5
89.4 8.1
18.3
26.2
37.3 36.5
12.9
32.5
47.6 19.9
1.4
36.0
47.6 16.4
28.3
29.4
38.7 31.9
30.6
13.2
60.0 26.8
35.8
46.5
32.4 21.1
21.6
14.3
42.7 43.0
41.2
26.7
60.2 13.2
44.9
34.9
45.3 19.8
23.6
21.0
38.1 40.9
46.9
26.4
39.6 33.9
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EFFECTS OF SMOKING IN THE POOLED DATASET
BMI was significantly different between current, former and never smokers
(respectively 25.5±5.2; 26.9±5.2 and 26.8±5.6 kg/m2; p<0.001) and was lowest in
current smokers. The prevalence of low BMI in current smokers with CAL (28.8%) was
significantly increased compared to current smokers without CAL (16.7%; p<0.001) as
also compared to never smokers with CAL (21.1%; p<0.001). Never smokers without
CAL had the lowest proportion of subjects with a low BMI (13.1%) (Figure 4.3).

Figure 4.3

Prevalence of low BMI (A.) and obese BMI (B.) in patients with and without chronic airflow
limitation according to smoking status.
CS=current smoker; NS=never smoker; * =p<0.01 compared to non‐CAL NS; # =p<0.01
compared to non‐CAL CS; $ =p<0.01 compared to CAL NS.

Both in subjects with CAL ( 19.8% vs. 13.9%; p<0.001) as well as in subjects without CAL
(25.4% vs. 17.9%, p<0.001), obesity was more frequent in never smokers compared to
current smokers. The lowest prevalence of obesity was in smokers with CAL, which was
significantly lower compared to smokers without CAL (resp. 13.9% vs. 17.9%; p=0.009)
(Figure 4.3).
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A META‐ANALYTICAL APPROACH
The present study consists of different surveys in multiple countries. In order to adjust
for confounding by site and also to take into account the clustering of data within sites
we performed a meta‐analysis of the site‐specific odds ratios relating BMI with CAL,
adjusting for age, gender and smoking history using multivariate logistic regression. The
weighted meta‐analyses of adjusted odds ratios for low BMI and obese BMI in subjects
with CAL compared to subjects without CAL are shown in Figure 4.4 and 4.5,
respectively. For low body weight, a large heterogeneity between sites was found
(I2: 59%). But even when taking into account the site‐to‐site heterogeneity of our data
and adjusting for age, gender and smoking status, the odds ratio for low BMI was
increased in subjects with CAL, compared to subjects without CAL. Secondly, overall a
lower adjusted odds ratio was found for the presence of obesity in CAL subjects. Here,
the association seems consistent across sites (I2: 15%).
Differences in mean BMI between subjects with and without CAL for each site are
shown in Supplemental Table S4.1.

Figure 4.4

Forest plot showing the meta‐analysis of age, gender and smoking adjusted site‐specific odds
ratios for low BMI in subjects with CAL compared to subjects without CAL.
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Figure 4.5

Forest plot showing the meta‐analysis of adjusted odds ratios for age, gender and smoking, for
obese BMI in subjects with CAL compared to subjects without CAL.
Odds ratio was not estimable in China (Ghuangzhou) and India (Pune) because no subjects with
CAL had obese BMI. N.T. = Nampicuan – Talugtug.

DISCUSSION
This study is the first to evaluate BMI in subjects with and without CAL as defined by
rigorously standardized post‐bronchodilator spirometry in a worldwide population‐
based sample of adults, taking into account the possible impact of age, gender, smoking
status, and geography. The results of our study indicate a positive association between
the presence of CAL and low BMI and a negative association between CAL and obesity.
Given the cross‐sectional nature of our data the direction of this relationship remains
unclear.
The presence of a low body weight in patients with COPD is commonly recognized. A
great variation of the reported prevalence of low BMI in COPD was seen in previous
studies, depending on the setting and population studied. In an outpatient population
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of moderately severe COPD patients, low BMI was seen in 10% of males and 18% of
females.1 Similarly, 15% of patients at first diagnosis of COPD had a low BMI.2 In the
NIH‐intermittent positive breathing trial 25% of 779 male patients with stable but
severe COPD had a body weight < 90% of their ideal body weight and body weight was
positively associated with FEV1.4 For 255 COPD patients entering an inpatient
pulmonary rehabilitation program, Schols et al. showed that the prevalence of
underweight was 37% and increased in parallel with the severity of airflow obstruction
and the presence of hypoxia.3 These studies showed that underweight is occurring
frequently in patients with COPD and that it is related to the severity of the disease.
However, these studies were uncontrolled for the effects of age, gender, and smoking,
and data were not compared to subjects without airflow limitation. More recently, in a
sub‐analysis on body composition of the ECLIPSE study, the prevalence of a low BMI
was 14% in COPD, compared to 7% in controls.22 However, the control group was
significantly younger, had smoked fewer pack years, and consisted of significantly more
current smokers compared to the COPD patients (61% versus 36%, p<0.001).
Altogether, only two population based studies have reported on BMI in relation to CAL
and compared results to control subjects. In elderly subjects from the general
population participating in the “health ABC” study, no difference in mean BMI was
observed between those with pre‐bronchodilator defined airflow limitation and
smokers without airflow limitation.11 Secondly, the South‐American population‐based
PLATINO study reported a 7% prevalence of spirometrically defined CAL in subjects with
BMI <20 kg/m2, which was significantly higher compared to non‐CAL subjects, but no
adjustments or stratification for smoking or other confounding factors were done.15
Hence, although low body weight is commonly observed in COPD or CAL, the
relationship between airflow limitation and BMI per se has not been well studied and
the impact of confounding factors has remained unclear.
The present study identified subjects with and without CAL using guideline‐based post‐
bronchodilator spirometry. In addition the standardized assessment of smoking status
by interviewed questionnaires allowed for stratification. Smoking is not only an
important risk factor in the development of CAL but also may adversely affect body
composition.9 Nicotine has appetite suppressant effects in the brain resulting in lower
nutrient intake in smokers.23 Also, one of the acute systemic effects of smoking is an
increase in resting energy metabolism.24 It is well known that quitting is frequently
followed by a rapid weight gain.25,26 Also in the present study smokers had a lower BMI
compared to ex‐ and never smokers. However, the present study clearly demonstrated
that smoking does only partly account for the high prevalence of low BMI in subjects
with CAL.
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CAL is importantly associated with older age as years of exposure to tobacco smoke
precede the development of CAL.27 Older people tend to weigh less than younger
adults, and old age is also associated with a tendency to lose weight.11,28 However, the
present study showed that even after stratification for age, subjects with CAL had a
higher prevalence of low BMI compared to subjects with normal lung function. Neither
gender nor site‐related BMI differences influenced these results. Hence, we conclude
that the relationship between the presence of CAL and the presence of low BMI is
independent and not influenced by age, gender and smoking.
Having excluded smoking and age as possible reasons for subjects with CAL being more
frequently underweight, two possibilities remain: either (at least some) subjects with
CAL lose weight or thin subjects are at higher risk of developing CAL.
Weight loss occurs when energy expenditure exceeds energy intake and this balance
can be disturbed on both sides in patients with CAL. An elevated resting energy
expenditure has been reported in a patients with COPD and has been associated with
weight loss.29 Also, increased energy expenditure related to physical activities has been
reported in COPD, possibly related to decreased mechanical efficiency when
performing activity.30 The increased oxygen cost of breathing might contribute to the
elevated energy expenditure during activities in subjects with COPD.31 On the other
hand decreased appetite and low dietary intake have been associated with aggravation
of disease symptoms related to exacerbations of COPD.32. In the present cross‐sectional
study, data on weight loss, energy balance and exacerbations were not collected.
Therefore, it is not possible to attribute the increased prevalence of underweight in
subjects with CAL to any of these factors. However, since the present study sample is
population‐based and not a selected patient population, the frequency of “disease
exacerbations” is low.
It has been suggested that subjects with a thin phenotype are at higher risk of
developing CAL. A large general population study showed that increased mortality in
people with low BMI was mainly associated with respiratory diseases.8 More
specifically, the Baltimore Longitudinal Study of Aging showed that, at least in men, a
low BMI was an independent risk factor for developing CAL.33 Also in a previous report
of the BOLD study, low BMI was associated with the presence of CAL in never
smokers.16 In addition, early levels of emphysema have been detected after chronic
malnutrition as in patients with anorexia nervosa.34 Due to the cross‐sectional nature of
the present data we cannot determine whether the low BMI preceded the CAL or was a
consequence of the disease.
In the present study, on average, only one in five subjects with CAL had low body
weight. Referring to the historical description of the pink puffer (emphysematous type
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with underweight) and the blue bloater (chronic bronchitis type with overweight) body
weight might discriminate different phenotypes within the umbrella disease COPD.35
Recently, in COPD patients entering pulmonary rehabilitation, five different clusters
with a specific profile of comorbidities and extra‐pulmonary manifestations were
identified. One cluster was characterized with a high proportion of underweight, but
also muscle wasting, osteoporosis, renal insufficiency and pulmonary function
characteristics suggestive of emphysema.36 In contrast, and similar to the PAC‐COPD
study,37 an independent subtype of COPD was identified by a milder respiratory status
but a higher prevalence of obesity, cardiovascular disease and hyperglycemia, and
higher levels of systemic inflammatory markers.36
However, data on the prevalence of obesity in COPD or CAL compared to subjects
without COPD or CAL, are scarce and have been conflicting, probably as a result of
differences in CAL‐specific and global risk factors for obesity between studied
populations. In the population‐based Canadian National Health Survey, the prevalence
of obesity was increased in subjects with self‐reported COPD (24.6%) compared to non‐
COPD subjects (17.1%),38 while the South‐American population‐based PLATINO study
reported a lower prevalence of obesity in subjects with CAL, compared to subjects
without CAL (23% versus 30%).15 In the patient population based ECLIPSE, obesity
prevalence was not different in COPD subjects compared to smoking/former smoking
controls (resp. 22% versus. 20%).22 The present study showed that the prevalence of
obesity is lower in subjects with CAL compared to subjects without CAL, also when
adjusted for gender, smoking status and age. The present study showed that the
influence of smoking history is greater than the influence of CAL on the presence of
obesity.
In conclusion, this study was the first to demonstrate that in a worldwide general
population, the presence of objectively assessed CAL was associated with increased risk
of low BMI and a reduced risk of obese BMI, independent of age, gender, smoking
history and geography.
These findings suggest a direct association between CAL and low BMI, although the
direction of this association cannot be established from the present cross‐sectional
data. Both low BMI as a risk factor for development and progression of CAL as well as
(mechanisms of) weight loss in CAL need exploration in future studies. In the
meantime, clinicians and dieticians should stay aware of what is already known, in fact
that low BMI is related to poor outcome in subjects with COPD or CAL and should be
appropriately managed.
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SUPPLEMENTAL MATERIAL
Table S4.1

Mean BMI in subjects with and without CAL according to gender, smoking status, age and site.
2

Body mass index, kg/m (mean±SD)
Subjects without CAL
Subjects with CAL
Gender
Male
Female
Smoking status
Current smokers
Ex smokers
Never smokers
Age
40‐49
50‐59
60‐69
70+
Sites
Albania (Tirana)
Algeria (Annaba)
Australia (Sidney)
Austria (Salzburg)
Canada (Vancouver)
China (Ghuangzhou)
Estonia (Tartu)
Germany (Hannover)
Iceland (Reykjavik)
India (Mumbai)
India (Pune)
India (Srinagar)
Morocco (Fes)
Netherlands (Maastricht)
Nigeria (Ife)
Norway (Bergen)
Philippines (Manilla)
Philippines (Nampicuan Talugtug)
Poland (Krakow)
Portugal (Lisbon)
South‐Africa (Cape Town)
Sweden (Uppsala)
Tunisia (Sousse)
Turkey (Adana)
United Kingdom (London)
USA (Lexington)
CAL: Chronic airflow limitation
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p

26.2 ± 4.6
27.4 ± 5.0

24.9 ± 4.9
25.9 ± 5.9

<0.001
<0.001

25.8 ± 5.1
27.6 ± 5.1
26.9 ± 5.6

24.3 ± 5.2
26.2 ± 5.1
25.7 ± 5.9

0.003
<0.001
<0.001

26.2 ± 5.3
27.2 ± 5.6
27.4 ± 5.5
26.9 ± 5.2

25.0 ± 6.0
25.9 ± 5.9
25.4 ± 5.3
25.2 ± 4.7

<0.001
<0.001
<0.001
<0.001

28.2 ± 4.7
28.5 ± 5.5
28.0 ± 4.9
26.4 ± 4.2
26.7 ± 5.2
23.5 ± 3.3
28.6 ± 5.3
27.4 ± 4.6
28.2 ± 4.9
23.9 ± 4.0
22.2 ± 3.9
22.6 ± 3.6
28.1 ± 5.2
27.7 ± 4.6
25.4 ± 5.3
26.7 ± 4.2
25.1 ± 4.7
21.8 ± 3.9
27.8 ± 4.6
28.3 ± 4.6
28.9 ± 7.2
27.0 ± 4.4
29.4 ± 5.6
29.9 ± 5.2
27.3 ± 4.9
31.3 ± 6.9

26.7 ± 4.6
25.9 ± 6.8
27.7 ± 6.2
26.4 ± 4.5
26.9 ± 5.0
21.2 ± 2.8
27.1 ± 5.1
26.6 ± 4.7
25.9 ± 4.5
22.6 ± 3.9
20.4 ± 3.4
21.6 ± 3.3
26.3 ± 5.6
26.4 ± 3.9
24.8 ± 6.5
25.4 ± 4.8
22.8 ± 4.5
20.2 ± 3.6
27.3 ± 5.3
27.8 ± 4.7
23.7 ± 7.1
26.8 ± 3.8
26.5 ± 5.9
28.1 ± 5.6
26.0 ± 4.9
27.8 ± 5.3

0.002
<0.001
0.418
0.788
0.546
<0.001
0.045
0.173
<0.001
0.083
0.003
0.011
0.005
0.013
0.083
0.001
<0.001
<0.001
0.144
0.288
<0.001
0.994
0.006
<0.001
0.008
<0.001
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Figure S4.1

Distribution of BMI in subjects with and without CAL, stratified for gender.
A: Male subjects (mean BMI: CAL: 24.9±5.0 vs. non‐CAL: 26.2±4.6, p<0.001; difference in KDE:
p<0.001). B: Female subjects (mean BMI: CAL: 25.9±6.0 vs. non‐CAL: 27.4±6.0 p<0.001;
difference in KDE: p<0.001)

Figure S4.2

Distribution of BMI in subjects with and without CAL stratified for smoking history:
A: Current smokers (mean BMI: CAL: 24.3±5.2 vs. non‐CAL: 25.8±5.1, p<0.001; difference in
KDE: p<0.001), B: Former smokers (mean BMI: CAL: 26.2±5.1 vs. non‐CAL: 27.6±5.1, p<0.001;
difference in KDE: p<0.001), C: Never smokers, (mean BMI: CAL: 25.7±5.9 vs. non‐CAL: 26.9±5.6,
p<0.001; difference in KDE: p<0.001) D: Combined figure for current smokers (CS) and never
smokers (NS). (mean BMI: CAL CS: 24.3±5.2 vs. non‐CAL CS: 25.8±5.1 vs. CAL NS: 25.7±5.9 vs.
non‐CAL NS: 26.9±5.6, p<0.001; difference in KDE: p<0.001) (p<0.001).
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Figure S4.3
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Distribution of BMI in subjects with and without CAL, stratified for age categories.
A: age 40‐50 years (mean BMI: CAL: 25.0±6.0 vs. non‐CAL: 26.2±5.3, p<0.001; difference in KDE:
p<0.001), B: age 50‐60 years (mean BMI: CAL: 25.9±5.9 vs. non‐CAL: 27.2±5.6, p<0.001,
difference in KDE: p<0.001), C: age 60‐70 years (mean BMI: CAL: 25.3±5.3 vs. non‐CAL: 27.4±5.5,
p<0.001, difference in KDE: p<0.001), D: age 70+ years (mean BMI: CAL: 25.2±4.7 vs. non‐CAL:
26.9±5.2, p<0.001; difference in KDE: p<0.001).
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ABSTRACT
Background
Cardiovascular disease is common in patients with chronic obstructive pulmonary disease
(COPD), but often remains unrecognized. Ischemic electrocardiographic (ECG)‐changes are
associated with a higher risk of dying of coronary heart disease, but have never been
systematically evaluated in COPD. Also, their relation with clinical outcome has not been studied.
We aimed to determine the frequency of ischemic ECG‐changes and its relevance in relation to
clinical outcome and predictors of impaired survival in patients with COPD.
Methods
Clinical characteristics, pulmonary function and co‐morbidities were assessed in 536 COPD
patients during baseline assessment of a comprehensive pulmonary rehabilitation program.
Moreover, resting ECGs were obtained in all patients. All ECGs were scored independently by two
cardiologists using the Minnesota scoring system. Major or minor Q or QS pattern, ST junction
and segment depression, T‐wave items or left bundle branch block were considered as ischemic
ECG‐changes.
Results
One hundred thirteen patients (21%) had ischemic ECG‐changes. Moreover, 42 of 293 patients
(14%) without self‐reported cardiovascular co‐morbidities had ischemic ECG‐changes. In addition,
patients with ischemic ECG‐changes had higher dyspnea gradings (modified Medical Research
Council: 2.9±1.1 vs. 2.6±1.1; p=0.032), worse exercise performance (six‐minute walking distance:
387±126 vs. 425±126 m; p=0.004), more systemic inflammation (hsCRP: 11.2±16.2 vs.
7.9±10,7 mmol/l; p=0.01), higher scores on the Charlson co‐morbidity index (1.8±0.9 vs.
1.5±0.8 points) and higher scores on updated BODE index (based on BMI, airway Obstruction,
Dyspnea grade and Exercise capacity; 5.3±3.7 vs. 4.5±3.4 points; p=0.033) and ADO index (based
on Age, Dyspnea grade and airway Obstruction; 5.2±1.7 vs. 4.8±1.7 points; p=0.029) compared to
patients without ischemic ECG‐changes, while the forced expiratory volume in the first second
(FEV1) was similar (40.8±15.2 vs. 42.6±15.9%; p=0.30).
Conclusion
Ischemic ECG‐changes are common in patients with COPD and associated with poor clinical
outcome, irrespective of the FEV1. These results suggest an important role for cardiovascular
disease in impaired survival in these patients.
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INTRODUCTION
Patients with chronic obstructive pulmonary disease (COPD) have an increased risk for
cardiovascular morbidity and mortality.1‐3 This risk is related to disease severity4 and
the presence of low‐grade systemic inflammation,5 but independent of smoking status
or other well‐known risk factors for atherosclerosis. In patients with stable COPD,
cardiovascular comorbidity often remains undiagnosed and untreated.6 Also the impact
of cardiovascular disease on clinical outcomes in COPD is currently unclear.
In this study we systematically coded electrocardiographs (ECG) of patients with stable
but disabling COPD, using Minnesota criteria.7 The first aim was to determine the
frequency of ischemic‐like electrocardiographic changes (ischemic ECG). In addition,
differences in clinical outcomes (pulmonary function, body composition, exercise
capacity, dyspnea, systemic inflammation, comorbidities) between patients with and
without ischemic ECG findings were studied. Finally, the relations of ischemic ECG
findings with clinical predictors of impaired survival in COPD (updated BODE index, ADO
index8) were investigated.

METHODS
Data were collected and analyzed retrospectively in 543 consecutive COPD patients.
These retrospective analyses are IRB exempt due to the use of de‐identified, pre‐
existing data. Patients were entering a comprehensive pulmonary rehabilitation
program between January 2005 and March 2007 at the dedicated pulmonary
rehabilitation center of CIRO+ in Horn, the Netherlands.9 Patients were referred by
respiratory physicians in South East Netherlands. To avoid the influence of concurrent
infection on clinical outcomes, 7 patients with high‐sensitivity C‐reactive protein
(hsCRP) >100 mmol/l were excluded. Smoking status, smoked pack years and use of
long‐term oxygen therapy were recorded. Furthermore, patients’ current pharma‐
cological cardiovascular treatment (diuretics, angiotensin converting enzyme inhibitors,
angiotensin receptor blockers, beta‐blockers, calcium antagonists, nitrates, digitalis,
anti‐arrhytmics, statins, anti‐aggregates or coumarins) and pulmonary treatment (short
acting beta‐agonists, long acting beta‐agonists, short acting anticholinergics, long acting
anticholinergics, inhaled corticosteroids, oral corticosteroids, theophylline and
leukotrienes) were registered.
Resting ECG was obtained in all patients. ECG data were recorded on analog tape and
included the conventional 12 leads (Mac1600®, GE Healthcare, Germany). Paper
tracings were produced and scored independently by two cardiologists (NHMKU‐L and
APG) according to the Minnesota ECG Code rules.7 In case of disagreement, consensus
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was achieved in conjunction. Ischemia on ECG was defined as at least one of the
following: major or minor Q or QS pattern, ST junction and segment depression, T‐wave
items or left bundle branch block (LBBB). These patterns are often seen as indications
of silent myocardial ischemia.10 The Minnesota codes used in this manuscript are listed
in Table 5.1.
Table 5.1

ECG patterns suggesting myocardial ischemia (left) with according Minnesota‐code (middle).
Prevalence of ischemic‐like ECG changes (right). Data are expressed as number (percentage).

ECG pattern
Major Q or QS pattern
Minor Q or QS pattern
ST junction (J) and segment depression
T‐wave items
Left bundle branch block
Ischemia
Right bundle branch block
Atrium fibrillation or flutter
Atrial‐Ventricular Conduction Defect, grade 1
Left axis deviation
High amplitude R waves

Minnesota code
1.1
1.2 + 1.3
4.1 + 4.2
5.1 ‐ 5.3
7.1
All above
7.2
8.3
6.3
2.1
3.1 + 3.2

All (n=536)
23 (4.3%)
15 (2.8%)
19 (3.5%)
47 (8.8%)
11 (2.1%)
113 (21%)
35 (6.5%)
13 (2.4%)
5 (0.9%)
52 (9.7%)
8 (1.5 %)

In every patient the Charlson comorbidity index (CCI)11 was calculated. Apart from the
cardiovascular features that are included in the CCI, namely myocardial infarction,
chronic heart failure, cerebrovascular disease and peripheral arterial disease, also other
cardiovascular comorbidities were registered: hypertension, arrhythmia, angina
pectoris, coronary heart disease as defined by coronary surgery or percutaneous
coronary intervention and abdominal aortic aneurysm repair. “Any cardiovascular co‐
morbidity” was defined as that the patients suffers from at least one of the above listed
cardiovascular comorbidities.
Lung function parameters (forced expiratory volume in the first second (FEV1) and
forced vital capacity (FVC)) were collected using standardized post‐bronchodilator
spirometry. Carbon monoxide diffusion capacity (DLCO) was determined with single
breath hold method (MasterScreen® Body, Carefusion, Germany). The degree of airflow
limitation was defined according to the classification of the Global Initiative for Chronic
Obstructive Lung Disease (GOLD).12
Resting arterial oxygen tension (paO2) and arterial carbon dioxide tension (paCO2) were
analyzed with a blood gas analyzer (Radiometer ABL 330, Copenhagen, Denmark).
hsCRP was assessed in duplicate (COBAS‐MIRA, Radiometer, Copenhagen) on a venous
blood sample, collected from all patients in the fasted state.
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Functional exercise capacity was measured with the six‐minute walking distance
(6MWD), performed according to published guidelines including a practice walk.13,14
Body composition was assessed by body mass index (BMI), calculated as body
weight/height2 and fat‐free mass index (FFMI), calculated as fat‐free mass/height2,15
the latter measured by bioelectrical impedance (Bodystat®, United Kingdom).
Self‐perceived dyspnea in relation to physical disability was assessed by using the
modified Medical Research Council (mMRC) dyspnea scale.16
The updated BODE index and the ADO index are predictors of 3‐year mortality in
patients with COPD. The updated BODE index is based on scores on BMI, FEV1, mMRC
dyspnea scale, and 6MWD.8 The ADO index is based on age, FEV1 and mMRC dyspnea
scale. A higher score means a worse prognosis.8
All statistics were performed using Statistical Package for the Social Sciences (SPSS)
version 17.0. Results are expressed as mean ± standard deviation unless indicated
otherwise. Independent samples Student’s t‐test was used to investigate differences in
clinical outcomes between patients with and without ischemic ECG. Differences
between COPD GOLD stages were investigated by one‐way analysis of variances, using
Fisher’s Least Significant Difference as post hoc test. Differences in the proportion of
patients with ischemic ECG between different GOLD stages were assessed using Chi‐
square test. Relationship between ischemic ECG and functional outcome parameters
adjusted for FEV1 has been assessed by performing logistic regression analysis with the
presence or absence of ischemic ECG and FEV1 as predictors and functional outcome
parameters as dependent variables. All dependent variables were entered as
continuous variables by forced entry method. Collinearity analysis of the variables
“ischemic ECG” and “FEV1” revealed a Variance Inflation Factor (VIF) <10, indicating
absence of collinearity. A p value <0.05 was considered significant. For planned
stratification and comparison to a population study,10 age was divided into two
categories, containing most patients: 55‐64 and 65‐74 years. Other age‐groups were
not calculated because of small numbers of subjects and misbalance in sex.

RESULTS
Baseline characteristics of 536 elderly patients with moderate to very severe COPD are
shown in Table 5.2. On average, patients had a normal body composition, an impaired
functional exercise performance and experienced moderate to severe dyspnea during
daily life. Almost one‐third of the patients had a hsCRP >10 mmol/l, a quarter were
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current smokers, 42% had one or more self‐reported comorbidities and more than half
of the patients was on one or more cardiovascular drugs.
Frequencies of different ECG changes are listed in Table 6.1. In total 21% of patients
had an ischemic ECG. The proportion of patients with ischemic ECG was similar after
stratification for GOLD stages: 23 of 124 patients (19%) in GOLD stage 1/2; 39 of
176 patients (22%) in GOLD stage 3; and 51 of 236 patients (22%) in GOLD stage 4. The
frequency of ischemic ECG tended to be higher in women but the difference is not
significant. (Table 5.3)
Table 5.2

Baseline characteristics in 536 patients with COPD entering pulmonary rehabilitation. Data are
expressed as mean ± standard deviation or number (percentage).

Men
Age (years)
2
Body Mass Index (kg/m )
2
Fat Free Mass Index (kg/m )
Packyears (years)
Current smokers
Long term oxygen therapy
Forced expiratory volume in the first second (% predicted)
Ratio Forced expiratory volume in the first second – Forced vital capacity (%)
Diffusion lung capacity for carbon monoxide (% predicted)
Six minute walking distance (meter)
Partial pressure of carbon dioxide paCO2 (kPa)
Partial pressure of oxygen paO2 (kPa)
high sensitive C‐reactive protein (mmol/l)
high sensitive C‐reactive protein <10 mmol/l
high sensitive C‐reactive protein ≥10 mmol/l
modified Medical Research Council dyspnea scale (points)
Charlson comorbidity index (points)
≥ 2 points on Charlson comorbidity index
Any cardiovascular comorbidity
Use of cardiovascular medication

330
63.7
25.1
16.3
39.8
139
50
42.2
41.0
50.9
417
5.4
9.2
8.6
386
150
2.7
1.6
225
243
303

(62%)
± 9.4
± 5.1
± 2.3
± 19.6
(26%)
(9 %)
± 15.7
± 11.5
± 17.9
± 127
± 0.8
± 1.4
± 12.1
(72%)
(28%)
± 1.1
± 0.9
(42%)
(45%)
(57%)

The proportion of ischemic ECGs was higher in subjects with self‐reported
cardiovascular comorbidity. They had more frequently a major Q or QS pattern and a
LBBB. There were no differences in minor Q or QS patterns, ST‐segment or T‐wave
items. Also no differences were seen in other non‐ischemic ECG items in subjects with
and without reported cardiovascular comorbidity, except for atrial fibrillation which
was (if reported) included as a cardiovascular comorbidity. (Supplemental Table S5.1)
Patients with ischemic ECG had higher scores on the Charlson comorbidity index and its
cardiovascular parts, had more frequently hypertension and atrial fibrillation and were
more frequently treated for coronary disease or abdominal aortic aneurysm. (Table 5.3)
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The proportion of patients with ischemic ECG was similar after stratification for age in
groups 55 to 65 and 65 to 75 years of age. Within both age groups the frequency of
ischemic ECG tended to be higher in women, but did not reach statistical significance.
(Figure 5.1)
Table 5.3

Characteristics and clinical outcomes of patients with and without ischemic ECG. Data are
expressed as mean ± SD or number (percentage).

Age (years)
Men
2
Body mass index (kg/m )
2
Fat free mass index (kg/m )
Packyears (years)
Current smoker
Long term oxygen therapy
Forced expiratory volume in 1 second (% predicted)
Ratio Forced expiratory volume in 1 second – Forced vital capacity (%)
Diffusion lung capacity for carbon monoxide (% predicted)
Six minute walking distance (meter)
Six minute walking distance < 350m
Partial pressure of carbon dioxide ‐ paCO2 (kPa)
Partial pressure of oxygen ‐ paO2 (kPa)
High sensitive C‐reactive protein (mmol/L)
High sensitive C‐reactive protein <10 mmol/L
High sensitive C‐reactive protein ≥10 mmol/L
Modified Medical Research Council dyspnea scale (points)
Updated BODE index (points)
ADO index (points)
Charlson comorbidity index (points)
Charlson comorbidity index ≥2
Myocardial infarction
Cerebrovascular disease
Chronic heart failure
Peripheral arterial disease
Operated abdominal aortic aneurysm
Invasively treated coronary disease *
Angina pectoris
Treated hypertension
Atrial fibrillation or other arrhythmia
Any cardiovascular comorbidity
Use of cardiovascular medication

ECG without
ischemic
changes
n=423
63.3 ± 9.3
269 (64%)
25.0 ± 5.1
16.3 ± 2.3
40.3 ± 19.9
116 (27%)
41 (10%)
42.6 ± 15.9
41.2 ± 11.4
50.6 ± 17.5
425 ± 126
109 (26%)
5.4 ± 0.8
9.3 ± 1.4
7.9 ± 10.7
314 (74%)
109 (26%)
2.6 ± 1.1
4.5 ± 3.4
4.8 ± 1.7
1.5 ± 0.8
165 (39%)
28 (7%)
24 (6%)
15 (4%)
40 (10%)
10 (2%)
34 (8%)
18 (4%)
51 (12%)
47 (10%)
172 (41%)
219 (52%)

Ischemic
ECG
n=113
64.9 ± 9.5
61 (54%)
25.3 ± 5.1
16.3 ± 2.2
38.1 ± 18.5
23 (20%)
9 (8%)
40.8 ± 15.2
40.4 ± 11.7
52.3 ± 19.3
387 ± 126
40 (35%)
5.5 ±0.9
9.2 ± 1.4
11.2 ± 16.2
72 (64%)
41 (36%)
2.9 ± 1.1
5.3 ± 3.7
5.2 ± 1.7
1.8 ± 0.9
60 (53%)
25 (22%)
14 (12%)
13 (12%)
16 (14%)
8 (7%)
25 (22%)
6 (5%)
22 (20 %)
21 (19%)
71 (63%)
84 (74%)

p‐value

0.120
0.062
0.610
0.980
0.280
0.038
0.575
0.300
0.540
0.800
0.004
0.042
0.340
0.960
0.010
0.027
0.032
0.033
0.029
0.002
0.007
<0.001
0.012
0.001
0.147
0.013
<0.001
0.630
0.041
0.034
<0.001
<0.001

* Percutaneous transluminal coronary angioplasty (PTCA) or coronary artery bypass grafting (CABG)

Age, body composition, pack years, the degree of airflow obstruction, the degree of
impairment of diffusion capacity, and blood gases were comparable between patients
with and without ischemic ECG. On the contrary, patients with ischemic ECG had higher
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hsCRP levels, worse dyspnea grading and a worse functional exercise performance.
(Table 5.3) Indeed, the mean 38m difference in 6MWD between patients with and
without ischemic ECG clearly exceeded the minimal clinically important difference of
25m.17 Moreover, scores on the updated BODE and ADO index were significantly higher
in patients with ischemic ECG compared to those without ischemic ECG. (Figure 5.2)

Ischemic-like ECG
(% patients)

30

20

10

0

Women

Men

55 to 64 years of age

62

65 to 74 years of age

6

6

5

5

4

4

3

Normal

Ischemic Normal

Ischemic

ADO index (points)

Figure 5.2

Men

Patients with ischemic ECG stratified for age and gender:
Age 55‐65: (left bars) n=189, 96 female (grey bar), 93 male (white bar), respectively 26% and
16% ‐ p=0.095; age 65‐75:(right bars) n=185, 50 female (grey bar), 133 male (white bar),
respectively 28% and 18% ‐ p=0.139; Other age categories are not studied because of small
numbers.

Updated BODE (points)

Figure 5.1

Women

3

Difference in updated BODE index and ADO regarding the presence of ischemic ECG
(mean ± SEM):
Updated BODE index (left bars) and ADO index (right bars) for patients without (grey bars) and
with (white bars) ischemic‐like ECG changes. p=0.033 for updated BODE index and p=0.029 for
ADO index.
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In a logistic regression model adjusting for FEV1, impaired 6MWD, hsCRP and higher
scores on Charlson’s comorbidity index remain significantly associated with the
presence of ischemic ECG. On the contrary, dyspnea, and the updated BODE and ADO
indices (both including FEV1), are not associated with the presence of ischemic ECG.
(Table 5.4)
Table 5.4

Relationship between ischemic ECG and functional outcome after adjusting for FEV1 in a logistic
regression analysis.

Six minute walking distance
Modified Medical Research Council dyspnea scale
High sensitive C‐reactive protein
Charlson comorbidity index
Updated BODE index
ADO index

β
‐0.106
0.75
0.112
0.141
0.68
0.069

t‐test
‐2.7
1.891
2.597
3.288
1.866
1.941

p‐value
0.007
0.093
0.010
0.001
0.063
0.053

In patients with ischemic ECG, there was no difference in updated BODE index (5.4±3.6
vs. 5.3±3.8; p=0.892) or ADO index (4.9±1.9 vs. 5.4±1.6; p=0.152) regarding respectively
the absence or presence of known cardiovascular disease.
Use of pulmonary medication was similar between both groups, except for short acting
anticholinergics who were more frequently used in the group of patients with ischemic
ECG. (Supplemental Table S5.2) To evaluate potential bias on the interpretation of
ischemia on ECG, we analyzed the frequency of right bundle branch block (RBBB) and
left axis deviation in patients with and without ischemic ECG and found that it was
similar. (Supplemental Table S5.3) Moreover, neither the presence of RBBB or left axis
deviation seems to be associated with worse functional outcome, although those
patients were older. (Supplemental Table S5.4) The presence of atrioventricular
conductance defect, the presence of atrial fibrillation or flutter and the presence of
high R wave amplitude, which may be a sign of ventricular hypertrophy, is significant
more prevalent in subjects with ischemic ECG. (Supplemental Table S5.3)
Also digitalis may complicate the interpretation of ischemia on ECG. In total 22 subjects
used digitalis, of which 13 had an ischemic ECG (13 of 113 patients with ischemic ECG
vs. 9 of 423 subjects without ischemic ECG; p<0.001). Two had LBBB, 6 had T‐wave
items and 5 had ST‐depression items.

DISCUSSION
Main findings of the current study was that ischemic ECG was present in 21% of all
patients with COPD and in 14% of COPD patients without reported cardiovascular
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comorbidities. In addition, patients with ischemic ECG had a different clinical
phenotype (worse dyspnea grading, worse exercise performance, more systemic
inflammation, more comorbidities) and higher scores on predictors of impaired survival
in COPD (updated BODE index and ADO index) compared to COPD patients without
ischemic ECG. This while there were no differences in the degree of airflow limitation,
diffusion capacity, hypoxemia, age or body composition. Moreover, the presence of
ischemic ECG in patients with COPD predicts ‐ independently from airflow limitation ‐
impaired exercise performance, higher systemic inflammation and more comorbidities.
Q‐wave patterns, ST‐ and T‐ wave changes and left bundle branch block are often seen
as indications of silent myocardial ischemia and have been studied earlier. The results
from different studies are quite consistent, in that ischemia‐like ECG changes are
associated with an approximately two‐fold increased risk of dying of coronary heart
disease.10,18‐20 While there is a steep increase with age in the frequency of ischemic ECG
in general population,10 this was not seen in the present study. This could possibly be
influenced by impaired survival in patients with ischemic heart disease who have
concomitant COPD. Likewise, it was recently shown that increased arteriovascular
events in patients with COPD were highest in the youngest age‐groups.21 As in general
population10 there is a tendency to a higher frequency of ischemic ECG in women.
In this study, worse exercise capacity and worse dyspnea were observed in patients
with ischemic ECG. The difference in exercise capacity remained after correction for the
degree of airflow limitation. Exercise capacity has been shown to predict cardiovascular
and total mortality.22 In patients with COPD a 6MWD less than 350 meter is associated
with increased overall mortality.23 In addition, both 6MWD and higher degree of
dyspnea are better predictors for mortality than FEV1 in patients with COPD.24,25 The
exact mechanism for impaired exercise capacity and worse dyspnea in patients with
COPD is not fully understood and appears to be multifactorial.26
Among other contributors as skeletal muscle dysfunction27 and dynamic
hyperinflation,28 it is likely that ischemic heart disease contributes importantly to these
issues in patients with COPD. The presence of ischemic ECG was associated with the
most validated predictors of mortality in patients with COPD: the updated BODE and
ADO index.8 Since we found no difference in age, body composition and airflow
obstruction, the association was mainly based on exercise capacity and dyspnea grade.
It has been shown earlier that the presence of cardiac injury on ECG is associated with
low‐grade systemic inflammation in patients with COPD.5 The latter condition plays an
important role in the pathogenesis of atherosclerosis.29 We confirmed significant higher
systemic inflammation in patients with ischemic ECG, even after adjustment for FEV1.
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This emphasizes the importance of systemic inflammation in the development of
ischemic heart disease in subjects with COPD.
Almost half of patients in this study had cardiovascular comorbidity and more than half
used cardiovascular medication, increasing to almost two on three and three on four
patients respectively if ischemic ECG was present. Importantly, on the other hand,
more than one on three patients with ischemic ECG was not known with cardiovascular
disease. Since additional investigations were not performed, the presence of overt
cardiovascular disease cannot conclusively be confirmed in these patients. This could
be subject of future studies. It has been shown that cardiovascular disease is under
diagnosed in patients with COPD.6 Remarkably, also in patients without ischemic ECG,
cardiovascular comorbidity (41%) and medication use (52%) was prevalent.
Almost 90% of patients used long acting beta‐agonists and 85% inhaled corticosteroids.
The only difference we found in the use of pulmonary medication between patients
with and without ischemic ECG was in the use of short‐acting anticholinergics. We
suppose this difference is due to the physician’s choice not to treat patients with heart
disease with short acting beta‐agonists as rescue medication.
Interestingly, we found that subjects with ischemic ECG were less frequent current
smokers. We believe that the diagnosis of heart disease in those subjects has a stronger
impact to convince to quit smoking than the diagnosis of COPD.
This study has limitations. First, no healthy control group was included, so the
frequency of ischemic ECG in COPD cannot be compared to healthy peers. Secondly,
since this is a sample of patients with important disability, entering pulmonary
rehabilitation, these findings can possibly not be generalized to the whole population of
patients with COPD. Nevertheless the importance of this study is to elucidate the
different factors determining disability in patients with COPD. Third, ECG was only
performed at rest which is inferior to ECG during exercise for detecting ischemic ECG
signs. Fourth, the selected ECG changes in this study may have low specificity to
ischemic heart disease. Also, there are factors confounding the interpretation of the
ECG for ischemia, e.g. positional Q waves in the inferior leads in case of hyperinflation
and the use of digoxin. Finally, RBBB has been associated with advanced COPD. The
presence of RBBB possibly complicates the analysis of the ST‐segment. Also left axis
deviation may have an impact on Q wave morphology. Since the frequency of these
ECG patterns in patients with and without ischemic ECG was similar, bias will be
minimal. Moreover, neither the presence of RBBB or left axis deviation seems to be
associated with worse functional outcome.
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SUPPLEMENTAL MATERIAL
Table S5.1

Frequency of ECG patterns according to the presence of cardiovascular disease. Data are
expressed as number (percentage).

ECG pattern

Minnesota
code

Ischemic patterns
Major Q or QS pattern
Minor Q or QS pattern
ST junction (J) and segment
depression
T‐wave items
Left bundle branch block
Ischemia
Non‐ischemic patterns
Right Bundle Branch Block
Atrium fibrillation or flutter
Atrial‐ventricular conduction defect,
grade 1
Left axis deviation
High amplitude R waves

Table S5.2

No reported
Reported
p‐value
cardiovascular cardiovascular
disease
disease
(n=293)
(n=243)

1.1
1.2 + 1.3
4.1 + 4.2

23 (4.3%)
15 (2.8%)
19 (3.5%)

7 (2.4%)
6 (2.0%)
6 (2.0%)

16 (6.6%)
9 (3.7%)
13 (5.4%)

0.017
0.247
0.040

5.1‐5.3
7.1
All above

47 (8.8%)
11 (2.1%)
113 (21%)

20 (6.8%)
2 (0.7%)
42 (14.3%)

27 (11.1%)
9 (3.7%)
71 (29.2%)

0.081
0.014
<0.001

7.2
8.3
6.3

35 (6.5%)
13 (2.4%)
5 (0.9%)

21 (7.2%)
0 (0%)
2 (0.7%)

14 (5.8%)
13 (5.3%)
3 (1.2%)

0.512
<0.001
0.508

2.1
3.1 + 3.2

52 (9.7%)
8 (1.5%)

25 (8.5%)
4 (1.4%)

27 (9.9%)
4 (1.6%)

0.315
0.789

Proportion of patients using pulmonary drug regarding the presence of ischemic ECG. Data are
expressed as number (percentage).

Short‐acting beta‐agonists
Long‐acting beta‐agonists
Short‐acting anticholinergics
Long‐acting anticholinergics
Inhaled corticosteroids
Oral corticosteroids
Theophylline
Antileukotrienes
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All (n=536)

ECG without ischemic changes
(n=423)
255 (60%)
373 (88%)
178 (42%)
258 (61%)
360 (85%)
87 (21%)
75 (18%)
15 (4%)

ischemic ECG
(n=113)
65 (58%)
101 (89%)
62 (52%)
63 (56%)
96 (85%)
31 (27%)
27 (24%)
2 (2%)

p‐value
0.595
0.723
0.015
0.313
0.968
0.118
0.138
0.338
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Table S5.3

Frequency of non‐ischemic ECG patterns in patients with and without ischemic ECG. Data are
expressed as number (percentage).

Right bundle branch block
Atrium fibrillation or flutter
Atrial‐Ventricular conduction defect, grade 1
Left axis deviation
High R wave amplitude

Table S5.4

ECG without ischemic changes
(n=423)
29 (6.9%)
6 (1.4%)
0 (0%)
45 (10.6%)
4 (1.0%)

Ischemic ECG
(n=113)
6 (5.3%)
7 (6.2%)
5 (4.4%)
7 (6.2%)
4 (3.5%)

p‐value
0.555
0.003
0.001
0.156
0.043

Functional outcome in patients with and without right bundle branch block (up) and left axis
deviation (down). Data are expressed as mean ± SD.

Modified Medical Research Council dyspnea scale (points)
Updated BODE index (points)
ADO index (points)
Forced expiratory volume in 1 second (% predicted)
Packyears (years)
Six minute walking distance (meter)
Partial pressure of oxygen ‐ paO2 (kPa)
Age (years)
2
Body mass index (kg/m )

Modified Medical Research Council dyspnea scale (points)
Updated BODE index (points)
ADO index (points)
Forced expiratory volume in 1 second (% predicted)
Packyears (years)
Six minute walking distance (meter)
Partial pressure of oxygen ‐ paO2 (kPa)
Age (years)
2
Body mass index (kg/m )

Patients without
Patients with
p‐value
right bundle
right bundle
branch block
branch block
n=501
n=35
2.7 ± 1.1
2.5 ± 1.3
0.340
4.7 ± 3.4
5.2 ± 4.1
0.410
4.9 ± 1.7
5.2 ± 1.7
0.260
42.4 ± 15.9
38.6 ± 11.9
0.170
40.0 ± 19.8
38.2 ± 15.8
0.600
419 ± 126
394 ± 143
0.280
9.3 ± 1.4
8.9 ± 1.2
0.090
63.4 ± 9.4
66.9 ± 9.0
0.037
25.0 ± 5.1
26.1 ± 5.2
0.215
Patients without Patients with left p‐value
left axis deviation axis deviation
n=484
n=52
2.7 ± 1.1
2.7 ± 1.2
0.990
4.7 ± 3.5
4.6 ± 3.6
0.860
4.9 ± 1.8
5.2 ± 1.5
0.190
42.0 ± 15.7
44.7 ± 15.8
0.220
39.5 ± 19.4
43.3 ± 20.7
0.180
418 ± 128
404 ± 119
0.420
9.3 ± 1.4
9.0 ± 1.2
0.180
63.2 ± 9.4
67.6 ± 8.6
0.001
25.0 ± 5.1
25.2 ± 4.9
0.788
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ABSTRACT
Rationale
Comorbidities contribute to disease severity and mortality in patients with COPD. Comorbidities
have been studied individually and were mostly based on self‐reports. The co‐existence of
objectively identified comorbidities and the role of low‐grade systemic inflammation in the
pathophysiology of COPD remains to be elucidated.
Objectives
To cluster 13 clinically important objectively identified comorbidities, and to characterize the
comorbidity clusters in terms of clinical outcomes and systemic inflammation.
Methods
213 COPD patients (FEV1: 51±17 % predicted, men: 59 %, age: 64±7 years) were included
prospectively. Comorbidities were based on well‐known cut‐offs identified in the peer‐reviewed
English literature. Systemic inflammatory biomarkers were determined in all patients. Self‐
organizing maps were used to generate comorbidity clusters.
Measurements and main results
97.7% of all patients had ≥1 comorbidities and 53.5% had ≥4 comorbidities. Five comorbidity
clusters were identified: “Less comorbidity”; “Cardiovascular”; “Cachectic”; “Metabolic”; and
“Psychological”. Comorbidity clusters differed in health status but were comparable with respect
to disease severity. An increased inflammatory state was observed only for TNF‐receptors in the
“metabolic” cluster (geometric mean (lower and upper limit): sTNFR1: 2377 (1850, 3055) pgs/ml,
confidence: 98.5%; sTNFR2: 4080 (3115, 5344) pgs/ml, confidence: 98.8%) and only for IL‐6 in the
“cardiovascular” cluster (IL‐6: 3.4 (1.8, 6.6) pgs/ml, confidence: 99.8%).
Conclusion
Multimorbidity is common in patients with COPD, and different comorbidity clusters can be
identified. Low‐grade systemic inflammation is mostly comparable among comorbidity clusters.
Increasing knowledge on the interactions between comorbidities will increase the understanding
of their development and contribute to strategies for prevention or improved treatment.
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INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is a major global health concern, causing
considerable morbidity and mortality around the world. Although defined by the
presence of chronic airflow limitation, COPD is nowadays considered a complex,
heterogeneous and multi‐component condition.1 It is increasingly recognized that the
presence of other chronic conditions (comorbidities) such as cardiovascular disease,
depression, osteoporosis, anemia and diabetes substantially contributes to the severity
of the disease.2 Comorbidities not only affect symptom burden, functional performance
and health status in patients with COPD3, but also the risk of hospitalization4 and
mortality.4,5
To date, most studies on the impact of comorbidities in COPD used data on self‐
reported concurrent chronic conditions. This may limit the internal validity of these
studies.4‐13 Indeed, self‐reported data are most probably underestimating the true
prevalence of comorbidities in COPD.14 Moreover, most comorbidities have been
studied separately, while the majority of elderly have two or more chronic
morbidities.15 Overlap in self‐reported comorbidities has been shown in primary care
COPD patients.11 Although some associations between objectively identified
comorbidities, such as vascular stiffness and osteoporosis,16 have been studied, it is
currently unknown whether and to what extent comorbidities cluster in COPD. Also, it
remains unclear whether or not patients with different comorbidity profiles differ in
disease severity, pharmacological treatment or other relevant clinical outcomes.
Persistent low‐grade systemic inflammation may be the link between COPD and
comorbidities.17 Simultaneously elevated inflammatory markers have been associated
with an increased risk of comorbidities.18 However, the ECLIPSE study reported that
chronic systemic inflammation is a feature in only a small proportion of the COPD
patients.19 Intriguingly, the risk of chronic systemic inflammation was not increased in
patients with self‐reported cardiovascular comorbidity, while older age and obese BMI,
among other factors, were associated with this feature. These observations shed new
light on the role of chronic inflammation in the development of comorbidities in COPD
and on the possible etiology of systemic inflammation in COPD.
Therefore, the present study investigated the frequency of 13 clinically relevant and
objectively identified comorbidities as well as the clustering of these comorbidities in a
well‐characterized cohort of COPD patients. In addition, potential differences in disease
severity and clinical characteristics, inflammatory status and current pharmacologic
treatment between comorbidity clusters were explored.

73

Chapter 6

Some of the results of this study have been previously reported in the form of an
abstract.20

METHODS
Please see supplemental material for details and references.
STUDY DESIGN AND PATIENTS
The current analysis was based on data collected as part of the CIRO CO‐morbidity
(CIROCO) study, an observational single‐center study. All subjects provided written
informed consent and the study was approved by the local ethics and review boards
(MEC 10‐3‐067). Patients with moderate to very severe COPD (Global Initiative for
Obstructive Lung Disease [GOLD] grades 2 to 4)2, aged 40 to 80 years and in a clinically
stable state were prospectively recruited between November 2007 and November
2010 during the initial evaluation of a comprehensive pulmonary rehabilitation
program at CIRO+.21 Patients with a history of asthma, alpha‐1 antitrypsin deficiency,
any previous lung surgery, active inflammatory disease, acute myocardial infarction
within the last 6 months, any known bone disease other than osteoporosis, current or
recently (i.e. <5 years prior to the study) treated malignant disease or high dose
systemic glucocorticosteroids (i.e. >10 mg prednisolone) use were excluded from the
study.
ASSESSMENTS
At study entry, patients’ demographics, smoking status, medications and long‐term
oxygen use were documented. In addition, the following assessments were performed:
lung function: post‐bronchodilator spirometry, static lung volumes and carbon
monoxide diffusion capacity (DLCO); body composition: body mass index (BMI), fat free
mass index (FFMI) and bone mineral density (BMD) at the hip, lumbar spine and whole‐
body using dual energy absorptiometry (DEXA) scan; vascular status: carotid intima‐
media thickness (c‐IMT), cardiac infarction injury score (CIIS) based on a resting 12‐lead
ECG and peripheral blood pressure; functional exercise capacity: six minute walk
distance (6MWD); dyspnea: modified Medical Research Questionnaire (mMRC);
psychological and health status: Hospital Anxiety and Depression Scale (HADS) and St.
George’s Respiratory Questionnaire (SGRQ). For evaluation of the generalizability of the
results, the (age‐adjusted) Charlson comorbidity index was assessed to compare to
existing patient cohorts. Venous blood was obtained in fasting state for assessment of
hematology, chemistry and inflammatory status (leukocytes, C‐reactive protein [CRP],
soluble tumor necrosis factor‐α receptors 1 and 2 [sTNFR1, sTNFR2], interleukins 6
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[IL‐6] and 8 [IL‐8]). Finally, updated‐BODE and Framingham risk scores were calculated
as prognostic markers.
DEFINITIONS OF COMORBIDITIES
Thirteen comorbidities were identified in all patients based on pre‐defined cut‐offs as
suggested by relevant international societies (for references: see supplemental
material): chronic kidney disease (estimated glomerular filtration rate (eGFR)
<60 ml/min); anemia (hemoglobin level <8.1 mmol/l in men and <7.5 mmol/l in
women; hypertension (systolic blood pressure >140 mm Hg or diastolic pressure >90
mm Hg); obesity (BMI ≥30 kg/m2); underweight (BMI <21 kg/m2); muscle wasting (FFMI
<16 kg/m2 for men or <15 kg/m2 for women); hyperglycemia (fasting glucose level
above 5.6 mmol/l; dyslipidemia (triglyceride level >1.7 mmol/l or HDL cholesterol level
<1.03 mmol/l in men or <1.29 mmol/l in women); osteoporosis (T‐score <‐2.5);
symptoms of anxiety and depression (HADS score ≥10 points); atherosclerosis
(c‐IMT >0.9 mm) and myocardial infarction (CIIS ≥20).
STATISTICS
All statistical analyses were performed using Viscovery Profiler 5.3 by Viscovery
Software GmbH, (www.viscovery.net). Self‐organizing maps (SOMs, also referred to as
Kohonen maps) were used to create an ordered representation of the comorbidity
data. The SOM method can be viewed as a non‐parametric regression technique that
converts multi‐dimensional data spaces into lower dimensional abstractions. A SOM
generates a non‐linear representation of the data distribution and allows the user to
identify homogenous data groups visually.
Patients have been ordered by their overall similarity concerning their present
comorbidities and also the degree of its presence given by parameters the
comorbidities are calculated from. Based on the created SOM model, clusters have
been generated using the SOM‐Ward Cluster algorithm of Viscovery, a hybrid algorithm
that applies the classical hierarchical method of Ward on top of the SOM topology.
Summary variables on comorbidities and clinical characteristics for the study sample
and for each cluster are presented as mean ± standard deviation for quantitative
variables, and percentage for discrete variables. Data of the inflammatory markers
were log‐transformed to mitigate the effects of extreme values. Here, summary
variables are presented as geometric mean with lower and upper limit. Viscovery
automatically identified for each cluster the comorbidities, clinical characteristics as
well as the inflammatory markers that differ significantly from the average of the whole
study sample of 213 patients using the integrated two‐sided T‐test with a confidence of
95%.
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RESULTS
GENERAL PATIENT CHARACTERISTICS
Of 255 patients prospectively recruited from patients admitted to CIRO, 42 were
ineligible. The final study population consisted of 213 patients with moderate to severe
COPD, substantial smoking history, moderately impaired diffusion capacity and
increased static lung volumes (Table 6.1). In 30 patients, data on one of the selected
comorbidities was missing; 13 patients lacked acceptable quality c‐IMT measurement,
6 did not fill out the HADS and 11 lacked an acceptable ECG, impeding to determine the
CIIS. Data on the self‐reported (age‐adjusted) Charlson comorbidity index are in the
supplemental material (Supplemental Table S6.1).
Table 6.1

Patients characteristics
All subjects
n=213

Age, years
Male, %
2
BMI, kg/m
2
FFMI, kg/m
mMRC dyspnea grade
Current smoker, %
Packyears
Long‐term oxygen therapy, %
FEV1, liters
FEV1, % predicted
FEV1/FVC
ITGV, % predicted
DLCO, % predicted
6MWD, meters
SGRQ, total score
Updated BODE score
Framingham 10‐year risk %

63.6 ± 7.0
59
26.2 ± 5.1
17.0 ± 2.4
2.1 ± 1.09
28
46 ± 26
17
1.40 ± 0.54
51.2 ± 16.9
0.40 ± 0.11
148 ± 33
56 ± 17
470 ± 106
51.3 ± 17.5
2.9 ± 2.5
9.4 ± 6.7

Summary variables are presented as mean ± standard deviation for quantitative variables, and percentage for
discrete variables. BMI: body mass index; FFMI: fat free mass index; mMRC: Modified Medical Research
Council; 6MWD: Six minute walking distance; FEV1: Forced expiratory volume in the first second; ITGV:
Intrathoracic gas volume; DLCO: Diffusion factor for carbon monoxide; SGRQ: St.‐George’s Respiratory
Questionnaire, BODE index: Based on BMI, Obstruction (FEV1), Dyspnea, Exercise (6MWD).

FREQUENCY OF OBJECTIVELY IDENTIFIED COMORBIDITIES
All comorbidities were present in the COPD population, although the frequencies
ranged from 5 to 54% (Figure 6.1). Hyperglycemia, atherosclerosis, hypertension,
dyslipidemia and osteoporosis were the five most prevalent comorbidities.
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Figure 6.1

Frequencies of objectively identified comorbidities.

NUMBER OF COMORBIDITIES
Almost all subjects (97.7%) had one or more comorbidities and more than half of the
patients had at least four comorbidities (Figure 6.2). The frequencies of different
individual comorbidities in patients with each of the 13 specific comorbidities are
shown in Figure 6.3. For example, muscle wasting and osteoporosis were highly
prevalent in underweight patients, while they were almost absent in obesity.

Figure 6.2

Number of objectively identified comorbidities.
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Figure 6.3

The frequencies of objectively identified comorbidities in COPD patients with each of the 13
selected specific comorbidities.

COMORBIDITY CLUSTERS
Five clusters with a significantly different comorbidity profile were identified (Figure
6.4; Table 6.2). Cluster 1 (“less comorbidity cluster”) had significantly less comorbidities
compared to the other clusters. Cluster 2 (“cardiovascular cluster”) had a significantly
higher prevalence of hypertension and atherosclerosis compared to the other clusters.
On the other hand, dyslipidemia, hyperglycemia, underweight and muscle wasting were
less prevalent compared to the other clusters. Cluster 3 (“cachectic cluster”) had a
higher prevalence of underweight, muscle wasting, osteoporosis and renal impairment,
while obesity and atherosclerosis were less often identified. This cluster 3 had a high
number of comorbidities. Cluster 4 (“metabolic cluster”) also had a higher number of
comorbidities. This cluster contained more patients with obesity, atherosclerosis,
dyslipidemia, hyperglycemia and hypertension, but less patients with anxiety,
underweight, muscle wasting and osteoporosis. Finally, cluster 5 (“psychological
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cluster”) had the highest proportion of patients with psychological disorders: anxiety
and depression, but also the highest prevalence of myocardial infarction. A detailed
description of the five clusters is presented in Table 6.2.

Table 6.2

Detailed description of the five clusters in terms of the number of comorbidities and the
prevalence of each comorbidity.

Comorbidities
n
Number of Comorbidities
Renal Impairment, %
Anemia, %
Hypertension, %
Obesity, %
Underweight, %
Muscle Wasting, %
Hyperglycemia, %
Dyslipidemia, %
Osteoporosis, %
Anxiety, %
Depression, %
Atherosclerosis, %
Myocardial Infarction, %

CLUSTER 1
CLUSTER 2
‘less comorbidity’ ‘cardiovascular’
67
2.5 ± 1.4
16
9
3
30
0
12
52
42
27
5
6
56
2

49
3.8 ± 1.7
24
4
98
14
0
10
41
16
37
28
23
67
11

CLUSTER 3
‘cachectic’

CLUSTER 4
‘metabolic’

CLUSTER 5
‘psychologic’

44
4.2 ± 1.4
45
2
43
0
66
98
43
25
52
26
7
12
7

33
4.4 ± 1.1
9
3
100
61
3
0
91
67
0
0
6
81
13

20
4.1 ± 1.8
5
5
5
15
0
20
60
40
35
84
68
53
32

Summary variables are presented as mean ± standard deviation for quantitative variables, and percentage for
discrete variables. Light grey: less prevalent compared to the whole study sample (95% confidence interval);
dark grey: more prevalent compared to the whole study sample (95% confidence interval).

DIFFERENCES IN PATIENT CHARACTERISTICS BETWEEN CLUSTERS OF COMORBIDITY
FEV1 (% predicted), smoking history, functional exercise capacity, long‐term oxygen use
and updated BODE scores were not different between the comorbidity clusters
(Table 6.3).
Then again, patients in cluster 1 (“less comorbidity cluster”) had a lower mean age, a
higher mean diffusion capacity and a better mean health related quality of life.
Moreover, a higher proportion of patients used cholesterol lowering drugs, anti‐
aggregates or oral anti‐diabetics (Supplemental Table S6.2). Cluster 2 (“cardiovascular
cluster”) included older patients who were less frequently active smokers but with a
worse quality of life and a higher predicted cardiovascular risk according to the
Framingham risk score. Cluster 3 (“cachectic cluster”) had a higher proportion of
women and active smokers. In addition, patients in this cluster had on average more
static hyperinflation and lower diffusion capacity. Surprisingly they also had on average
a lower dyspnea score, a better health‐related quality of life and a lower cardiovascular
risk prediction score. In line with this, a lower proportion of patients used angiotensin
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converting enzyme inhibitors or angiotensin receptor blockers (ACE/ARB), any other
antihypertensive therapy or cholesterol lowering drugs in this cluster. Patients in
cluster 4 (“metabolic cluster”) were more frequently male, had less static hyperinflation
and had on average a higher cardiovascular risk prediction score. Also, the proportion
of patients using LABA/ICS inhalers or short acting rescue medication was lower in this
cluster (Supplemental Table S6.3). Patients in cluster 5 (“psychological cluster”)
reported on average more dyspnea and a worse health‐related quality of life. Patients
in this cluster more frequently used benzodiazepines and nitrates, as also short acting
“rescue” bronchodilators.

Figure 6.4
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The Viscovery program placed all subjects on a specific position on the map based on their
profile of comorbidities. The more subjects resemble in terms of their comorbidity the closer
they are on the map. Contrarily the more they do differ the further they are away from each
other. When looking at a comorbidity, subjects “raise a red flag” if the comorbidity is present
and “a blue one” when absent. In this way the maps can be interpreted. By drawing lines on the
map, the Viscovery program could identify five different clusters of COPD patients with a
significant different profile of comorbidities. (95% confidence interval)
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Table 6.3

Clinical characteristics of the subjects in the five clusters.

Clinical characteristics
n
Age, years
Male, %
mMRC dyspnea grade
Current smoker, %
Packyears
LTOT, %
6MWD, meter
FEV1, % predicted
ITGV, % predicted
DLCO, % predicted
SGRQ Total score
SGRQ symptoms, score
SGRQ activity, score
SGRQ impact, score
Updated BODE score
Framingham 10 year risk(%)

CLUSTER 1
CLUSTER 2
‘less comorbidity’ ‘cardiovascular’
67
62.1 ± 6.8
60
1.99 ± 1.01
30
44 ± 20
13
474 ± 102
52.7 ± 17.4
143 ± 33
60 ± 16
47.6 ± 15.3
49.1 ± 18.1
68.3 ± 20.2
36.3 ± 17.9
2.4 ± 2.6
8.6 ± 6.6

49
67.2 ± 5.8
65
2.29 ± 1.21
16
45 ± 26
18
446 ± 133
50.9 ± 17.7
148 ± 29
57 ± 18
56.5 ± 17.2
58.8 ± 20.7
70.2 ± 22.0
43.6 ± 21.2
3.4 ± 3.3
11.5 ± 6.6

CLUSTER 3
‘cachectic’

CLUSTER 4
‘metabolic’

CLUSTER 5
‘psychologic’

44
62.5 ± 7.2
43
1.73 ± 0.9
45
49 ± 30
18
496 ± 101
48.3 ± 16.3
166 ± 34
44 ± 13
45.8 ± 19.4
55.5 ± 23.1
60.4 ± 24.9
35.1 ± 21.5
3.0 ± 1.8
7.6 ± 6

33
63.1 ± 7.3
79
2.12 ± 1.11
15
51 ± 34
15
473 ± 91
54.2 ± 16
134 ± 33
60 ± 14
49.9 ± 16.1
52.8 ± 20.2
66.4± 20.5
39.6 ± 18.1
2.6 ± 2.3
11.9 ± 7.3

20
62.8 ± 6.8
45
2.84 ± 1.12
35
42 ± 16
25
459 ± 74
48.3 ± 15.4
146 ± 28
55 ± 14
65.9 ± 12.5
69.9 ± 14.4
83.5 ± 13.9
52.6 ± 16.6
3.1 ± 1.9
6.6 ± 4.5

Summary variables are presented as mean ± standard deviation for quantitative variables, and percentage for
discrete variables. Light grey: less prevalent compared to the whole study sample (95% confidence interval);
dark grey: more prevalent compared to the whole study sample (95% confidence interval). mMRC: Modified
Medical Research Council; LTOT: long term oxygen therapy; 6MWD: Six minute walking distance; FEV1: Forced
expiratory volume in the first second; ITGV: Intrathoracic gas volume; DLCO: Diffusion capacity for carbon
monoxide; SGRQ: St.‐George’s Respiratory Questionnaire, BODE: BMI, Obstruction (FEV1), Dyspnea, Exercise
(6MWD).

SYSTEMIC INFLAMMATION
Table 6.4 shows circulating levels of inflammatory markers in the five identified
clusters. Supplemental Figure S6.1 shows the data point distribution of all inflammatory
markers for each cluster. There were no significant differences in CRP, IL‐8 or
leukocytes between comorbidity clusters. sTNFR1 and sTNFR2 were significantly
increased in the “metabolic cluster”, compared to the whole COPD population. sTNFR1
was lower in the “cachectic cluster” and IL‐6 was increased in the “cardiovascular
cluster”.
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Table 6.4

Inflammatory markers among the five clusters.
CLUSTER 1
CLUSTER 2
‘less comorbidity’ ‘cardiovascular’

CRP, ngs/ml

CLUSTER 3
‘cachectic’

CLUSTER 4
‘metabolic’

CLUSTER 5
‘psychologic’

2286 (844, 6188) 3380 (947, 12062) 2005 (677, 5938) 3860 (1073, 13886) 2519 (767, 8283)

IL‐6, pgs/ml

2.4 (1.3, 4.3)

3.4 (1.8, 6.6)

2.2 (1.1, 4.7)

2.7 (1.6, 4.5)

2.2 (1.3, 3.6)

IL‐8, pgs/ml

12.3 (8.2, 18.6)

12.9 (9.3, 17.9)

12.1 (7.8, 18.7)

10.8 (7.6, 15.2)

11.1 (6.6, 18.7)

sTNFR1, pgs/ml

2013 (1508, 2689) 2229 (1513, 3285) 1896 (1434, 2505) 2377 (1850, 3055) 2133 (1685, 2699)

sTNFR2, pgs/ml

3417 (2454, 4758) 3698 (2399, 5701) 3302 (2478, 4401) 4080 (3115, 5344) 3419 (2675, 4371)

9

Leucocytes *10 /l

7.3 (5.6, 9.5)

7.1 (5.5, 9.4)

7.0 (5.3, 9.1)

7.2 (5.9, 8.7)

7.3 (6.0, 8.9)

Data were log‐transformed to mitigate the effects of extreme values. Summary variables are presented as
geometric mean (lower and upper limit). Light grey: less prevalent compared to the whole study sample (95%
confidence interval); dark grey: more prevalent compared to the whole study sample (95% confidence
interval).

DISCUSSION
In a cohort of moderate to very severe patients with COPD, five clusters of clinically
important and objectively diagnosed comorbidities were identified. While disease
severity was comparable between comorbidity clusters, they were markedly different
in terms of health status. Mostly, inflammatory markers were comparable between the
clusters. Although increased levels of TNF receptors were observed in the “metabolic
cluster” and increased levels of IL‐6 in the “cardiovascular” cluster.
Multiple studies have shown that comorbid chronic conditions occur more frequently in
patients with COPD than in non‐COPD subjects and contribute to adverse clinical
outcomes in these patients.1,4‐13 Moreover, the frequency of comorbidities was shown
to be independent of the degree of airflow limitation.1,8 In the present study,
comorbidity clusters also had similar degree of airflow limitation.
Previous studies used self‐reported comorbidities1,4‐13 or health‐care databases that
were not specifically designed to evaluate comorbidities.4,9,10,13 These methods most
probably underestimate the true prevalence of comorbidities in COPD. Here, thirteen
clinically relevant and well‐known comorbidities were diagnosed using pre‐defined
internationally accepted cut‐offs in a moderately‐sized, well‐characterized sample of
COPD patients. This study confirms the high frequency of individual comorbidities
reported previously.
In the general population, there is a growing public attention to the concept of
multimorbidity, since the presence of multiple chronic morbidities is associated with
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poor outcome and increased health care utilization.22 Only few studies have
investigated the co‐existence of two or more comorbidities in individuals with COPD.
For example, Siebeling and colleagues reported an overlap in (self‐reported) diabetes,
musculoskeletal conditions and cardiovascular disease in primary care COPD patients.11
The present study is the first to identify clusters of objectively identified comorbidities
in patients with COPD. The unbiased approach to identify these comorbidity clusters is
a major strength of the current analyses. Indeed, the use of self‐organizing maps may
be the most compact way to represent a data distribution, as data dependency can be
understood easily if one is familiar with the map visualization.
Cluster analyses have been used before in patients with COPD.23‐26 Only two studies24,25
used comorbidities in their cluster analyses, which also included all type of other clinical
characteristics. Both studies identified a comorbidity predominant subtype of patients
with milder respiratory status but a higher prevalence of obesity, cardiovascular disease
and diabetes. In the PAC‐COPD cohort, also higher levels of systemic inflammatory
markers were identified in that cluster.24 These clusters seem to resemble the
“metabolic” cluster in the present study.
In total, five distinct clusters were recognized based on the comorbidity profiles.
Patients in the “cachectic” cluster had a lower diffusion capacity and more static
hyperinflation compared to the other clusters, which probably is consistent with a
higher amount of emphysema. Previously, osteoporosis and renal impairment27,28 were
associated with emphysema, and osteoporosis was linked to muscle wasting.29 This
suggests that there may be a common pathophysiological pathway for the co‐
occurrence of these chronic conditions.
Contrary to the “cachectic cluster”, a “metabolic” cluster was identified. These patients
had less severe pulmonary impairment compared to the other clusters, but more
pronounced metabolic disorders and a low‐grade systemic inflammation. The
identification of these two distinct clusters is reminiscent of the historical description of
the pink puffer (emphysematous type with a “cachectic” impression) and the blue
bloater (chronic bronchitis type with a “metabolic” impression).30
Despite comparable increased cardiovascular risk according to the Framingham risk
score, the “cardiovascular” cluster, characterized by increased blood pressure and
(subclinical) atherosclerosis, was clearly different from the “metabolic” cluster. The
former cluster had significantly less obesity, dyslipidemia or hyperglycemia, and a
different inflammatory marker is increased. (IL‐6 in the “cardiovascular” cluster,
compared to TNF receptors in the “metabolic” cluster). This suggests that different
pathways may be involved in the development of cardiovascular comorbidity in COPD.
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A large subgroup of patients with significantly less comorbidity was clustered. These
patients were younger and a higher proportion was treated with oral antidiabetics and
cholesterol lowering drugs. This may partially explain why these patients had less
comorbidity.
The “psychologic” cluster, including a high proportion of patients with increased
symptoms of anxiety and depression, and ischemic heart injury, is considered an
important finding. Indeed, anxiety was reported to be the strongest independent
predictor of mortality in patients with COPD.5 The (unbiased) recognition of a
psychopathological cluster is consistent with growing literature as mental conditions
are recognized as a relevant factor of multimorbidity in the general population.31 The
high prevalence of anxiety and depression after myocardial infarction may explain the
high proportion of patients with ECG abnormalities in this cluster.32 Whether and to
what extent the higher prevalence of ECG abnormalities in anxious patients with COPD
may explain the worse prognosis in these patients remains currently unknown.
A direct link between (chronic low‐grade) systemic inflammation and comorbidities in
patients with COPD remains equivocal. For example, bivariate associations between
various systemic inflammatory biomarkers and pulmonary cachexia,33 subclinical
atherosclerosis,34 metabolic syndrome35 and ischemic heart disease have been reported
in patients with COPD.36 Moreover, CRP, fibrinogen and leucocyte count were
associated with increased risk of comorbidities in patients with COPD.18 Then again,
many studies showed comparable circulating levels of inflammatory biomarkers in
COPD patients with and without comorbidities, such as cachexia,37 osteoporosis,38
cardiovascular disease39 and depression.40 So, a causal relationship between low‐grade
systemic inflammation and comorbidities in COPD has not been proven yet. The current
findings also show that the possible interactions between biomarkers of systemic
inflammation and comorbidities in patients with COPD are very complex, if present at
all.
Chronic low‐grade systemic inflammation is a hallmark of obesity in the general
population,41 suggesting a systemic origin of inflammation. Increased levels of systemic
inflammation have also been reported in patients with COPD, in particular in obese
patients.19,42‐44 This may partially explain the low‐grade systemic inflammation in the
“metabolic” cluster, and its lesser presence in the “cachectic” cluster. Similarly, the
increased IL‐6 in the “cardiovascular” cluster might be due to the significant older age
in that cluster. Indeed, a wealth of data indicates that normal aging is associated with
low‐grade systemic inflammation, including IL‐6.45
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METHODOLOGICAL CONSIDERATIONS
The present study included GOLD grade 2 to 4 patients. Therefore, the current finding
should not be extrapolated to GOLD grade 1 patient subsets. Moreover, patients were
recruited in a tertiary care pulmonary rehabilitation setting, which may also limit the
external validity of the current findings. However, the following arguments do support
the generalizability of our findings to a broader population: The prevalence of
objectively identified renal impairment in our study was similar to results from COPD
patients attending the pulmonary medicine outpatient facilities of 15 centers located
throughout Italy.46 Furthermore, the Charlson comorbidity index score in the present
study (1.6±0.9 points; age‐adjusted: 3.5±1.3 points) was comparable to the PAC‐COPD
cohort (2.0±1.3 points),24 and the ESMI cohort (3.1±2.0 points), respectively.47
Furthermore, the prevalence of self‐reported cardiovascular comorbidities (as recorded
in the Charlson comorbidity index) in the present study was comparable to previous
studies.1,5,19 So, the prevalence of comorbidities in the present study seems comparable
with data obtained in the secondary outpatient care setting.
Another limitation considering comorbidities might be that patients with active
malignant diseases, active inflammatory diseases or recent myocardial infarction were
excluded from participation in the study as these patients are not suitable for
pulmonary rehabilitation.
Although, the elected biomarkers in the present study are well studied in COPD, it
should be mentioned that the concept of systemic inflammation is more complex than
that can be captured in a short series of biomarkers. The strength of measuring
comorbidities in an objective manner brings with it the limitation of having evaluated
only a limited number of comorbidities. Due to logistical constraints, chronic heart
failure, obstructive sleep apnea and degenerative joint disease were not assessed,
although it is known that these conditions are common in COPD.5 Also, it is desirable to
validate the current findings in an external replication cohort. In addition, it would be
interesting to evaluate clusters of comorbidities in subjects with another index disease
(for example diabetes mellitus) and in the general population. Furthermore the
longitudinal stability of comorbidity clusters and the prognostic outcome of the
different clusters are interesting future research questions.
This is the first study that objectively identified multiple comorbidities in a well‐
characterized cohort of patients with COPD. The self‐organizing maps are new in the
field of COPD research and provide easy‐to‐use graphs of the five independent
comorbidity clusters that were identified. The current findings will increase the
awareness amongst physicians that multiple comorbidities can be present in patients
with COPD. This will also enhance treatment strategies and facilitate the combination
of future treatment guidelines for different comorbidities. Interestingly, the degree of
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airflow limitation, exercise capacity and the score on the updated BODE index were
similar between the comorbidity clusters. This emphasizes the fact that comorbidities
are an additional clinical attribute in patients with COPD, which cannot be predicted by
the aforementioned clinical outcomes. In addition, low‐grade systemic inflammation
was mostly comparable among comorbidity clusters. This shows that the presumed
association between systemic inflammation and comorbidities in patients with COPD is
more complex than assumed at present.
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SUPPLEMENTAL MATERIAL
METHODS
Study design
This is a single center, observational study.
Subjects
Data were collected prospectively between November 2007 and November 2010
during the initial evaluation of a comprehensive pulmonary rehabilitation program at
CIRO+, a center of expertise for chronic organ failure in Horn, the Netherlands.1
Patients were referred by chest physicians of 9 hospitals in South East of the
Netherlands. Patients were eligible to participate when they fulfilled all inclusion
criteria: diagnosis of COPD GOLD grade 2 to 4;2 40 to 80 years of age; and a smoking
history of ≥10 pack years or relevant occupational exposure. Exclusion criteria were: a
history of asthma or any other significant respiratory disease; a diagnosis of alpha‐1
antitrypsin deficiency; any previous lung surgery; a history of rheumatoid arthritis or
any other significant inflammatory disease; acute myocardial infarction within the last 6
months; any known bone disease other than osteoporosis; current malignant disease
(except basal cell carcinoma of the skin) or a diagnosis of malignancy in the 5 years
prior to the first visit; an exacerbation requiring oral corticosteroid or hospitalization
during the 4 weeks prior to the first visit; long term systemic corticosteroid therapy
higher than 10 mg daily; inability to walk; any blood transfusion 4 weeks prior to the
first visit; blood donor in the last 3 months prior to the first visit; suspicion of alcohol or
drug abuse or any other condition associated with poor compliance in the investigator’s
opinion; and known infectious transmissible disease: Human Immune‐deficiency virus
(HIV), hepatitis B or C.
The institutional review board of Maastricht University Medical Centre (MUMC+) in
Maastricht (the Netherlands) approved the CIROCO study (MEC 10‐3‐067). All patients
gave written informed consent.
Participants demographics, smoking history and use of long‐term oxygen therapy were
recorded. Furthermore, patients’ current pharmacological treatment was documented.
ASSESSMENT
Pulmonary function
Lung function parameters (post‐bronchodilator forced expiratory volume in the first
second, FEV 1; and forced vital capacity, FVC) were collected using standardized
spirometry (MasterScreen® Body, Carefusion, Germany). Static lung volumes
(intrathoracic gas volume [ITGV]) and carbon monoxide transfer factor (DLCO, single
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breath hold method) were determined in all patients (MasterScreen® Body, Carefusion,
Germany).
Body composition analyses
Height was measured to the nearest 0.1 cm. Body weight was assessed by using an
electronic beam scale with digital readout to the nearest 0.1 kg after emptying the
bladder and with the subjects standing barefoot and wearing light indoor clothing. BMI
was calculated as body weight/height2. Fat free mass (FFM) has been assessed using an
overnight‐fasting bioelectrical impedance assessment (Bodystat®, United Kingdom). In
two patients FFM was measured with dual‐energy X‐ray Absorptiometry. Bioelectrical
impedance assessment was not possible due to total hip replacement (n=1) or presence
of iron after sternal surgery (n=1). FFM index (FFMI) was calculated as FFM in kilogram
divided by squared height in meters.3 Hip, lumbar spine and whole‐body bone mineral
density (BMD) were determined using a Dual‐energy X‐ray Absorptiometry (DEXA) scan
(Lunar Prodigy®, Ge‐Lunar).
Carotid intima media thickness
Carotid intima media thickness (c‐IMT) was assessed using high‐resolution B‐mode
ultrasound with a 10‐MHz linear transducer (Art.Lab Esaote Picus, Pie‐medical
Netherlands/Italie). The ultrasound device was connected to an acquisition modem
with an automatic boundary detection system (Art.Lab Esaote Picus). c‐IMT was thus
quantified semi automatically, reducing the interobserver variability.4 With the patient
in a supine position, measurements of the c‐IMT were performed throughout 10‐mm
segments across the far wall of the left and right common carotid arteries, at a point
most proximal to the carotid bifurcation free of visual plaques. The probe was moved
to obtain measurements of the common carotid artery at 4 angles on both sides (180°,
150°, 120°, and 90°). For each measured segment mean and maximum c‐IMT values
were acquired automatically throughout the 10‐mm vessel length. The average of
segmental maximum c‐IMT values was determined as c‐IMT per patient.
The Cardiac Infarction Injury Score (CIIS)
A resting ECG was obtained in all patients and CIIS was scored by a cardiologist (V.v.E.)
blinded for medical history and outcome measures. CIIS is an electrocardiographic
(ECG) classification system that was developed as a diagnostic tool to determine the
presence of myocardial infarctions. It is based on the power of certain electro‐
cardiographic characteristics to discriminate between myocardial infarction patients
and healthy individuals. These characteristics are weighted and combined into a single
score.5
Hemodynamics
Subjects were studied in early morning time by a trained medical technologist, blinded
for clinical outcomes. All tests were performed after 15 minutes in a resting supine
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position. A small head pillow was accepted. Peripheral blood pressure was measured
three times with interval of 5 minutes, after 15 minutes of supine rest in early morning
time. Mean values were calculated.
Exercise capacity
Functional exercise capacity was measured with the six‐minute walk distance (6MWD),
performed according to published guidelines including a practice walk. The best 6MWD
was used for further analyses.6
Dyspnea
Self‐perceived dyspnea in relation to physical disability has been assessed by using the
modified Medical Research Council (mMRC) dyspnea scale.7
Hospital Anxiety and Depression Scale (HADS)
Anxiety and depression have been assessed by using the Hospital Anxiety and
Depression Scale (HADS), a validated and reliable measurement instrument used widely
in medically ill patients to screen for clinically relevant symptoms of anxiety and/or
depression.8 The HADS is a self‐administered questionnaire, consisting of 14 questions.
The HADS is divided in an anxiety subscale (HADS‐A) and a depression subscale
(HADS‐D), both containing seven items. Total scores for each subscale can range from
0 (optimal) to 21 (worst) points.
Health status
To assess disease‐specific health status, the St. George Respiratory Questionnaire
(SGRQ) has been used.9 The SGRQ is a self‐administered questionnaire, designed for
measurement of health impairment in patients with COPD. The SGRQ consists of
50 items, divided in three domains (symptoms, activities and impact), providing three
domain scores. A total score is also provided. Scores can range from 0 (optimal) to
100 points (worst).
Laboratory analysis
A venous blood sample was collected from all patients in the fasted state. Serum
samples were stored at ‐80oC prior to their analysis. Hemoglobin, leukocytes, glucose,
creatinin, high density lipoprotein (HDL), and triglycerides were determined in all
subjects. Measurements of the inflammatory serum markers was carried out on the
MSD multiplex platform (Meso Scale Discovery, Gaithersburg, Maryland) using a
preformatted panel to measure C‐reactive protein (CRP) and validated, custom made
arrays to determine the levels of interleukin 6 and 8 (IL‐6, IL‐8) and soluble tumor
necrosis factor α receptors (sTNFR1 and sTNFR2).
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Updated BODE index
The updated BODE index is a predictor of 3‐year mortality in patients with COPD based
on scores on BMI, FEV1, MRC dyspnea scale, and 6MWD. The updated BODE index
grades from 0 to 15 points. A higher score means a worse prognosis.10
Framingham risk score
Framingham risk score is a sex‐specific scoring system that estimates the ten years risk
in percentage of coronary heart disease based on age, diabetes, smoking, blood
pressure, total and LDL cholesterol. It is validated for an age from 30 to 74 years.11
Selfreported comorbidity
In every patient the Charlson comorbidity index and the age‐adjusted Charlson
comorbidity index was calculated.12
DEFINITIONS OF COMORBIDITIES
COPD and grades of severity was classified according to the GOLD document.2
Renal function was established by the estimated glomerular filtration rate (eGFR), using
the Cockroft‐Gault formula.13 Chronic kidney disease was defined as eGFR <60 ml/min,
corresponding with stage 3 chronic kidney disease according to the the National Kidney
Foundation Kidney Disease Outcome Quality Initiative (NKF KDOQI) guidelines.14
Anemia was defined as hemoglobin level <13 g/dl (8,1 mmol/l) in men and <12 g/dl
(7,5 mmol/l) in women, according to the World Health Organization criteria.15
Hypertension grade 1 or higher is defined as a systolic blood pressure above 140 mm
Hg or diastolic pressure above 90 mm Hg, in line with the European Society of
Hypertension (ESH)/European Society of Cardiology (ESC) guidelines.16
BMI was categorized into underweight (<21 kg/m2), normal (21–24.9 kg/m2),
overweight (25–29.9 kg/m2) and obese (≥30 kg/m2). A BMI lower than 21 kg/m2 has
shown to be independently associated with one year mortality in COPD and was
included in the best validated clinical model to predict mortality in COPD, namely the
BODE index.17 Obese BMI was defined according to the WHO international classification
of BMI.18
Muscle wasting was defined as an FFMI <16 for men or <15 for women.19
Hyperglycemia was defined as fasting glucose level above 5.6 mmol/l according to the
American Diabetes Association.20
Dyslipidemia was defined as a triglyceride level above 1.7 mmol/l or a HDL cholesterol
level below 1.03 mmol/l in males or below 1.29 mmol/l in females.21
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Osteoporosis was defined by a T‐score of <‐2.5 on the local sites hip and lumbar spine
or on the whole body DEXA.22 In one patient with bilateral total hip replacement,
diagnosis was based on lumbar spine and whole body DXA. Five patients were too
obese for successful whole‐body DXA and diagnosis was based on hip and spine
measurements only.
Symptoms of anxiety and depression was defined as a score equal to or greater than
10 points by using the Hospital Anxiety and Depression Scale (HADS). This has been
defined as abnormally high and may indicate the presence of clinically relevant
symptoms of anxiety and/or depression.8
Atherosclerosis was defined as a c‐IMT >0.9 mm, which is according to the ESH/ESC
guidelines compatible with subclinical organ damage.16
Myocardial infarction was defined as a CIIS ≥20, which is compatible with 99%
specificity and 71% sensitivity to identify a previous myocardial infarction.5
STATISTICS
All statistical analyses were performed using Viscovery Profiler 5.3 by Viscovery
Software GmbH, (www.viscovery.net). Self‐organizing maps (SOMs, also referred to as
Kohonen maps) were used to create an ordered representation of the comorbidity
data. The SOM method can be viewed as a non‐parametric regression technique that
converts multi‐dimensional data spaces into lower dimensional abstractions. A SOM
generates a non‐linear representation of the data distribution and allows the user to
identify homogenous data groups visually.
Patients have been ordered by their overall similarity concerning their present
comorbidities and also the degree of its presence given by parameters the
comorbidities are calculated from. Based on the created SOM model, clusters have
been generated using the SOM‐Ward Cluster algorithm of Viscovery, a hybrid algorithm
that applies the classical hierarchical method of Ward on top of the SOM topology.
Summary variables on comorbidities and clinical characteristics for the study sample
and for each cluster are presented as mean ± standard deviation for quantitative
variables, and percentage for discrete variables. Data of the inflammatory markers
were log‐transformed to mitigate the effects of extreme values. Here, summary
variables are presented as geometric mean with lower and upper limit.
Viscovery automatically identified for each cluster the comorbidities, clinical
characteristics as well as the inflammatory markers that differ significantly from the
average of the whole study sample of 213 patients using the integrated two‐sided
T‐test with a confidence of 95%.
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Table S6.1

Selfreported comorbidity.
n=213
1.6 ± 0.9
3.5 ± 1.3
31.0
10.3
2.8
16.9
9.4
100. 0
5.6
0.5
5.6
0.9

Charlson comorbidity index
Combined age‐Charlson comorbidity index
Cardiovascular disease, %
Acute myocardial infarction, %
Chronic heart failure, %
Peripheral vascular disease, %
Cerebrovascular disease, %
COPD, %
Gastric‐duodenal ulcer, %
Liver disease, %
Diabetes, %
Renal disease, %

Summary variables are presented as mean ± standard deviation for quantitative variables, and percentage for
discrete variables. (Dementia, connective tissue disease, malignant diseases and AIDS are not mentioned as
these were exclusion criteria.)
Table S6.2

Non‐pulmonary medication use of subjects in the five clusters.

N
Antihypertensives, %
ACE or ARB, %
Beta‐blockers, %
Calcium blockers, %
Anti‐arrythmica, %
Nitrates, %
Diuretics, %
Cholesterol lowering drugs, %
Antiaggregants, %
Coumarins, %
Oral antidiabetics, %
Insulin, %
Calcium suppletion, %
Biphosphonates, %
Antidepressives, %
Benzodiazepines, %
Painkillers, %
Antacids, %
Other, %

CLUSTER 1
CLUSTER 2
‘less comorbidity’ ‘cardiovascular’
67
49
51
53
34
37
22
18
13
10
7
4
13
6
15
14
39
31
40
29
6
6
10
2
1
4
7
12
9
14
9
16
12
14
13
12
22
33
40
39

CLUSTER 3
‘cachectic’
44
27
14
14
11
2
7
11
14
23
9
5
0
11
9
9
25
14
23
48

CLUSTER 4 CLUSTER 5
‘metabolic’ ‘psychologic’
33
20
45
30
21
10
15
15
21
15
3
5
25
3
21
10
30
15
18
30
6
0
3
0
0
0
6
10
3
1
5
9
20
35
12
15
20
21
40
48
55

Summary variables are presented as percentage. Light grey: less prevalent compared to the whole study
sample (95% confidence interval); dark grey: more prevalent compared to the whole study sample (95%
confidence interval). ACE: angiotensin converting enzyme, ARB: angiotensin receptor blocker.
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Table S6.3

Pulmonary medication use of subjects in the five clusters.

n
SABA, %
SAMA, %
SABA/SAMA, %
LABA, %
LAMA, %
ICS, %
ICS/LABA, %
Theophyllin, %
Oral Corticosteroids, %
Antileukotrienes, %
Antihistamines, %
Nasal corticosteroids, %
Antibiotics, %
Mucolytics, %

CLUSTER 1
‘less comorbidity’
67
36
13
18
15
79
12
79
15
9
1
3
9
6
27

CLUSTER 2
‘cardiovascular’
49
24
14
16
18
73
10
80
18
8
0
4
4
6
35

CLUSTER 3
‘cachectic’
44
27
14
16
18
84
14
82
16
9
2
2
9
7
32

CLUSTER 4
‘metabolic’
33
24
0
24
30
85
18
61
6
9
6
0
6
3
21

CLUSTER 5
‘psychologic’
20
55
25
10
20
60
5
70
5
15
15
0
5
5
30

Summary variables are presented as percentage. Light grey: less prevalent compared to the whole study
sample (95% confidence interval); dark grey: more prevalent compared to the whole study sample (95%
confidence interval). SABA: short acting beta‐agonist, SAMA: short acting muscarin antagonist, LABA: long
acting beta‐agonist, LAMA: long acting muscarin antagonist, ICS: inhalation corticosteroid.
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Data point distribution of inflammatory markers for each cluster.
The median is shown with a red line and interquartile ranges with a blue line. A: CRP;
B: Leucocytes; C: IL‐6; D: IL‐8; E: sTNFR1; F: sTNFR2.
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ABSTRACT
Background
Cardiovascular risk assessment is important in the management of COPD. The value of
atherosclerosis‐related biomarkers to traditional cardiovascular risk factors in COPD is currently
unknown. Therefore we aimed to investigate the clinical determinants and the potential role of
biomarkers of carotid intima‐media thickness (c‐IMT) in COPD.
Methods
c‐IMT was cross‐sectional determined in 200 COPD patients (53% males, mean age: 63.6±7.0
years; mean FEV1% predicted: 51.0±16.8). Assessment of integrated health status was performed
in all patients as part of a pre‐pulmonary rehabilitation assessment. Thirty‐four different serum
biomarkers were determined in 171 COPD patients.
Results
Mean c‐IMT was 0.93±0.18 mm. Age, body mass index, mean blood pressure and FEV1
percentage predicted were independent clinical predictors of c‐IMT, explaining 31% of the
variance. A model of blood biomarkers (C‐reactive protein, serum amyloid A, triglycerides, fetuin
A, insulin growth factor binding protein 1, soluble intercellular adhesion molecule 1, soluble
vascular cell adhesion protein 1, osteoprotogerin, osteonectin, beta‐2 microglobulin, monocyte
chemo‐attractant protein 4) together explained 30% of the c‐IMT variance. Combining clinical
determinants and biomarkers in a multimarker approach had incremental value in predicting
c‐IMT (explained variance 38%). Biomarkers that were retained in the combined model with the
clinical variables were triglycerides, serum amyloid A, and osteonectin.
Conclusions
In addition to traditional risk factors and the degree of airflow limitation, a combination of blood
biomarkers provided additional value in the prediction of increased c‐IMT in COPD. Further
exploration of these biomarkers may contribute to a better identification and understanding of
cardiovascular risk in COPD patients.
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INTRODUCTION
Cardiovascular disease is now well recognized as a major comorbid complication in
patients with chronic obstructive pulmonary disease (COPD). It is associated with
increased health care utilization and mortality.1,2 Identification of patients at risk is
challenging, but seems important for integrated COPD care.
The development of ultrasound measurement of carotid wall intima‐media thickness
(c‐IMT) has greatly enhanced the ability to objectively identify the degree of
(subclinical) atherosclerosis. It has been validated as a marker of the progression of
atherosclerosis,3 and as a robust predictor of cardiovascular events.4 Increased c‐IMT
was reported in smokers with airflow limitation compared to smoking and non‐smoking
controls5 and was associated with increased total and cardiovascular mortality in
COPD.6
While traditional cardiovascular risk factors, including age, smoking, body mass index
(BMI) and blood pressure, have been associated with increased c‐IMT in smokers with
airflow limitation5, the pathophysiology of co‐occurring COPD and atherosclerosis
remains poorly understood. Although it is well‐established that atherosclerosis is
associated with the presence of a low‐grade systemic inflammatory state, traditional
biomarkers of inflammation in COPD lack sufficient disease specificity to identify
atherosclerotic artery disease.7 Previously, multiple biomarkers have been related to
different disease manifestations of atherosclerosis in different patient populations. For
example, pro‐inflammatory cytokines,8‐10 matrix metalloproteinases,11 adipokines,12
hepatokines,13 vascular adhesion molecules,14 regulators of fibrosis and fibrinolysis,15
the growth hormone – insulin growth factor axis,16 body iron,17 and bone markers18,19
have been reported to have, at least partly, their role in the atherosclerotic process.
However, the role of these biomarkers in the identification of the presence of
atherosclerosis in COPD has not been studied. In addition, due to the heterogeneous
nature of COPD and atherosclerosis, it can be hypothesized that a single biomarker may
not provide sufficient biological information. So, a combination of multiple biomarkers
may provide a more accurate identification. Also, it is unknown whether and to what
extent biomarkers additionally explain the variance in c‐IMT next to clinical
determinants.
The aims of the present study were to investigate 1. the clinical determinants of c‐IMT;
2. which combination of biomarkers can explain the c‐IMT variance; and 3. the
incremental value of biomarkers to the clinical determinants in predicting c‐IMT in
patients with COPD.
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METHODS
STUDY DESIGN AND SUBJECTS
The CIRO comorbidity (CIROCO) study (MEC 10‐3‐067) was a 2‐year prospective single‐
centre study. Patients with COPD were recruited at the start of a pulmonary
rehabilitation program at CIRO+.20 Study design, in‐ and exclusion criteria and details of
the assessments have been published.21
CAROTID INTIMA‐MEDIA THICKNESS
c‐IMT was assessed using high‐resolution B‐mode ultrasound with a 10‐MHz linear
transducer (Art.Lab Esaote Picus, Pie‐medical Netherlands/Italie). The ultrasound
device was connected to an acquisition modem with an automatic boundary detection
system (Art.Lab Esaote Picus). c‐IMT was thus quantified semi automatically, reducing
the interobserver variability. With the patient in a supine position, measurements of
c‐IMT were performed throughout 10‐mm segments across the far wall of the left and
right common carotid arteries, at a point most proximal to the carotid bifurcation free
of visual plaques. The probe was moved to obtain measurements of the common
carotid artery at 4 angles on both sides (180°, 150°, 120°, and 90°). For each measured
segment maximum c‐IMT values were acquired automatically throughout the 10‐mm
vessel length. The average of segmental maximum c‐IMT values was determined as
c‐IMT per patient. All measurements complied with consensus recommendations that
were recently proposed to standardize c‐IMT methods and to restrict variations in the
definition of c‐IMT, location of measurements, and technique used (manual or
semiautomatic edge‐detecting systems). 23
BIOMARKERS
A venous blood sample was collected from all patients in the fasted state. Serum
samples were stored at ‐80oC prior to their analysis. Measurement of leucocytes, high
density lipoprotein (HDL), low density lipoprotein (LDL), triglycerides and glucose were
determined in the CIRO+ laboratory (validated, custom made arrays). Thirty‐four
different biomarkers, identified in the English literature as being associated with
cardiovascular outcomes, were evaluated against c‐IMT.8‐12,14‐19,24‐30 (Figure 7.2)
Measurement of the inflammatory serum markers was carried out on multiplex
platforms (Meso Scale Discovery (Gaithersburg, Maryland) and Myriad RBM (Austin,
Texas)). If the level of a specific biomarker was below the detection threshold, the level
of the threshold was included for analysis.
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STATISTICS
Statistics were performed using SPSS version 22.0. Results are expressed as
mean ± standard deviation, or count with percentage. All biomarkers were log‐
transformed because the majority of biomarkers were not normally distributed. For
comparison, Chi square tests or independent samples Student’s t‐test were used where
applicable. Relationships between continuous variables were analysed using simple
and/or multivariate backward linear regression. The correlations between all variables
were examined to assess potential sources of multi‐collinearity. Assumptions, outliers
and residuals were checked for the multiple regression analysis. Correlations between
all variables were examined to assess potential sources of multi‐collinearity. A variance
inflation factor (VIF) less than 10 was set to determine multi‐collinearity. Cook’s
distance, Mahalanobis distance, DFBeta, and covariance ratio were used to examine
outliers and influential cases. With P‐P plots the normality of the residuals were
checked and with a scatterplot was the chance of heteroscedasticity within the data
was examined. A two‐sided p value of ≤0.05 was considered to be statistically
significant. For the backward regression a p value of 0.10 was used to exclude variables
from the model.

RESULTS
CHARACTERISTICS
Of 255 prospectively screened patients, 42 (16.5%) were ineligible (Figure 7.1). Thirteen
of the 213 eligible COPD patients (6.1%) were excluded because of unsuccessful c‐IMT
measurement. The final study sample consisted of 200 patients with moderate to
severe COPD, substantial smoking history, moderately impaired diffusion capacity, and
increased static lung volumes (Table 7.1). Thirty‐one percent of the patients
(61 subjects) had self‐reported cardiovascular comorbidity, and 28% used anti‐lipemics.
Table 7.1 summarizes the cardiovascular risk related and COPD specific characteristics
and Table 7.2 summarizes the cardiovascular comorbidity and medication use. In
29 subjects, ≥1 biomarker value was missing. These subjects were excluded for the
biomarker analysis.

103

Chapter 7

Figure 7.1

Study flow chart.

Table 7.1

Patients characteristics.
All subjects
n=200

Cardiovascular risk related variables
Age, years
Male, n (%)
Current smoker, n (%)
Packyears
Mean blood pressure, mmHg
2
Body mass index, kg/m
HDL, mmol/l
LDL, mmol/l
Glycemia, mmol/l
COPD specific variables
Long‐term oxygen therapy, n (%)
FEV1, liters
FEV1, % predicted
FEV1/FVC
RV, % predicted (n=199)
DLCO, % predicted (n=197)
PaCO2, kPa
PaO2, kPa
Resting O2 saturation, %
6MWD, meters
mMRC dypnea grade (n=199)
SGRQ, total score (n=187)

64 ± 7
105 (53)
56 (28)
47 ± 26
101 ± 12
26.2 ± 5.1
1.7 ± 0.5
3.0 ± 1.0
5.7 ± 0.9
33 (17)
1.40 ± 0.54
51.0 ± 16.8
0.40 ± 0.11
166 ± 48
55 ± 17
5.4 ± 0.6
9.4 ± 1.1
95 ± 1.9
472 ± 108
2.1 ± 1.1
51 ± 18

HDL: high‐density lipoprotein; LDL: low‐density lipoprotein; FFMI: fat free mass index; mMRC: modified
medical research council; 6MWD: six minute walking distance; FEV1: forced expiratory volume in the first
second; FVC: forced vital capacity; RV: residual volume; DLCO: diffusing capacity for carbon monoxide; SGRQ:
St. George’s Respiratory Questionnaire.
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Table 7.2

Comorbidities and cardiovascular medication use in the study sample.
COPD
n=200

Charlson comorbidity index
Myocardial infarction, n (%)
Heart failure, n (%)
Peripheral arterial disease, n (%)
Diabetes, n (%)
Cardiovascular medication use
ACE or ARB, n (%)
Beta‐blockers, n (%)
Calcium blockers, n (%)
Antiaggregants, n (%)
Antilipemics, n (%)
Antidiabetics, n (%)

21 (11)
6 (3.0)
32 (16)
10 (5.0)
56 (26.3)
35 (17.5)
26 (13.0)
59 (29.5)
57 (28.5)
9 (4.5)

CLINICAL DETERMINANTS OF C‐IMT IN COPD PATIENTS
In univariate linear regression, c‐IMT was positively associated with age, male gender,
mean blood pressure, BMI, diffusion capacity (DLCO), dyspnea grade and negatively
with the six‐minute walking distance. (Table 7.3)
Table 7.3

Univariate linear regression with c‐IMT as the dependent variable in patients with COPD.

Cardiovascular risk related variables
Age, years
Female gender
Current smoker, n (%)
Packyears
Peripheral mean blood pressure, mm Hg
2
Body mass index, kg/m
HDL, mmol/l
LDL, mmol/l
Glycemia, mmol/l
COPD specific variables
Long‐term oxygen therapy, n (%)
FEV1, % predicted
FEV1/FVC, %
RV, % predicted (n=199)
DLCO, % predicted (n=197)
PaCO2, kPa
PaO2, kPa
O2 saturation, %
6MWD, meter
mMRC, grade (n=199)
SGRQ, points (n=187)

r

p‐value

0.259
‐0.163
‐0.110
0.046
0.232
0.440
‐0.114
0.046
0.059

<0.001
0.021
0.122
0.520
0.001
<0.001
0.109
0.520
0.404

0.097
‐0.099
‐0.046
‐0.090
0.159
0.110
‐0.026
‐0.052
‐0.205
0.164
0.088

0.171
0.164
0.514
0.204
0.026
0.122
0.717
0.461
0.004
0.020
0.229

HDL: high‐density lipoprotein; LDL: low‐density lipoprotein; FEV1: forced expiratory volume in the first
second; FVC: forced vital capacity; RV: residual volume; DLCO: diffusing capacity for carbon monoxide;
6MWD: six minute walking distance; mMRC: modified medical research council; SGRQ: St. George’s
Respiratory Questionnaire.
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BMI, age and mean systemic blood pressure were still significant predictors in the
multivariate backward linear regression model that included all cardiovascular risk
related variables. (Supplemental Table S7.1, Model 1, Figure 7.2). This model explained
28% of the variance in c‐IMT.

Figure 7.2
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Clinical, biomarker and mixed models to predict c‐IMT in COPD.
BMI: body mass index; MBP: mean blood pressure; FEV1%: forced expiratory volume in the first
second as percentage of predicted; RV%: Residual volume as percentage of predicted; DLCO%:
Diffusion capacity for carbon monoxide as percentage of predicted; mMRC: modified medical
research council dyspnea grade; TG: triglycerides; CRP: C‐reactive protein; IL‐6: interleukin 6; IL‐
8: Interleukin 8; TNFR‐1: tumor necrosis factor receptor 1; TNFR‐2: tumor necrosis factor
receptor 2; IFNγ: interferon γ ; IGFBP‐1: insulin‐like growth factor‐binding protein 1; IGFBP‐2:
insulin‐like growth factor‐binding protein 2; IP‐10: interferon γ–inducible protein‐10; MCP‐1:
monocyte chemotactic protein‐1; MCP‐ 4: monocyte chemotactic protein‐4; ITAC: interferon γ ‐
Inducible T cell α chemoattractant; OCL: osteocalcin; ONN: osteonectin; OPN: osteopontin;
OPG: osteoprotogerin; SAA: serum amyloid A; sICAM‐1: soluble intercellular adhesion molecule
1; sVCAM‐1: soluble vascular cell adhesion protein 1; TARC: thymus and activation‐regulated
chemokine; VEGF: vascular endothelial growth factor; APN: adiponectin; B2M: beta‐2
microglobulin; IL2Rα: interleukin‐2 receptor alpha; MMP‐3: matrix metalloproteinase 3; matrix
metalloproteinase 9; MMP‐9; PAI‐1: plasminogen activator Inhibitor 1; TIMP‐1: tissue inhibitor
of metalloproteinases 1.
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In the model based on solely COPD specific variables, the degree of airflow obstruction
(FEV1% predicted), the degree of static hyperinflation (residual volume (RV) %
predicted), diffusion capacity (DLCO % predicted) and dyspnea grade (mMRC dyspnea
score) were significantly contributing to an 11% explained variance of c‐IMT
(Supplemental Table S7.2, Model 2, Figure 7.2).
In a combined model, age, BMI, mean blood pressure and FEV1% predicted explained
31% of the variance in c‐IMT. (Supplemental Table S7.3, Model 3, Figure 7.2). Of notice,
FEV1% predicted is a predictor in the multivariate, but not in the univariate model. The
inverse association between BMI and FEV1% (r2=0.021; p=0.02) might partly explain
this.
A MULTI‐BIOMARKER MODEL TO PREDICT c‐IMT IN COPD PATIENTS
A biomarker‐only backward linear regression model including all biomarkers was done.
(Supplemental Table S7.4, model 4, Figure 7.2) The combination of C‐reactive protein,
serum amyloid A, triglycerides, fetuin A, insulin growth factor binding protein 1, soluble
intercellular adhesion molecule 1 (sICAM‐1), Soluble vascular cell adhesion protein 1
(sVCAM‐1), osteoprotogerin, osteonectin, beta‐2 microglobulin and monocyte chemo‐
attractant protein 4 together explained 30% of the variance in c‐IMT.
THE COMBINATION OF BLOOD BIOMARKERS AND CLINICAL VARIABLES TO PREDICT
c‐IMT IN COPD PATIENTS
A multivariate backward linear regression model (Supplemental Table S7.5, model 5,
Figure 7.2) with the significant clinical variables of model 3 and the significant
biomarkers of model 4 was done. Age, BMI, mean blood pressure and FEV1% remained
in the model, together with the following biomarkers: serum amyloid A, osteonectin
and triglycerides. The combination of biomarkers and clinical variables explained 38%
of the variance in c‐IMT, which is 7% more compared to the clinical variable model 2
and 8% more than the multiple biomarker model 3.
Only the log tumor necrosis factor receptor 1 and 2 were highly correlated and had a
VIF between 5 and 10 in the analyses. Analyses with only log tumor necrosis factor
receptor 1 or log tumor necrosis factor receptor 2 did not change the final model. There
were a few outliers in the model based on Mahalanobis distance and covariance ratio.
These outliers were assumed to have a low influence because none of the cases had a
Cook’s distance higher than 1. Further were all DFbeta’s lower than 1. There were no
major violations of the normality of the residuals based on the visual examination of
the P‐P plots or heteroscedasticity based on the visual examination of the standardized
residuals plotted against the standardized predicted value.
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DISCUSSION
This study showed that c‐IMT, a robust estimate of atherosclerotic disease, is partially
determined by age, BMI, mean blood pressure and the degree of airflow limitation in
patients with COPD. Moreover, a combination of atherosclerosis‐related blood
biomarkers could equally explain the c‐IMT variance. Finally, combining clinical
determinants and biomarkers in a multimarker approach had incremental value in
predicting c‐IMT.
The present study confirms that cardiovascular risk attributes are mainly similar to
what is known from the general population.32 Indeed higher age, higher BMI and higher
mean blood pressure are also in the present study determinants of c‐IMT. Low‐density
lipoprotein (LDL) cholesterol was not associated with c‐IMT in the present study. The
accumulation of LDL cholesterol in the subendothelial matrix of the artery wall is
however a key pathological process in atherosclerosis. A possible explanation for the
absent correlation is the large proportion of subjects that used anti‐lipemics,
specifically aimed at reducing LDL cholesterol.33
Reduced pulmonary function has been previously identified as a predictor of worse
cardiovascular outcome.34,35 Similar to Iwamoto et al.,5 the degree of airflow limitation
(FEV1%), was identified as an independent predictor of c‐IMT in the present study.
However, Iwamoto et al. analyzed subjects with and without airflow limitation
together, which limits the interpretation of the results.
We evaluated 34 blood biomarkers that have been previously associated with different
disease expressions of atherosclerosis in different patient populations. When
evaluating the predictive value of the combination of these biomarkers, 11 biomarkers
independently contributed to the model. With 30% of the variance in c‐IMT explained,
these biomarkers equaled the 31% that could be explained by analyzing the clinical
variables only. Since, these 11 markers are independently from each other contributing
to the model, it is interesting to discuss them separately.
The presence in the model of some of the more robust inflammatory markers in
atherosclerosis, like C‐reactive protein and serum amyloid A might not surprise as these
have been consistently related to atherosclerotic disease expressions or cardiovascular
events.9,27,36,37 It is also well known that leucocyte chemotaxis plays an important role in
the progression of atherosclerosis.38 Here, the CC chemokine monocyte chemo‐
attractant protein 4, independently contributed to the model. The recruitment of
inflammatory cells from the circulation and their transendothelial migration and this
process is predominantly mediated by cellular adhesion molecules like sICAM‐1 and
sVCAM‐1. Expression of sVCAM‐1 has been consistently observed in atherosclerotic
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plaques and is dedicated a predictive role in patients at high risk or with overt coronary
artery disease.14 Next, the growth hormone – insulin growth factor axis has been
generally accepted to have its role in the development of atherosclerosis and insulin
growth factor binding protein has previously been associated with c‐IMT in Japanese
men.16 Triglycerides are not directly atherogenic but represent an important biomarker
of cardiovascular risk.39 Although the adipokines leptin and adiponectin did not
contribute to the biomarker model, the hepatokine fetuin A did. In analogy with
dysregulated adipose tissue, steatotic and inflamed liver produces a variety of proteins,
referred to as hepatokines.40 fetuin A has been proven to have a major pathogenetic
role in metabolic diseases. It has been associated with type 2 diabetes41,42 and
cardiovascular disease risk13 and its important role in the pathogenesis of insulin
resistance, endothelial dysfunction and inflammation.43,44 Fetuin A has been positively
associated with c‐IMT in hypertensive patients, independently of oxidative stress and
renal function.45 Many of the bone regulatory proteins, such as osteoprotogerin and
osteonectin have been shown to be present in atherosclerotic plaques in vitro and
seem to be expressed by vascular cells in vivo as well.18 Osteoprotogerin levels have
been consistently associated with the incidence and prevalence of coronary artery
disease.19 Also osteonectin has been associated with coronary artery disease.26 The role
of markers involved in bone metabolism in atherosclerosis in COPD patients is
intriguing, since osteoporosis is a highly prevalent comorbidity.46 Free beta‐2
microglobulin circulates in the blood as a result of shedding from cell surfaces, or
intracellular release. Serum beta‐2 microglobulin levels are increased in patients with
peripheral arterial disease and independently correlated with disease severity.28 In
addition, beta‐2 microglobulin levels have been associated with c‐IMT.47
While ten different biomarkers had individual additional value to the biomarker‐only
model, only a minority of the studied biomarkers had added value over age, BMI, mean
blood pressure and the degree of airflow obstruction. Namely the inflammatory marker
serum amyloid A, the bone marker osteonectin, and triglycerides.
This study showed that clinical variables – most importantly age and BMI – are more
robust predictors of c‐IMT than most of the biomarkers in the biomarker model. Hence,
these variables might partly explain why these biomarkers were associated with
atherosclerosis. Indeed, ageing has an important impact on humans cellular and organ
systems and the inflammatory response to various triggers may contribute to age‐
associated morbidity later in life. Adipose tissue on the other hand, indirectly measured
with BMI, is now considered an active metabolic organ that releases a large number of
cytokines and bioactive mediators, including adipokines (such as leptin and
adiponectin), proinflammatory cytokines (such as C‐reactive protein) that together
might lead to increased oxidative stress and endothelial dysfunction, finally promoting
atherosclerosis. 48
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Clinical variables and blood biomarkers had a similar potential to explain the c‐IMT
variance. The combination of blood biomarkers and clinical variables considerably
increased the explained variance. A panel of multiple biomarkers in combination with
clinical markers might be the way to move forward in cardiovascular risk classification.
In this study, the multimarker approach could explain 38% of the variance in c‐IMT.
Besides the biological variability in c‐IMT, other factors (e.g. physical inactivity,
environmental exposures other than smoking history, or nutritional history) may also
have contributed to the variance in c‐IMT. Moreover, although multiple biomarkers
have been studied here, we recognize that this might still not provide a comprehensive
reflection of the atherosclerotic process.
This study has limitations. The present study included GOLD grade 2–4 patients with
multiple comorbidities and on multiple drug treatments.21 Pharmacological treatment
may interfere with the serum levels of biomarkers. Secondly, we evaluated biomarkers
of atherosclerotic disease against another surrogate of the same disease, c‐IMT.
However, c‐IMT provides important advantages as the presence and the degree of
subclinical atherosclerosis can be objectively measured. Third, the data of the present
study may have limited external validity towards the general COPD population, since all
participants were recruited at the start of a comprehensive pulmonary rehabilitation
program.
In conclusion, this study showed that c‐IMT is determined by age, BMI, mean blood
pressure and the degree of airflow limitation. A combination of multiple biomarkers
could partly explain the c‐IMT variance but only a minority of the individual biomarkers
had additional value to the predictive value of clinical determinants. A panel of multiple
biomarkers in combination with clinical markers might be the way to move forward in
cardiovascular risk classification in patients with COPD. On the one hand these findings
illustrate the complexity of cardiovascular comorbidity in patients with COPD. On the
other hand this study might have identified biomarkers of interest for further
prospective exploration of the cardiovascular risk assessment in patients with COPD.
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SUPPLEMENTAL MATERIAL
Table S7.1

Model 1: Multivariate backward linear regression with c‐IMT as the dependent variable
including cardiovascular risk variables from Table 7.3.
Multivariate backward linear regression with c‐IMT as the dependent variable:
2
Model R 28%
n=200

Age, years
Peripheral mean blood pressure, mm Hg
2
Body mass index, kg/m

Table S7.2

Beta
0.235
0.140
0.422

t‐test
3.8
2.3
6.9

p‐value
<0.001
0.025
<0.001

Model 2: Multivariate backward linear regression with c‐IMT as the dependent variable
including COPD specific variables from Table 7.3.

Multivariate backward linear regression with c‐IMT as the dependent variable:
2
Model R : 11%
n=200
Beta
t
p‐value
FEV1 % predicted
‐0.231
‐2.536
0.012
RV % predicted
‐0.237
‐2.810
0.005
DLCO % predicted
0.213
3.013
0.003
mMRC dyspnea score
0.164
2.213
0.028
FEV1: forced expiratory volume in the first second; RV: residual volume, DLCO: diffusion capacity for carbon
monoxide; mMRC: modified medical research council.

Table S7.3

Model 3: Multivariate backward linear regression with c‐IMT as the dependent variable
including the significant variables from model 1 and 2.

Multivariate backward linear regression with c‐IMT as the dependent variable:
2
Model R 31%
n=200
Beta
t‐test
Age, years
0.232
3.8
Peripheral mean blood pressure, mm Hg
0.142
2.3
2
0.452
7.4
Body mass index, kg/m
‐0.176
‐2.9
FEV1, % predicted
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p‐value
<0.001
0.020
<0.001
0.004
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Table S7.4

Model 4: Multivariate backward linear regression with c‐IMT as the dependent variable
including all biomarkers.

Multivariate backward linear regression with c‐IMT as the dependent variable:
2
Model R 30%
n=171
Dependent variable = c‐IMT
Beta
t‐test
Log C‐reactive protein
0.244
2.511
Log serum amyloid A
‐0.218
‐2.783
Log triglycerides
0.181
2.623
Log fetuin A
‐0.143
‐2.015
Log insulin growth factor binding protein 1
‐0.268
‐3.711
Log beta‐2 microglobulin
0.173
2.157
Log soluble intercellular adhesion molecule 1
‐0.275
‐2.689
Log soluble vascular cell adhesion protein 1
0.325
3.124
Log osteonectin
0.129
1.784
Log osteoprotogerin
0.142
1.873
Log monocyte chemo‐attractant protein 4
0.148
2.108

Table S7.5

p‐value
0.013
0.006
0.010
0.046
<0.001
0.033
0.008
0.002
0.076
0.063
0.037

Model 5: Multivariate backward linear regression with c‐IMT as the dependent variable
including the independent clinical predictors from model 3 and the independent biomarker
predictors from model 4.

Multivariate backward linear regression with c‐IMT as the dependent variable:
2
Model R 38%
n=171
Beta
t‐test
Age, years
0.283
4.388
2
Body mass index, kg/m
0.451
6.804
Peripheral mean blood pressure, mm Hg
0.163
2.530
‐0.201
‐3.091
FEV1, % predicted
Log Ɛerum amyloid A
‐0.143
‐2.145
Log osteonectin
0.171
2.734
Log triglycerides
0.111
1.698

p‐value
<0.001
<0.001
0.012
0.002
0.033
0.007
0.091
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ABSTRACT
Background
Clear evidence for an association between systemic inflammation and increased arterial stiffness
in patients with chronic obstructive pulmonary disease (COPD) is lacking. Moreover, the effects
of pulmonary rehabilitation on arterial stiffness are not well studied.
Aims
We aimed to 1) confirm increased arterial stiffness in COPD; 2) evaluate its correlates including
systemic inflammation; and 3) study whether or not it is influenced by pulmonary rehabilitation.
Methods
Aortic pulse‐wave velocity (APWV) was determined in 168 healthy volunteers, and APWV and
inflammatory markers were determined in 162 COPD patients during baseline evaluation of a
pulmonary rehabilitation program. A complete post‐pulmonary rehabilitation dataset was
collected in 129 patients.
Results
It was found that APWV was increased in COPD patients when compared with controls, blood
pressure and age predicted baseline APWV, and systemic inflammatory markers were not
independently related to APWV. Although baseline APWV was predictive for the change in APWV
after pulmonary rehabilitation (r=‐0.77), on average APWV did not change (10.7±2.7 versus
10.9±2.5 m/s; p=0.339).
Conclusions
Arterial stiffness in COPD is not related to systemic inflammation and does not respond to state‐
of‐the art pulmonary rehabilitation. These results emphasize the complexity of cardiovascular risk
and its management in COPD.
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INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is considered a complex and
heterogeneous condition affecting multiple organ systems.1 Indeed, cardiovascular
disease is a major cause of death in COPD.2,3 Persistent low‐grade systemic
inflammation has been suggested as the pathophysiological link between both
diseases,4 but evidence is lacking.
Aortic pulse wave velocity (APWV), considered to be the gold standard for measuring
central arterial stiffness,5 is an independent predictor of cardiovascular events and
mortality6 and is increased in patients with COPD.7,8 Arterial stiffness has been
positively associated with levels of different systemic inflammatory markers in healthy
individuals9 and different patient populations.10,11 One COPD study showed weak
correlations with interleukin (IL)‐6 and soluble tumor necrosis factor receptor 1
(sTNFR1), but not with sTNFR2.7
Exercise‐based pulmonary rehabilitation (PR) seems to have a beneficial effect on
arterial stiffness in patients with COPD.12,13 However, these results need to be
confirmed in larger samples.
We sought to confirm increased arterial stiffness in patients with COPD referred for PR
and to evaluate its determinants, including systemic inflammation. Moreover, we
aimed to prospectively study the impact of a state‐of‐the‐art PR program on APWV and
other functional vascular outcomes.

METHODS
STUDY DESIGN AND PATIENTS
The CIRO comorbidity (CIROCO) study (approved by the local ethics and review boards
(MEC 10‐3‐067)) was a 2‐year prospective single‐center study. Patients with COPD were
recruited at the start of PR at CIRO+ (Center of Expertise for Chronic Organ Failure,
Horn, the Netherlands). Study design, inclusion and exclusion criteria and details of the
assessments have been published.14 Briefly, in addition to comprehensive pre‐ and
post‐PR clinical assessment, patient’s hemodynamic status was assessed: blood
pressure, pulse pressure, pulse wave analysis and APWV (SphygmoCor; AtCor Medical,
Sydney, Australia). APWV was measured by recording ECG‐gated carotid and femoral
artery waveforms. The Sphygmocor system software assured the quality of the pulse
wave measurement. A detailed screen showed 10 seconds of recorded and analyzed
waveforms, which can be examined to assess overall consistency of the waveforms. In
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addition, a detailed report helped to interpret the consistency of the waveforms during
the 10 seconds measurement. A measurement was only retained when it met the
predefined quality thresholds. After marking the exact location, measurements were
repeated three times to secure reproducibility. A measurement was accepted when it
was reproducible three times with minimal variation, as judged by the biomedical
technologist. The retained APWV measurement was the mean of the three
measurements.
Shortest distances from manubrium to the marked location on the femoral artery (via
the navel) were measured. Wave transit time was calculated by the system software,
using the R‐wave of the simultaneously recording ECG as a reference frame. APWV was
determined by dividing the distance between the two recording sites by the wave
transit time. For baseline comparison, healthy never, former and current‐healthy
elderly smokers without airflow limitation underwent lung function tests and
hemodynamic assessments as part of the ICE‐AGEING (Individualized COPD Evaluation
in relation to AGEing) study (MEC 10‐3‐033).
PR PROGRAM
CIRO+ provides a state‐of‐the‐art interdisciplinary PR program for patients with COPD
consisting of 40 sessions, in line with the latest official American Thoracic Society and
European Respiratory Society statement on PR. 15 During the baseline assessment a
careful characterization of the extrapulmonary features and comorbidities of patients
with COPD were performed, which determined the application of various treatments:
physical exercise training, occupational therapy, dietary counseling, psychosocial
counseling, education and exacerbation management. Physical exercise training was
the cornerstone of the program, consisting of exercises to strengthen groups of muscle
in the upper and lower extremities, treadmill walking and stationary cycling. All
exercises were performed at moderate to high intensity to obtain an overload stimulus.
Moreover, the training intensity increased during the rehabilitation period, based on
dyspnea and fatigue symptom scores. All patients underwent flexibility exercises,
general physical exercise for lower and upper extremities, and daily supervised 30‐min
outdoor walks.
STATISTICAL ANALYSIS
Statistics were performed using SPSS version 19.0 (SPSS Inc., Chicago, IL, USA). Results
are expressed as mean ± standard deviation or count (%). For comparison, Chi‐squared
tests, independent samples t‐test, paired t‐test or ANOVA were used where applicable.
Relationships between continuous variables were analysed using simple and/or
multivariate linear regression. Figure 8.1 was obtained using SAS version 9.1 (SAS
Institute Inc., Cary, NC, USA). More precisely, a model was constructed for change in
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APWV including the covariates: sex, age, body mass index (BMI), mean blood pressure,
and APWV at baseline. Only fixed effects were used, as baseline APWV was included as
a covariate and only two time‐points were observed. Males aged 60 years with a BMI of
25 kg/m2, mean blood pressure of 100 mmHg, and a baseline APWV level of 10 m/s
were the reference group. All p‐values <0.05 were considered statistically significant.

Figure 8.1

Covariate adjusted change in APWV after PR in function of baseline APWV level.
Change in APWV is adjusted for age, mean blood pressure, gender and BMI. a) shows the
distribution of the change in APWV after PR. b) shows the change in APWV after PR in function
of the baseline APWV level for men (black circles) and women (red circles). (Correlation:
r=‐0.773, p<0.001).

RESULTS
SUBJECTS
Of 255 prospectively recruited patients, 42 (16.5%) were ineligible (Supplemental
Figure S8.1). 51 (23.9%) of the 213 eligible COPD patients were excluded because of
unsuccessful APWV measurements at baseline. Patients with unsuccessful APWV
measurements had a significantly higher BMI, fat‐free mass index (FFMI), triglycerides,
glucose, diffusing capacity of the lung for carbon monoxide (DLCO), and estimated
glomerular filtration rate compared with those with successful measurements
(Supplemental Table S8.1). A total of 162 subjects with successful baseline assessment
started PR. Of these, nine (5.6%) subjects dropped out from the study before the end of
the PR program (Supplemental Figure S8.1). In 24 (15.7%) subjects, APWV
measurements failed following PR. These subjects did not significantly differ from
subjects with two successful APWV measurements in terms of baseline characteristics
and PR outcome. Therefore, 129 patients with COPD had full data before and after PR.
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BASELINE CHARACTERISTICS
On average, the study sample consisted of older patients with a substantial smoking
history, moderate to severe COPD, and impaired diffusion capacity, but normal arterial
blood gases (Table 8.1). Almost one‐third of the patients were active smokers, while
14% of the patients were on long‐term oxygen therapy. Patients generally had normal
BMI and FFMI. Most patients reported a necessity to stop while walking at their own
pace.
About one‐third of the patients had self‐reported cardiovascular comorbidity. Subjects
generally had a high normal blood pressure and resting heart rate. Other baseline
measurements and inflammatory biomarkers are shown in Table 8.1.
The majority of the patients used long‐acting anticholinergics and/or combined inhaled
corticosteroids and long‐acting beta‐agonists (Supplemental Tables S8.2 and S8.3).
Moreover, 40% of the patients used one or more blood pressure lowering drugs and
almost 35% used lipid lowering drugs.
Characteristics of the healthy controls, stratified for smoking history are also shown in
Table 8.1. These healthy‐control subjects are slightly younger and had slightly higher
BMI and FFMI when compared with the patients with COPD. As, by definition,
pulmonary function is normal in these subjects, these subjects used less anti‐
hypertensive medication and fewer anxiolytics, antidepressives, calcium supplemen‐
tation, bisphosphonates or antacids when compared with the COPD patients
(Supplemental Table S8.3).
HEMODYNAMIC MEASUREMENT IN COPD PATIENTS AND HEALTHY CONTROLS
Patients with COPD had a significantly higher APWV compared with never smoking and
ex‐smoking controls (Table 8.2). Consistently, central augmentation index (normalized
for a heart rate of 75 beats per min) was higher in subjects with COPD compared with
both control groups. Ex‐smoking controls had a higher peripheral and central blood
pressure compared with COPD patients. Although peripheral pulse pressure is higher in
ex‐smoking controls, central pulse pressure is higher in COPD patients. COPD patients
have a significantly higher heart rate compared with both control groups (Table 8.2).

122

Arterial stiffness in patients with COPD

Table 8.1 Baseline characteristics of subjects with COPD and controls.

Demographics
Age, years
Male, n (%)
Active smoker, n (%)
Long‐term oxygen therapy, n (%)
Pack years
Body composition
2
Body mass index, kg/m
2
Fat Free Mass Index, kg/m
Bone mineral density, T‐score
Pulmonary function
FEV1, liter
FEV1, % predicted
FEV1/FVC, %
DLCO, % predicted
Blood gases
PaCO2, kPa
PaO2, kPa
O2 saturation, %
Functional outcome
6‐MWD, meter
CWRT time, seconds
Leg press, kg
mMRC, grade
SGRQ, points
Charlson comorbidy index
Myocardial infarction, n (%)
Heart failure, n (%)
Peripheral arterial disease, n (%)
Cerebrovascular disease, n (%)
Any cardiovascular disease, n (%)
Diabetes, n (%)
Clinical chemistry
Triglycerides, mmol/l
LDL, mmol/l
HDL, mmol/l
Glucose (mmol/l)
Creatinin
eGFR, ml/min
Systemic inflammatory markers
CRP, mg/l
IL‐6, pgs/ml
IL‐8, pgs/ml
sTNFR1, pgs/ml
sTNFR2, pgs/ml
9
Leucocytes *10 /l

COPD
n=162

Never smoking controls
n=65

Ex‐smoking controls
n=102

63.8 ± 6.9
97 (59.9%)
47 (29.0)
22 (13.6)
45.9 ± 27.3

57.9 ± 8.1*
31 (47.0%)*
0
0
0±0

61.4 ± 6.7*#
47 (45.6%)*
0
0
15.4 ± 14.4*

25.0 ± 4.1
16.6 ± 2.1
‐1.1 ± 1.3

26.7 ± 3.9*
17.6 ± 2.4*
‐

27.6 ± 3.8*
17.9 ± 2.4*
‐

1.40 ± 0.55
51.4 ± 17.4
39,5 ± 11,1
53.8 ± 16.7

3.4 ± 0.9*
119.6 ± 14.8*
78.0 ± 5.0*
95.8 ± 12.3*

3.3 ± 0.9*
119.2 ± 17.7*
78.0 ± 8.4*
91.7 ± 17.7*

5.3 ± 0.6
9.5 ± 1.1
94.4 ± 7.6
475 ± 108
359 ± 284
101 ± 47
2.1 ± 1.1
51.6 ± 18.4
1.57 ± 0.89
16 (9.9)
5 (3.1)
30 (18.5)
14 (8.6)
50 (30.9)
7 (4.3)
1.5 ± 0.7
2.9 ± 1.0
1.7 ± 0.5
5.7 ± 0.7
87.5 ± 22.6
75.9 ± 21.5
4,6 ± 6,1
3.3 ± 4.5
13.0 ± 5.3
2186 ± 771
3714 ± 1435
7.5 ± 2.0

Summary variables are presented as mean ± standard deviation for quantitative variables, and count
(percentage) for discrete variables. FEV1=forced expiratory volume in the first second; DLCO=diffusion factor
for carbon monoxide; mMRC=modified medical research council; 6MWD=six minute walking distance; CWRT=
continuous work rate test; SGRQ=St.‐George’s respiratory questionnaire, BODE index: Based on BMI,
obstruction (FEV1), dyspnea, exercise (6MWD); LDL=low density lipoprotein; HDL=high density lipoprotein;
eGFR=estimated glomerular filtration rate; CRP=C‐reactive protein; IL‐6=interleukin 6; IL‐8=interleukin 8;
sTNFR1=soluble tumor necrosis factor‐α receptor 1; sTNFR2=soluble tumor necrosis factor‐α receptor 2.
* significantly (p<0.05) different in comparison with subjects with COPD. # significantly (p<0.05) different in
comparison with never‐smoking controls.
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Table 8.2 Hemodynamic measurements at baseline of subjects with COPD and controls.
Hemodynamic measurements

COPD

Never smoking
controls
(n=65)
8.7 ± 2.2*
24.6 ± 8.1*
141 ± 17
84 ± 8
105 ± 11
57 ± 13
58 ± 8*
133 ± 16
85 ± 9
105 ± 11
45.5 ± 13

(n=162)
10.9 ± 2.8
31.2 ± 8.6
137 ± 21
82 ± 10
102 ± 13
55 ± 16
68 ± 11
129 ± 20
83 ± 10
102 ± 13
45.9 ± 15.0

Aortic pulse wave velocity, m/s
Central augmentation index, %
Peripheral systolic pressure, mm Hg
Peripheral diastolic pressure, mm Hg
Peripheral mean pressure, mm Hg
Peripheral pulse pressure, mm Hg
Heart Rate, beats per minute
Central systolic pressure, mm Hg
Central diastolic pressure, mm Hg
Central mean pressure, mm Hg
Central pulse pressure, mm Hg

Ex‐smoking
controls
(n=102)
9.0 ± 2.9*
26.7 ± 9.4*
146 ± 21*
85 ± 9*
108 ± 13*
61 ± 16*
59 ± 8*
138 ± 21*
86 ± 9*
108 ± 13*
44.5 ± 11*

* significantly (p<0.05) different in comparison with subjects with COPD; # significantly (p<0.05) different in
comparison with never‐smoking controls.

DETERMINANTS OF APWV IN COPD
APWV did not correlate with systemic levels of leukocytes, C‐reactive protein (CRP),
IL‐6, IL‐8 or sTNFR2. A weak but statistically significant correlation was found between
APWV and sTNFR1. After adjusting for age, mean blood pressure, sex and BMI none of
the systemic inflammatory markers were associated with APWV (Table 8.3). Moreover,
in a multivariate, backward linear‐regression model, including all assessed
demographics and clinical variables, only blood pressure (b=0.380, t‐test=4.515;
p<0.001) and age (b=0.376, t‐test=3.283; p=0.001) were independently associated with
APWV. The systemic inflammatory markers, as well as DLCO, forced expiratory volume
in 1 second as percentage of predicted, bone mineral density T‐score, BMI, lipids, blood
glucose, renal function and smoking status did not explain the variance in baseline
APWV in patients with COPD (Supplemental Table S8.4).
Table 8.3

Simple and multivariate linear regression with APWV as the dependent variable.
Simple linear regression

CRP, ngs/ml
IL‐6, pgs/ml
IL‐8, pgs/ml
sTNFR1, pgs/ml
sTNFR2, pgs/ml
9
Leucocytes *10 /l

Multivariate linear regression*

Beta

t‐test

p‐value

Beta

t‐test

p‐value

0.134
0.065
0.101
0.171
0.126
0.043

1.584
0.761
1.192
2.034
1.488
0.547

0.116
0.448
0.235
0.044
0.139
0.585

0.098
0.017
0.101
0.064
‐0.013
0.022

1.325
0.231
1.357
0.791
‐0.165
0.327

0.187
0.818
0.177
0.430
0.869
0.744

F change of
the model #
‐6.044
‐6.477
‐6.165
‐6.373
‐6.472
‐3.185

* adjusting for age, mean blood pressure, gender and BMI. CRP=C‐reactive protein, sTNFR1=soluble tumor
necrosis factor‐α receptor 1, sTNFR2=soluble tumor necrosis factor‐α receptor 2, IL‐6=interleukin 6; IL‐8=
interleukin 8. # F of the model with age, mean blood pressure, gender and BMI=15.66.
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EFFECTS OF PULMONARY REHABILITATION
The following parameters all improved significantly when compared with baseline:
6‐min walking distance (from 478±108 to 509±102 m), cycle endurance (from 371±275
to 569±396 s), muscle strength (leg press, from 103±48 to 128±50 kg), health status
(St George’s Respiratory Questionnaire, from 52.0±19.9 to 48.2±18.7 points) and
dyspnea grade (modified Medical Research Council grade 2.1±1.2 to 1.54±1.0 points)
(Supplemental Table S8.5). BMI did not change after PR in overweight and obese
patients (n=65, 28.5±2.6 versus 28.5±2.7 kg/m2; p=0.744). In underweight patients
(n=23), BMI increased significantly (18.7±1.5 versus 19.4±1.3 kg/m2; p<0.001). The
systemic inflammatory markers, lipids, fasting glucose and leukocytes did not change
following PR (Supplemental Table S8.6).
APWV, central or peripheral blood pressure, or augmentation index did not change
following PR, while peripheral‐ and central‐pulse pressure increased (Figure 8.2). A
statistically significant, but most probably clinically irrelevant, reduction in cardiac
frequency was seen (Table 8.4). Also, after stratification of the study sample in different
relevant subgroups, no changes in APWV were noticed after PR (Table 8.5).

Figure 8.2

Data plot for aortic pulse wave velocity (APWV) in each patient before and after pulmonary
rehabilitation. Circles and solid line represent the mean.

The change in APWV following PR was negatively correlated (r=‐0.77, p<0.001) with the
level of APWV at baseline, after adjustment for baseline age, average blood pressure,
sex and BMI in a linear fixed effects model (Figure 8.1). Interestingly, subjects with a
low baseline APWV (<8 m/s (25th percentile of the study sample)) whose APWV values
increased by at least 0.5 m/s after PR (n=19) and patients with a high baseline APWV
(12.5 m/s (75th percentile of the study sample)) whose APWV values decreased at least
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0.5 m/s (n=15) were not different with respect to baseline clinical characteristics,
systemic inflammation or PR outcome.
Table 8.4

Differences in APWV and other hemodynamics in subjects who completed PR.

N=129
Aortic pulse wave velocity, m/s
Central augmentation index, %
Peripheral systolic pressure, mm Hg
Peripheral diastolic pressure, mm Hg
Peripheral mean pressure, mm Hg
Peripheral pulse pressure, mm Hg
Heart Rate, beats per minute
Central sytolic pressure, mm Hg
Central diastolic pressure, mm Hg
Central mean pressure, mm Hg
Central pulse pressure, mm Hg

Baseline
10.7 ± 2.7
30.8 ± 8.1
135 ± 19
81 ± 9
101 ± 12
54 ± 15
68 ± 11
127 ± 18
82 ± 9
101 ± 12
44 ± 14

After PR
10.9 ± 2.5
30.2 ± 8.1
137 ± 19
81 ± 9
101 ± 12
57 ± 15
67 ± 11
129 ± 19
82 ± 9
101 ± 12
47 ± 14

p
0.339
0.129
0.064
0.377
0.427
0.004
0.032
0.061
0.386
0.428
0.003

Variables are presented as mean ± standard deviation.

Table 8.5

Difference in APWV after PR in different subgroups.

Overweight and obese
Underweight
No blood pressure lowering medication
No lipid lowering drugs
No cardiovascular medical history according to the CCI
No blood pressure lowering or lipid lowering drugs
No cardiovascular medical history according to the CCI
No blood pressure lowering medication and no lipid lowering
drugs and no cardiovascular medical history according to CCI
Active smokers
Ex‐smokers
Men
Women
Improvement of >50 m in 6MWD and >4 points on SGRQ
Normal blood pressure (<140/90 mm Hg)
Hypertensives (>140/90 mm Hg)

n
n=65
n=23
n=79
n=92
n=60
n=69
n=60

APWV
baseline
10.9±2.7
10.3±2.8
10.5±2.6
10.5±2.7
10.3±2.6
10.4±2.7
10.3±2.6

APWV
after PR
11.2±2.3
10.4±3.2
10.7±2.4
10.7±2.4
10.6±2.5
10.7±2.5
10.6±2.5

p
0.315
0.830
0.383
0.209
0.232
0.340
0.232

n=60
n=35
n=94
n=80
n=49
n=25
n=79
n=49

10.3±2.6
10.5±2.9
10.8±2.7
11.2±2.8
9.8±2.4
10.4±2.7
10.0±2.5
11.8±2.7

10.6±2.5
10.3±2.5
11.1±2.5
11.5±2.7
10.0±1.8
10.4±1.9
10.2±2.4
12.0±2.3

0.244
0.593
0.151
0.520
0.417
0.954
0.395
0.585

Variables are presented as mean ± standard deviation. CCI: Charlson comorbidity index; SGRQ: St. George
Respiratory Questionnaire.

DISCUSSION
The main findings of this study are as follows. First, central arterial stiffness is increased
in a large sample of subjects with COPD compared with healthy controls, and variance
in arterial stiffness is partially determined by age and resting blood pressure. Secondly,
markers of systemic inflammation do not explain the variance in arterial stiffness in
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COPD. Thirdly, although patients with COPD improved on conventional rehabilitation
outcomes, arterial stiffness generally does not change following PR.
ARTERIAL STIFFNESS IN COPD
Cardiovascular disease is common in patients with COPD and affects prognosis.16
Moreover, patients with COPD have stiffer arteries compared with healthy control
subjects.7,17 The current study corroborates these findings. Surprisingly, blood pressure
and pulse pressure were higher in ex‐smoking controls. This is probably due to less use
of antihypertensive therapy in healthy subjects.
Arterial stiffness has been proposed as a mechanistic link between COPD and
cardiovascular disease.18 Increasing arterial stiffness alters arterial pressure and flow
dynamics and impacts cardiac performance and coronary perfusion with consequent
cardiovascular disease.19 Arterial stiffness is thought to be the result of a remodeling
process with elastin fragmentation and collagen replacement in the extracellular
matrix.19 A systemic susceptibility to lung, skin and arterial degradation of elastin and
extracellular matrix remodeling has been suggested in patients with an
emphysematous phenotype of COPD.20 Indeed, McAllister et al.21 showed a positive
correlation between arterial stiffness and high‐resolution computed tomography
(HRCT)‐quantified emphysema in 77 COPD patients. HRCT was not available in our
study, but DLCO (as another surrogate for pulmonary emphysema) was not associated
with APWV. Although DLCO and computed tomography‐quantified emphysema have
shown to be only moderately correlated,22 the discrepancy in these surrogates for
pulmonary emphysema is intriguing as the populations in both studies are quite similar
regarding demographics and clinical characteristics.
Also, vascular calcification may have a role in arterial stiffness in COPD, as it is inversely
associated with bone mineral density in the general population,23 and osteoporosis is
highly prevalent in COPD. Indeed, Sabit et al.7 showed the highest arterial stiffness in
nine emphysematous patients with osteoporosis at the hip, compared with
62 emphysematous subjects without osteoporosis. However, these differences were
not found for the 13 subjects with osteoporosis of the spine and total T‐score was not
reported in that study.
In contrast, in the present study, total body bone mineral density T‐score did not
independently predict APWV, suggesting that this association might be more complex
than assumed at present. Moreover, multivariate analysis indicated only increasing age
and higher blood pressure to be independent predictors of increased arterial stiffness.
This is comparable to the general population and multiple other patients groups, as was
recently systematically reviewed.24
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ARTERIAL STIFFNESS AND SYSTEMIC INFLAMMATION
Increased levels of systemic inflammatory markers (leukocytes, CRP, tumor necrosis
factor‐alpha, IL‐6 and IL‐8) have been reported in COPD,25 and several of these have
been associated with subclinical atherosclerosis26 and ischemic heart disease.27 Similar
to Sabit et al.7, we found a univariate association between APWV and sTNFR1, but we
could not confirm the association with IL‐6. However, IL‐6 was reported to be
significantly associated with APWV in a multivariate regression; although this needs to
be interpreted with caution, as the control subjects were also included in the regression
analysis. In our study, the multivariate model only included patients with COPD.
Systemic inflammation is thought to accelerate and stimulate the vascular extracellular
matrix remodeling process of elastin fragmentation and collagen deposition, resulting
in arterial stiffness.19 However, evidence for a causal relationship between low‐grade
systemic inflammation and a high incidence of cardiovascular disease in COPD is
lacking. In addition, studies showed comparable circulating levels of inflammatory
biomarkers in COPD patients with and without cardiovascular disease.28 Furthermore, it
was recently shown that systemic inflammation does not affect all patients with COPD.
Only 16% of patients in the Evaluation of COPD Longitudinally to Identify Predictive
Surrogate Endpoints (ECLIPSE) cohort had long‐term systemic inflammation, while one‐
third of the patients in this cohort did not have systemic inflammation at all during a
1 year follow‐up.29 Interestingly, increasing age and having an overweight to obese BMI
were independent risk factors for systemic inflammation in the ECLIPSE study, whereas
self‐reported cardiovascular disease was not. Also, in the present study, systemic
inflammatory markers were not independent from traditional cardiovascular risk
factors associated with arterial stiffness.
ARTERIAL STIFFNESS AND PULMONARY REHABILITATION
Endurance‐trained athletes have higher large‐artery compliance than do their
sedentary counterparts,30 and training improves arterial stiffness in healthy young31
and elderly subjects.32,33 However, the effects of exercise training on arterial stiffness in
elderly patient populations are contradictory.34–38 This issue is further complicated by
the heterogeneity among studies in modality, frequency and duration of exercise
training, and in the assessment method for arterial stiffness.
Vivodtzev et al.12 were the first to show significant improvements in brachial pulse wave
velocity in 10 patients with COPD who underwent a 4‐week aerobic endurance training
program. Peripheral (brachial) muscular arteries are more susceptible to modification
by exercise training than central (aortic) elastic arteries.39 Indeed aortic stiffening is
more attributable to elastin degradation and is largely irreversible.40 Moreover, APWV
is the gold standard for measurement of arterial stiffness as it predicts cardiovascular
events and mortality in different populations. Gale et al.13 showed a small, but
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significant, reduction in APWV in an observational study of 32 patients with COPD
following an outpatient‐based thrice‐weekly PR program including endurance training
and resistance training. However, the change in APWV following PR was highly variable.
We confirmed the variability of the change in APWV after PR but we were not able to
confirm a significant reduction in APWV; even though the number of subjects, the
number of PR sessions and baseline APWV were higher in the present study and
subjects generally improved on classical rehabilitation outcomes.
There are several possible explanations for this lack of response. Mechanisms
underlying arterial stiffness with age, such as elastin degradation, are likely to be
enhanced and accelerated in patients with COPD and are unlikely to be influenced by a
PR program of limited duration.
Furthermore, the possible effects of exercise training on arterial stiffness might be
influenced by a patient’s concurrent pharmacological treatment. Cardiovascular
medication41 and combination therapy of inhaled corticosteroids and long‐acting beta‐
agonists (inhaled corticosteroids or long‐acting beta‐agonists)42 may decrease arterial
stiffness and the majority of subjects use these medications chronically. However,
nonsignificant changes in APWV were observed in patients who were not known to
have cardiovascular disease or were untreated with cardiovascular medication. Earlier
studies suggested that sex,43 smoking status, body composition and systemic
hypertension could play a role in the effect of exercise on arterial stiffness, but none
were found to significantly influence changes in arterial stiffness following PR.
The exercise modalities may explain the lack of decrease in arterial stiffness. In marked
contrast to the beneficial effect of aerobic training in healthy younger individuals, it was
shown that resistance training increases arterial stiffness in young healthy males.44,45
Similar opposite effects of endurance and resistance training on arterial stiffness were
seen in a study in hypertensive patients.46 In patients with type 2 diabetes, an increased
APWV was seen after 2 years of endurance and resistance training.39
Thus, resistance training may have outweighed the effects of endurance training on
arterial stiffness. The increase in pulse pressure, which has been considered to be a key
feature of arterial stiffening, may be an outcome related to resistance training.
Importantly, short‐term progressive resistance exercise can lead to appreciable
increases in muscle strength for people with COPD, which may carry over to the
performance of some daily activities.47 Indeed, the combination of constant‐
load/interval and strength training is recommended in state‐of‐the‐art PR to treat
peripheral muscle dysfunction in chronic respiratory disease, because it results in
combined improvements in exercise capacity and muscle strength. Nevertheless, it
would be interesting to compare the effect of endurance versus resistance training on
APWV in patients with COPD.
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Baseline arterial stiffness correlated very well with the change in arterial stiffness after
PR, even after adjustment for possible confounders, such as age, blood pressure, sex
and BMI. It is unclear whether and to what extent this correlation could be explained by
statistical bias (regression to the mean). Still, the finding is interesting and worth
discussing, as the correlation was highly significant. Moreover, in a study evaluating the
effect of fluticasone propionate/salmeterol on arterial stiffness in patients with COPD, a
decrease in APWV was only seen in patients with a baseline APWV belonging to the
highest baseline tertile of the study sample.42 However, it is noticeable that patients at
both extremes (decreasers with high baseline stiffness versus increasers with low
baseline stiffness) did not differ in terms of disease severity, health status, age, BMI or
systemic inflammation. This confirms that arterial stiffness and its change cannot be
predicted by these clinical outcomes. It is of note that we did not identify other studies
that evaluated differences in characteristics of responders and nonresponders in terms
of arterial stiffness and exercise programs.
A limitation of this study is the lack of a nonexercising COPD control group. Although, it
seems reasonable to speculate that APWV does not change during 8 weeks of usual
care, a nonexercising COPD control group would have been desirable. A second
limitation is the absence of a direct reproducibility analysis at the baseline of the study.
Nevertheless, we are confident in the quality and reproducibility of the data in our
study, given the strict quality control criteria (see Methods section). Moreover, two
recent studies specifically addressed reproducibility of APWV measurements in COPD
and found that this was highly reproducible and not affected by lung hyperinflation.48,49
A third limitation is that HRCT would have been preferable to evaluate emphysema
against arterial stiffness. Finally, heterogeneity among the included COPD patients may
have blunted any effects of PR on arterial stiffness. However, phenotyping of patients
was extensive and the large number of patients in this study allowed for post‐
stratification.
In conclusion, central arterial stiffness is increased in subjects with COPD and
determined by blood pressure and age. Systemic inflammation does not explain the
variance in APWV. Furthermore, although subjects improved on classic rehabilitation
outcomes, arterial stiffness is resistant to modification through a state‐of‐the‐art PR
program in patients with COPD in general and in different subgroups. Nevertheless,
baseline arterial stiffness did strongly predict the change in stiffness after PR in
individual patients. Ultimately, this is a negative study that conflicts with the
conventional knowledge that arterial stiffness may be attributed to systemic
inflammation and may be a modifiable disease‐specific cardiovascular risk factor in
COPD. At the same time, this is the largest study performed in COPD in this field.
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SUPPLEMENTAL MATERIAL
METHODS
STUDY DESIGN AND PATIENTS
The current analysis was based on data collected as part of the CIRO CO‐morbidity
(CIROCO) study, a longitudinal observational single‐center study.1 All subjects provided
written informed consent and the study was approved by the local ethics and review
board of Maastricht University Medical Center (MEC 10‐3‐067). Patients with moderate
to very severe COPD (Global Initiative for Obstructive Lung Disease [GOLD] grades II to
IV2), aged 40 to 80 years and in a clinically stable state were prospectively recruited
between November 2007 and November 2010 during the initial evaluation of a
comprehensive pulmonary rehabilitation program at CIRO+.3 Patients with a history of
asthma, alpha‐1 antitrypsin deficiency, any previous lung surgery, active inflammatory
disease, acute myocardial infarction within the last 6 months, any known bone disease
other than osteoporosis, current or recently (i.e. <5 years prior to the study) treated
malignant disease or a high daily dose of systemic glucocorticosteroids (i.e. >10 mg
prednisolone) were excluded from the study.
Participants demographics, smoking history and use of long‐term oxygen therapy were
recorded. Furthermore, patients’ medical history and current pharmacological
treatment was documented based on medical and pharmaceutical charts and self‐
report.
ASSESSMENT
Pulmonary function and arterial blood gases
Lung function parameters: post‐bronchodilator forced expiratory volume in the first
second, (FEV1) and forced vital capacity (FVC), using standardized spirometry
(MasterScreen® Body, Carefusion, Germany) and diffusicon capacity for carbon
monoxide (DLCO) using the single breath hold method (MasterScreen® Body,
Carefusion, Germany) were determined in all patients.
The degree of severity of airflow limitation was classified according to the GOLD
guidelines.4 Resting arterial pH, arterial oxygen tension (PaO2), arterial carbon dioxide
tension (PaCO2), and oxygen saturation (SaO2) were analyzed with a blood gas analyzer
(Radiometer ABL 330, Copenhagen, Denmark).
Body composition analyses
Body height was measured to the nearest 0.5 cm. Body weight was assessed by using
an electronic beam scale with digital readout to the nearest 0.1 kg after emptying the
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bladder and with the subjects standing barefoot and wearing light indoor clothing. BMI
was calculated as body weight/height2. Fat free mass (FFM) has been assessed using an
overnight‐fasting bioelectrical impedance assessment (Bodystat®, United Kingdom).
FFM index (FFMI) was calculated as FFM in kilogram divided by squared height in
meters.5 Whole‐body bone mineral density (BMD) was determined using a Dual‐energy
X‐ray Absorptiometry (DEXA) scan (Lunar Prodigy®, Ge‐Lunar).
Exercise capacity
Exercise capacity has been assessed with six minute walking distance (6MWD), cycling
endurance time measured during a continuous submaximal constant work rate test
(CWRT). 6‐MWD was performed according to published guidelines including a practice
walk. Best 6MWD was used for further analyses.6 Cycling endurance to a symptom‐
limited maximum was determined with a constant‐load exercise test on a cycle
ergometer at a work rate equal to 75% of the previously determined maximal power
(CWRT7). Patients were instructed to exercise for as long as possible. They were told to
stop exercise only when dyspnea became intolerable or the required pedaling rate
(60/min.) could not be kept up due to leg fatigue. If exercise endurance exceeded
20 minutes, the observer terminated the test.
Lower‐limb muscle strength
Peripheral muscle strength was measured with 1‐repetition maximum using bilateral
leg press exercises (Technogym SpA, Gambettola, Italy).8
Dyspnea
Self‐perceived dyspnea in relation to physical disability has been assessed by using the
MRC dypnea scale.9
Health status: Saint George Respiratory Questionnaire
To assess disease‐specific health status, the St. George Respiratory Questionnaire
(SGRQ) has been used.10 The SGRQ is a self‐administered questionnaire, designed for
measurement of health impairment in patients with COPD. The SGRQ consists of
50 items, divided in three domains (symptoms, activities and impact), providing three
domain scores. A total score is also provided. Scores can range from 0 (optimal) to
100 points (worst).
Laboratory analysis
A venous blood sample was collected from all patients in the fasted state. Serum
samples were stored at ‐80oC prior to their analysis. Leucocytes, high density
lipoprotein (HDL), low density lipoprotein (LDL), triglycerides, glucose and creatinin
were determined in all subjects. Glomerular filtration rate was estimated using the
Cockroft and Gault formula. Measurement of the inflammatory serum markers was
carried out on the MSD multiplex platform (Meso Scale Discovery, Gaithersburg,
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Maryland) using a preformatted panel to measure C‐reactive protein (CRP) and
validated, custom made arrays to determine the levels of interleukins 6 (IL‐6) and 8
(IL‐8) and tumor necrosis factor‐α receptors 1 and 2 (sTNFR1, sTNFR2).
HEMODYNAMICS
Subjects were studied sober in early morning time by a trained medical technologist,
blinded for clinical outcomes. All tests were performed after 15 minutes in a resting
supine position. A small head pillow was accepted. Peripheral blood pressure was
measured three times with interval of 5 minutes. Mean values and pulse pressure were
calculated. Radial artery waveforms were recorded with a high‐fidelity micromano‐
meter (Millar Instruments, Houston, TX.). Pulse wave analysis (SphygmoCor; AtCor
Medical, Sydney, Australia) was then used to generate a corresponding central
waveform, using a validated transfer function.11 With the integrated software of the
pulse wave analysis, augmentation index was calculated as the difference between the
second and first systolic peaks and expressed in percentage of the pulse pressure. In
order to control for the influence of heart rates on Aix, the integrated software
normalized Aix to a heart rate of 75 beats per minute. APWV was measured by
recording ECG‐gated carotid and femoral artery waveforms. The Sphygmocor systems
software helped to assure the quality of the pulse wave measurement. A detailed
screen showed 10 seconds of recorded and analyzed waveforms which can be
examined to assess overall consistency of the waveforms. In addition a detailed report
helped to interpret the consistency of the waveforms during the 10 seconds
measurement. Only when the pulse height and diastolic variation is less than 5%, the
average pulse height is more than 100 units, the augmentation index is less than 50%,
T1 is between 80 and 150 ms and the overall “quality index” is above 80 points data
were retained.
After marking the exact location measurement were repeated three times for securing
reproducibility. A measurement was accepted when it was three times reproducible
with minimal variation as judged by the biomedical technologist. The retained APWV
was the mean of the three measurements.
Shortest distances from manubrium to the marked location on the femoral artery (via
the navel) were measured. Wave transit time was calculated by the system software,
using the R‐wave of the simultaneously recording electrocardiography as reference
frame. APWV was determined by dividing the distance between the two recording sites
by the wave transit time.
PULMONARY REHABILITATION PROGRAM
CIRO+ provides a state‐of‐the‐art interdisciplinary pulmonary rehabilitation program for
patients with COPD, consisting of 40 sessions. The CIRO+ program is in line with the
latest ATS/ERS Statement on Pulmonary Rehabilitation. 12
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The rehabilitation scheme was based on a comprehensive pre‐rehabilitation
assessment.3 During the baseline assessment a careful characterization of the extra‐
pulmonary features and co‐morbidities of patients with COPD was performed (as
described above), which determined the application of various treatments: physical
exercise training, occupational therapy, dietary counseling, psychosocial counseling,
education and exacerbation management.
Physical exercise training was the cornerstone of the program, consisting of
strengthening exercises of muscle groups of the upper and lower extremities, treadmill
walking and stationary cycling. All exercises were performed at moderate to high
intensity to obtain an overload stimulus. Moreover, the training intensity increased
during the rehabilitation period, based on dyspnea and fatigue symptom scores. For
those patients unable to undergo high‐intensity exercise training due to severe
exercise‐induced dyspnea, neuromuscular electrical stimulation of the lower‐limb
muscles was used. All patients underwent flexibility exercises, general physical exercise
for lower and upper extremities, and daily supervised 30‐min outdoor walks.
STATISTICS
Statistics were performed using SPSS version 19.0. Results are expressed as mean ±
standard deviation for quantitative variables, and count (percentage) for discrete
variables. Discrete variables were compared using Chi square tests. Quantitative
variables were compared using independent samples Student’s t‐test. A paired
Student’s t‐test was used to investigate differences in results before and after PR. In
order to examine the association of inflammatory markers with APWV, simple linear
regression was used with APWV as the dependent variable and all inflammatory
markers separately. To adjust the associations for a priori identified cardiovascular risk
factors, multivariate linear regression was performed, adjusting each inflammatory
marker for age, mean blood pressure, gender and BMI using forced entry method. In
order to evaluate the determinants of APWV multivariate backward linear regression
was performed, with APWV as the dependent variable and including all assessed
characteristics (see legend Table S8.4) in the model. All p values <0.05 were considered
statistically significant. Figure 8.2 and 8.3, showing the change of APWV and other
clinical outcomes after PR as a function of baseline APWV and the correlation between
these two, was obtained using SAS 9.1. More precisely the PROC MIXED procedures in
SAS was used to model the change in APWV adjusting for age, mean blood pressure,
gender and BMI.
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255 selected for recruitment
42 ineligible
213 eligible
51 with unsuccessful APWV
measurement

162 with acceptable APWV
measurements

9 drop out before end of PR *

24 with unsuccessful APWV
measurement after PR

129 full data collected

Figure S8.1

Flow chart of study participants.
* 4 patients did not want to participate in the study anymore, 1 patient died, 1 patient was
diagnosed with a tongue carcinoma, one patient stopped because of personal circumstances
and 3 patients dropped out because the rehabilitation program was too heavy.
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Table S8.1

Characteristics of subjects with and without successful APWV measurement at baseline.

Demographics
Age, years
Male, n (%)
Active smoker, n (%)
Long‐term oxygen therapy, n (%)
Pack years
Body composition
2
Body mass index, kg/m
2
Fat Free Mass Index, kg/m
T‐score
Pulmonary function and blood gases
FEV1, liter
FEV1, % predicted
FEV1/FVC, %
DLCO, % predicted
pCO2, kPa
pO2, kPa
O2 saturation, %
Functional outcome
6‐MWD, meter
CWRT time, seconds
Leg press, kg
mMRC, grade
SGRQ, points
Prognostic indices
Updated BODE index, points
Framingham CHD 10 year risk, %
Charlson comorbidy index
Myocardial infarction, n (%)
Heart failure, n (%)
Peripheral arterial disease, n (%)
Cerebrovascular disease, n (%)
Any cardiovascular disease, n (%)
Diabetes, n (%)
Clinical chemistry
Triglycerides, mmol/l
LDL, mmol/l
HDL, mmol/l
Glucose (mmol/l)
Creatinin
eGFR, ml/min
Systemic inflammatory markers
CRP, mg/l
IL‐6, pgs/ml
IL‐8, pgs/ml
TNFRI, pgs/ml
TNFRII, pgs/ml
9
Leucocytes *10 /l
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APWV not present
n=51

APWV present
n=162

p

63.1 ± 7.3
29 (56.9%)
13 (25.5)
14 (27.5)
47.2 ± 19.9

63.8 ± 6.9
97 (59.9%)
47 (29.0)
22 (13.6)
45.9 ± 27.3

0.540
0.70
0.383
0.021
0.750

30.0 ± 6.0
18.3 ± 2.8
‐0.8 ± 1.3

25.0 ± 4.1
16.6 ± 2.1
‐1.1 ± 1.3

<0.001
<0.001
0.220

1.37 ± 0.50
50.5 ± 15.1
40,9 ± 11,0
61.3 ± 15.1
5.5 ± 0.7
9.4 ± 1.1
94.7 ± 2.0

1.40 ± 0.55
51.4 ± 17.4
39,5 ± 11,1
53.8 ± 16.7
5.3 ± 0.6
9.5 ± 1.1
94.4 ± 7.6

0.762
0.730
0.427
0.005
0.067
0.770
0.770

457 ± 102
334 ± 220
116 ± 47
2.1 ± 1.1
50.4 ± 14.6

475 ± 108
359 ± 284
101 ± 47
2.1 ± 1.1
51.6 ± 18.4

0.310
0.560
0.058
0.880
0.680

2.9 ± 2.6
9.6 ± 7.2
1.61 ± 0.80
6 (11.8)
1 (2.0)
6 (11.8)
6 (11.8)
16 (31.4)
5 (9.8)

2.9 ± 2.5
9.4 ± 6.4
1.57 ± 0.89
16 (9.9)
5 (3.1)
30 (18.5)
14 (8.6)
50 (30.9)
7 (4.3)

0.920
0.243
0.809
0.437
0.558
0.183
0.336
0.537
0.130

1.8 ± 1.2
3.1 ± 0.9
1.7 ± 0.5
5.9 ± 1.1
87.8 ± 20.5
89.5 ± 24.9

1.5 ± 0.7
2.9 ± 1.0
1.7 ± 0.5
5.7 ± 0.7
87.5 ± 22.6
75.9 ± 21.5

0.007
0.325
0.831
0.045
0.947
<0.001

6.1 ± 7.0
3.25 ± 2.06
13.0 ± 4.8
2256 ± 593
3908 ± 1154
7.0 ± 1.6

4.6 ± 6.1
3.3 ± 4.5
13.0 ± 5.3
2186 ± 771
3714 ± 1435
7.5 ± 2.0

0.170
0.931
0.983
0.582
0.414
0.111
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Summary variables are presented as mean ± standard deviation for quantitative variables, and count
(percentage) for discrete variables. FEV1: Forced expiratory volume in the first second; DLCO: diffusion
capacity for carbon monoxide; mMRC: Modified Medical Research Council; 6MWD: Six minute walking
distance; CWRT: continuous work rate test; SGRQ: St.‐George’s Respiratory Questionnaire, BODE index: Based
on BMI, Obstruction (FEV1), Dyspnea, Exercise (6‐MWD); LDL: low density lipoprotein; HDL: high density
lipoprotein; eGFR: estimated glomerular filtration rate; CRP: C‐reactive protein; IL‐6: interleukin 6; IL‐8:
interleukin 8; sTNFR1: soluble TNF‐α receptor 1; sTNFR2: soluble TNF‐α receptor 2.

Table S8.2

Use of pulmonary medication.

Patients with COPD
Short‐acting β2‐agonists, n (%)
Short‐acting anticholinergics, n (%)
Combined short‐acting β2‐agonists and anticholinergics, n (%)
Long‐acting β2‐agonists, n (%)
Long‐acting anticholinergics, n (%)
Inhaled corticosteroids, n (%)
Combined inhaled corticosteroids and long‐acting β2‐agonists, n (%)
Theophylline, n (%)
Oral prednison, n (%)
Antileukotrienes, n (%)

N=162
50 (30.9)
20 (12.3)
29 (17.9)
29 (17.9)
131 (80.9)
18 (11.1)
126 (77.8)
21 (13.0)
15 (9.3)
6 (3.7)

Variables are presented as count and percentage.

Table S8.3 Use of cardiovascular and other medication.
COPD

Blood pressure lowering medication, n (%)
‐ACE or ARB, n (%)
‐β‐blocker, n (%)
‐Calciumantagonist, n (%)
‐Diuretics, n (%)
Anti‐arrythmica, n (%)
Nitrates, n (%)
Statins and other lipid lowering drugs, n (%)
Antiaggregates, n (%)
Coumarines, n (%)
Oral antidiabetica or insulin, n (%)
Calcium suppletion, n (%)
Bisfosfonates, n (%)
Antidepressives, n (%)
Anxiolytics and sleep medication, n (%)
Nsaids, morphine, other pain killers, n (%)
Proton pomp inhibitors and other antacida, n (%)
Antibiotics, n (%)
Acetylcystein, n (%)

n=162
66 (40.7)
40 (24.7)
32 (19.8)
19 (11.7)
20 (12.3)
6 (3.7)
15 (9.3)
48 (29.6)
51 (31.5)
10 (6.2)
6 (3.7)
17 (10.5)
17 (10.5)
21 (13.0)
27 (16.1)
24 (14.8)
44 (27.2)
9 (5.6)
45 (27.8)

Never smoking
controls
n=65
15 (23.1)
9 (13.8)
4 (6.2)*
6 (9.2)
3 (4.6)
0
1 (1.5)*
3 (4.6)*
3 (4.6)*
0
0
1 (1.5)*
0*
1 (1.5)*
0*
8 (12,3)
7 (10,8)*
2 (3.1)
0*

Ex‐smoking
controls
n=102
31 (30.4)
18 (17.6)
11 (10.8)*
7 (6.9)
10 (9.8)
1 (1.0)
2 (2.0)*
22 (21.6)#
8 (7.8)*
3 (2.9)
2 (2.0)
3 (2.9)*
1 (1.0)*
3 (2.9)*
2 (2.0)*
19 (18.6)
7 (6.9)*
1 (1.0)
0*

Variables are presented as count and percentage. * significantly (p<0.05) different in comparison with
subjects with COPD. # significantly (p<0.05) different in comparison with never‐smoking controls.
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Table S8.4

Multivariate backward linear regression with APWV as the dependent variable.

Mean blood pressure, mm Hg
Age, years

Beta
0.380
0.276

t‐test
4.515
3.283

p‐value
<0.001
0.001

Other variables in the model: Age, gender, current smoking, BMI, FFMI, 6‐MWD, CWRT, leg press, pCO2, pO2,
FEV1% predicted, DLCO % predicted, presence of any cardiovascular comorbidity according to the Charlson
comorbidity index, mMRC grade, Bone mineral density T‐score, LDL, HDL, Triglycerides, Glucose, eGFR,
Leucocytes, CRP, IL‐6, IL‐8, sTNFR1, sTNFR2 and leucocytes.

Table S8.5

Differences in body composition, pulmonary function and functional outcome in patients who
completed PR.

n=129
2
Body Mass Index, kg/m
2
Fat Free Mass Index, kg/m
FEV1, % predicted
6‐MWD, meter
CWRT time, seconds
Leg press, kg
mMRC, grade
SGRQ, points

Baseline
25.1 ± 4.3
16.6 ± 2.2
51.4 ± 17.6
478 ± 108
371 ± 275
103 ± 48
2.14 ± 1.2
52.0 ± 19.9

After PR
25.3 ± 4.1
17.1 ± 4.2
50.8 ± 18.5
509 ± 102
569 ± 396
128 ± 50
1.54 ± 1.0
48.2 ± 18.7

p
0.015
0.105
0.500
<0.001
<0.001
<0.001
<0.001
0.004

Variables are presented as mean ± standard deviation. FEV1: Forced expiratory volume in the first second;
CWRT: continuous work rate test; mMRC: Modified Medical Research Council; 6‐MWD: Six minute walking
distance; SGRQ: St.‐George’s Respiratory Questionnaire.

Table S8.6

Differences in lipidemia, glycemia, renal function and systemic inflammatory markers in
patients who completed PR.

n=129
Clinical chemistry
Triglycerides, mmol/l
LDL, mmol/l
HDL, mmol/l
Glucose (mmol/l)
Creatinin
Systemic inflammatory markers
CRP, mg/l
IL‐6, pgs/ml
IL‐8, pgs/ml
sTNFR1, pgs/ml
sTNFR2, pgs/ml
9
Leucocytes *10 /l

APWV baseline

APWV after PR

p

1.4 ± 0.7
1.7 ± 0.5
2.9 ± 1.0
5.6 ± 0.7
87.9 ± 23.1

1.4 ± 0.7
1.7 ± 0.5
2.8 ± 1.0
5.6 ± 0.7
87.6 ± 25.6

0.295
0.148
0.512
0.537
0.782

4.4 ± 6.2
3.1 ± 3.0
13.0 ± 5.4
2176 ± 776
3679 ± 1430
7.4 ± 1.8

4.8 ± 7.4
2.8 ± 1.9
13.6 ± 6.1
2186 ± 715
3644 ± 1194
7.5 ± 2.2

0.552
0.282
0.265
0.823
0.699
0.464

Variables are presented as mean ± standard deviation. LDL: low density lipoprotein; HDL: high density
lipoprotein; eGFR: estimated glomerular filtration rate; CRP: C‐reactive protein; IL‐6: interleukin 6; IL‐8:
interleukin 8; sTNFR1: soluble TNF‐α receptor 1; sTNFR2: soluble TNF‐α receptor 2.
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ABSTRACT
Background
It remains unclear whether and to what extent changes in pulmonary rehabilitation (PR)
outcomes are influenced by comorbidities in chronic obstructive pulmonary disease (COPD). We
aimed to investigate the impact of both individual as well as clusters of objectively identified
comorbidities on changes in exercise capacity and health status after PR in COPD patients.
Methods
In a prospective study, 213 subjects (59% men, age 64±7 years, FEV1 51±17% predicted) had
assessed their exercise capacity (6‐min walk test (6MWT) and constant work rate test (CWRT))
and health status (St. George Respiratory Questionnaire [SGRQ]) before and after a PR program.
Thirteen comorbidities and five comorbidity clusters (based on the 13 comorbidities) were
studied at baseline.
Results
194 subjects completed the PR program. Overall, exercise capacity and health status improved
significantly and meaningfully after PR, but these improvements were not influenced by
individual comorbidities. Generally, mean changes in exercise capacity and health status did not
differ between comorbidity clusters.
Conclusions
Comorbidities do not prevent COPD patients from improving exercise capacity and health status
after PR. COPD patients should not be withheld from rehabilitation programs based on stable
comorbidities.
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INTRODUCTION
Patients with chronic obstructive pulmonary disease (COPD) often present with other
chronic conditions,1‐4 which are associated with increased morbidity and mortality.5‐7
Indeed, as also acknowledged by the 2013 version of the Global Initiative for Chronic
Obstructive Lung Disease strategy document, comorbidities importantly contribute to
the overall disease severity in individual patients.8
Pulmonary rehabilitation (PR) is a comprehensive intervention recognized as a core
component in the treatment of patients with COPD.9 Comorbidities have been
suggested to affect outcomes of PR in this population, but conflicting results have been
found.10 In a large retrospective study, Crisafulli and colleagues11 found that the
presence of metabolic and heart diseases was respectively negatively and positively
associated with meaningful improvements in exercise capacity following PR,
respectively. In a subsequent prospective study, the same group observed that only the
presence of osteoporosis was associated with poorer rehabilitation outcomes.12 Two
other studies support the association between the change in exercise capacity after PR
and metabolic disease, but the direction of this association was divergent between the
studies.13,14 Contradictory results were also observed regarding improvements in health
status and the presence of comorbidities.11‐15 Most previous studies, however, have
used charts reviewing to identify comorbid conditions. Furthermore, only the impact of
individual comorbidities or arbitrarily grouped comorbidities was studied.11‐15
Recently, Vanfleteren et al.16 identified five distinct comorbidity clusters in patients
with COPD, based on 13 objectively diagnosed comorbidities. The impact of these
individual comorbidities or of the comorbidity clusters on changes in widely used
outcomes after PR, however, remains unknown. Therefore, the aim of the present
study was to investigate the impact of both individual as well as clusters of objectively
identified comorbidities on changes in functional exercise capacity (i.e., walking and
cycling) and health status after PR in patients with COPD. The baseline data of this
study have been published previously.16

MATERIALS AND METHODS
STUDY DESIGN AND PARTICIPANTS
This study is part of the CIRO CO‐morbidity (CIROCO) study, an observational
prospective single‐center study performed at CIRO+, Center of Expertise for Chronic
Organ Failure, in Horn, the Netherlands. Patients were recruited between November
2007 and November 2010 and submitted to an inpatient or outpatient PR program. The
following inclusion criteria were used: Global Initiative for Chronic Obstructive Lung
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Disease grades 2–4,8 40 to 80 years of age, clinically stable state, and a smoking history
of ≥10 pack years or relevant occupational exposure. Patients were considered
ineligible if they had any disease and/or condition that could compromise the proposed
assessments; detailed exclusion criteria can be found in the supplemental material. All
subjects gave written informed consent and the study was approved by the local ethics
and review boards (MEC 10‐3‐067).
MEASUREMENTS AND INTERVENTION
Patients’ demographic, smoking status and long‐term oxygen use were documented at
study entry. Moreover, the following assessments were performed: lung function, body
composition, subclinical atherosclerosis, cardiac ischemia, blood pressure, functional
exercise capacity, dyspnea, and psychological and health status. A sample of venous
blood was obtained in fasting state for the assessment of hematology and chemistry.
Details and references of these assessments can be found in the supplemental material.
Functional exercise capacity (6‐min walk test [6MWT] and constant work rate cycling
test [CWRT]) and health status (St. George’s Respiratory Questionnaire [SGRQ]) were
selected as the primary outcomes of this study, and then the results on these outcomes
were investigated before and after PR. These outcomes were chosen as they have
shown to be the most widely used outcomes in PR.17 An improvement above the
minimum important difference (MID) was considered meaningful according to the
following thresholds: an increase in 6‐min walk distance (6MWD) of 30 m or more;18 an
increase in CWRT time of 100 s or more;19 a decrease in SGRQ total score of 4 points or
more.20
According to diagnostic criteria established by relevant international societies (see
Vanfleteren et al.16), thirteen comorbidities were objectively investigated during initial
evaluation for PR: chronic kidney disease, anemia, hypertension, obesity, underweight,
muscle wasting, hyperglycemia, dyslipidemia, osteoporosis, symptoms of anxiety and
depression, atherosclerosis and myocardial infarction. Based on these conditions, five
comorbidity clusters were previously identified: cluster 1 (less comorbidity), cluster 2
(cardiovascular), cluster 3 (cachectic), cluster 4 (metabolic), and cluster 5
(psychologic).16 In addition, self‐reported comorbidities were assessed by the Charlson
comorbidity index;21 details can be found in the supplemental material. After the
abovementioned assessments patients were enrolled in an 8‐week inpatient
(5 days∙week‐1) or 14‐week outpatient (3 days∙week‐1) comprehensive PR program.22
Details of this intervention are provided in the supplemental material.
STATISTICS
Data for quantitative variables were presented as mean ± standard deviation or mean
(95% confidence intervals), whilst data for discrete variables were presented as
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absolute and/or relative frequency. Chi‐square or Fisher’s exact test was used for
categorical variables. Student’s t test was used for comparisons between patients who
did or did not complete the PR program (i.e., those with or without final assessment,
respectively). Within‐ and between‐group comparisons were performed based on 95%
confident intervals. Logistic regression models adjusted for age, gender, forced
expiratory volume in the first second and the baseline value in each outcome measure
were built to identify the predictive role of comorbidities on meaningful improvements
in exercise capacity and health status after PR. Statistical significance was considered as
p<0.05 and data analysis was carried out using SPSS 17.0 (SPSS, Chicago, Illinois) or SAS
version 8.2 (SAS Institute, Cary, NC).

RESULTS
GENERAL CHARACTERISTICS
255 patients with COPD were recruited, but 213 were eligible.16 Of the 213 patients,
13 patients lacked acceptable quality carotid intima media thickness measurement,
6 did not fill out the questionnaire for symptoms of anxiety and depression, and
11 patients lacked an acceptable ECG. Table 9.1 summarizes the baseline
characteristics, the distribution of individual comorbidities and the clusters identified.
Details on the frequency of comorbidities in each cluster were provided by Vanfleteren
et al.16
CHANGES AFTER PULMONARY REHABILITATION
19 patients (9%) dropped out the PR program. This group of patients had more current
smokers (26% versus 47%; p=0.05) and lower baseline scores in the SGRQ activity
domain (69±22 versus 58±18 points; p=0.03) compared with those who completed to
program (Supplemental Table S9.1). Amongst completers, 57 subjects (29%) were
submitted to inpatient rehabilitation and 137 (71%) to outpatient rehabilitation. The
proportion of subjects submitted to inpatient or outpatient rehabilitation was similar
amongst clusters (p=0.37).
On average, the 6MWD (mean (95&CI: 30 (23, 38) m), cycle endurance time (202 (155,
248) m), and health status (‐4 (‐6, ‐2) points) improved significantly in the whole
sample.Changes in exercise capacity and health status after PR are shown in Tables 9.2
(individual comorbidities) and 9.3 (comorbidity clusters). Results according to the SGRQ
symptoms, activity and impact sub‐scores can be found in Supplemental Table S9.2.
Results of logistic regression models are summarized in Figures 9.1 (individual
comorbidities) and Figure 9.2 (comorbidity clusters).
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Table 9.1

Baseline characteristics of the subjects.

Characteristic
N
Demographics, anthropometrics and clinical data
Age, years
Male, n (%)
2
BMI, kg/m
mMRC dyspnea grade
Current smoker, n (%)
Pack‐years
Long‐term oxygen therapy, n (%)
†
Charlson comorbidity index
Pulmonary function
FEV1, L
FEV1, % predicted
FEV1/FVC, %
ITGV, % predicted
DLCO, % predicted
Functional outcomes
6MWD, m
*
CWRT, s
SGRQ total score
SGRQ symptoms score
SGRQ activity score
SGRQ impact score
Objectively identified comorbidities
Number of comorbidities per patient
Chronic kidney disease, n (%)
Anemia, n (%)
Hypertension, n (%)
Obesity, n (%)
Underweight, n (%)
Muscle wasting, n (%)
Hyperglycemia, n (%)
Dyslipidemia, n (%)
Osteoporosis, n (%)
Symptoms of anxiety, n (%)
Symptoms of depression, n (%)
Atherosclerosis, n (%)
Myocardial infarction, n (%)
Clusters of objectively identified comorbidities
Cluster 1: less comorbidity, n (%)
Cluster 2: cardiovascular, n (%)
Cluster 3: cachectic, n (%)
Cluster 4: metabolic, n (%)
Cluster 5: psychologic, n (%)

Value
213
64 ± 7
126 (59)
26.2 ± 5.1
2.1 ± 1.1
60 (28)
46 ± 26
36 (17)
0.6 ± 0.9
1.40 ± 0.54
51 ± 17
40 ± 11
148 ± 33
56 ± 17
470 ± 106
353 ± 269
51 ± 18
55 ± 21
68 ± 22
40 ± 20
4±2
47 (22)
11 (5)
103 (48)
50 (23)
30 (14)
60 (28)
116 (54)
77 (36)
66 (31)
43 (21)
33 (16)
106 (53)
19 (9)
67 (31)
49 (23)
44 (21)
33 (16)
20 (9)

Data expressed as mean ± standard deviation for quantitative variables, and absolute and relative frequency
for discrete variables. BMI: body mass index; mMRC: modified medical research council; FEV1: forced
expiratory volume in the first second; FVC: forced vital capacity; ITGV: intrathoracic gas volume; DLCO:
diffusing capacity for carbon monoxide; 6MWD: 6‐minute walk distance; CWRT: constant work rate test;
*
†
SGRQ: St. George’s respiratory questionnaire. n=202; COPD is not included in the score.
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mean ± SD
506 ± 100
498 ± 113
421 ± 129
500 ± 106
494 ± 91
535 ± 124
518 ± 104
510 ± 97
510 ± 94
487 ± 107
502 ± 105
480 ± 96
483 ± 104
501 ± 92

mean ± SD
475 ± 102
475 ± 111
376 ± 144
475 ± 109
470 ± 81
513 ± 105
486 ± 102
478 ± 104
478 ± 98
453 ± 108
458 ± 109
441 ± 99
455 ± 106
475 ± 90

mean ± SD
350 ± 257
287 ± 195
353 ± 375
367 ± 250
379 ± 222
279 ± 154
304 ± 229
369 ± 266
333 ± 214
269 ± 189
375 ± 273
329 ± 226
350 ± 247
345 ± 288

23 (5, 41)§
45 (‐10, 101)
25 (14, 35)§
24 (12, 36)§
22 (5, 39)§
32 (17, 48)§
31 (22, 41)§
33 (18, 47)§
33 (19, 47)§
44 (26, 61)§
39 (21, 57)§
28 (17, 40)§
25 (3, 48)§

Pre‐PR, s

Post‐PR minus
Pre‐PR, m
mean (95% CI)
30 (23, 38)§
491 ± 400
421 ± 394
563 ± 358
606 ± 344
477 ± 429
462 ± 381
583 ± 389
585 ± 371
432 ± 349
552 ± 383
529 ± 348
512 ± 340
436 ± 274

mean ± SD
551 ± 380

CWRT†
Post‐PR, s

204 (104, 304)§
68 (‐122, 258)
195 (130, 261)§
227 (127, 328)§
198 (36, 359)§
158 (62, 254)§
215 (150, 279)§
253 (176, 330)§
163 (82, 245)§
176 (57, 296)§
200 (82, 318)§
162 (100, 225)§
91 (‐21, 202)

Post‐PR minus
Pre‐PR, s
mean (95% CI)
202 (155, 248)§
48.5 ± 20.9
64.3 ± 19.7
51.9 ± 19.5
52.0 ± 16.4
45.1 ± 22.0
47.2 ± 19.5
49.7 ± 18.6
52.0 ± 17.1
55.2 ± 17.3
62.6 ± 17.0
64.9 ± 13.8
54.0 ± 18.5
60.4 ± 21.1

47.0 ± 20.7
‐1.6 (‐7.1, 4.0)
62.6 ± 11.2 ‐1.7 (‐22.9, 19.6)
46.0 ± 19.2 ‐6.0 (‐8.4, ‐3.5)§
46.5 ± 14.1 ‐5.5 (‐9.5, ‐1.5)§
44.9 ± 19.0
‐0.2 (‐6.8, 6.5)
44.2 ± 18.1
‐3.0 (‐7.3, 1.4)
45.4 ± 17.8 ‐4.3 (‐7.1, ‐1.4)§
47.8 ± 18.0 ‐4.2 (‐7.5, ‐0.9)§
52.2 ± 15.5
‐3.0 (‐6.9, 1.0)
55.2 ± 17.5 ‐7.4 (‐12.2, ‐2.7)§
58.7 ± 14.2 ‐6.1 (‐11.6, ‐0.7)§
48.0 ± 16.6 ‐6.1 (‐9.0, ‐3.2)§
58.7 ± 20.5
‐1.8 (‐8.6, 5.1)

SGRQ total score‡
Post‐PR
Post‐PR minus
Pre‐PR
mean ± SD mean ± SD
mean (95% CI)
51.1 ± 18.2 47.1 ± 17.6 ‐4.0 (‐6.0, ‐2.0)§
Pre‐PR

Data expressed as mean ± standard deviation or mean 95% confidence intervals. 6MWT: 6‐minute walk test; CWRT: constant work rate test; SGRQ: St. George’s respiratory
questionnaire; PR: pulmonary rehabilitation. *n=187 due to missing data; †n=174 due to missing data; ‡n=151 due to missing data; §Significant improvement after PR (95%
confidence intervals).

6MWT*
Post‐PR, m

Pre‐PR, m

Changes in exercise capacity and health status after pulmonary rehabilitation according to the presence of specific objectively identified comorbidities.

Total Sample, n=194
Individual comorbidities
Chronic kidney disease, n=42
Anemia, n=10
Hypertension, n=92
Obesity, n=48
Underweight, n=27
Muscle wasting, n=55
Hyperglycemia, n=104
Dyslipidemia, n=70
Osteoporosis, n=59
Symptoms of anxiety, n=39
Symptoms of depression, n=32
Atherosclerosis, n=95
Myocardial infarction, n=18

Table 9.2

Comorbidities and pulmonary rehabilitation in COPD
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Figure 9.1
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Predictive role of individual objectively identified comorbidities on meaningful improvements in
(A) 6‐min walk test (6MWT, n=187 due to missing data), (B) constant work rate test (CWRT,
n=174 due to missing data), and (C) St. George Respiratory Questionnaire (SGRQ, n=151 due to
missing data) after pulmonary rehabilitation. Models adjusted for age, gender, FEV1% predicted
and the baseline value in each outcome measure.

Comorbidities and pulmonary rehabilitation in COPD

Figure 9.2

Predictive role of clusters of objectively identified comorbidities on meaningful improvements
in (A) 6‐min walk test (6MWT, n=187 due to missing data), (B) constant work rate test (CWRT,
n=174 due to missing data), and (C) St. George Respiratory Questionnaire (SGRQ, n=151 due to
missing data) after pulmonary rehabilitation. Models adjusted for age, gender, FEV1% predicted
and the baseline value in each outcome measure.

PR outcomes and self‐reported comorbidities
Irrespective of the final score in the Charlson index, on average, significant and
meaningful improvements were found after PR in both the 6MWT and the CWRT
(Supplemental Table S9.3). However, only patients with no comorbidity improved
statistically and meaningfully in the SGRQ (Supplemental Table S9.3). No statistical
significance was found in any of the measures when the Charlson score was taken into
account in logistic regression models (Supplemental Figure S9.1).
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PR outcomes and individual comorbidities
Significant improvements in both the 6MWT and the CWRT were found in each
individual comorbidity, with the exception of anemia and myocardial infarction (Table
9.2). Subjects with chronic kidney disease, underweight, muscle wasting, osteoporosis,
anemia or myocardial infarction, on average did not improve in the SGRQ (Table 9.2).
A logistic regression analysis revealed that none of the comorbidities was able to
predict clinically meaningful changes in any of the outcome measures (Figure 9.1). The
proportion of subjects with an improvement ≥MID for the 6MWT, CWRT and SGRQ
ranged from 40% to 59%, 38% to 65%, and 31% to 56%, respectively.
No statistical significance was found in any of the measures when the number of
comorbidities (none, one, or more than one comorbidity) was taken into account in
logistic regression models (p>0.05 for all; Supplemental Figure S9.2).
PR outcomes and comorbidity clusters
Significant improvements in the 6MWT and CWRT were found in all comorbidity
clusters (Table 9.3). The proportion of subjects with an improvement ≥MID for the
6MWT and CWRT ranged from 38% to 74%, and 40% to 66%, respectively. Compared to
the “less comorbidity” cluster, subjects from the “psychologic” cluster had a higher
likelihood of achieving the MID for the 6MWT, whilst subjects from the “cachectic”
cluster had a tendency towards a lower likelihood of achieving the MID for the CWRT
(Figure 9.2).
SGRQ improved only in the “cardiovascular”, “metabolic” and “psychologic” clusters
(Table 9.3). The proportion of subjects with an improvement ≥MID for the SGRQ ranged
from 40% to 63%. In a logistic regression model considering the “less comorbidity”
cluster as reference, the analyses for the SGRQ did not reach statistical significance
(Figure 9.2).
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31 (16, 46)§
28 (11, 45)§
27 (10, 44)§
22 (2, 42)§
55 (37, 72)§

Post‐PR minus
Pre‐PR, m
mean (95% CI)
373 ± 297
349 ± 257
280 ± 166
368 ± 229
389 ± 317

mean ± SD

Pre‐PR, s

599 ± 399
533 ± 371
429 ± 375
603 ± 340
606 ± 394

mean ± SD

CWRT†
Post‐PR, s

226 (146, 306)§
184 (102, 266)§
150 (30, 269)§
235 (103, 367)§
217 (47, 388)§

Post‐PR minus
Pre‐PR, s
mean (95% CI)
48.5 ± 15.5
55.3 ± 18.7
45.5 ± 19.8
49.0 ± 16.7
67.4 ± 12.1

46.7 ± 16.0 ‐1.9 (‐5.6, 1.9)
50.5 ± 20.0 ‐4.9 (‐8.4, ‐1.4)§
43.9 ± 18.4 ‐1.6 (‐6.2, 3.1)
42.1 ± 15.2 ‐6.9 (‐11.4, ‐2.3)§
58.3 ± 13.8 ‐9.1 (‐17.6, ‐0.7)§

SGRQ total score‡
Post‐PR
Post‐PR minus
Pre‐PR
mean ± SD mean ± SD mean (95% CI)
Pre‐PR

Data expressed as mean ± standard deviation or mean 95% confidence intervals. 6MWT: 6‐minute walk test; CWRT: constant work rate test; SGRQ: St. George’s respiratory
questionnaire; PR: pulmonary rehabilitation. *n=187 due to missing data; †n=174 due to missing data; ‡n=151 due to missing data; §Significant improvement after PR (95%
confidence intervals).

510 ± 92
483 ± 117
527 ± 107
497 ± 93
514 ± 62

mean ± SD

mean ± SD
479 ± 94
455 ± 127
500 ± 103
475 ± 87
459 ± 76

6MWT*
Post‐PR, m

Pre‐PR, m

Changes in exercise capacity and health status after pulmonary rehabilitation according to clusters of objectively identified comorbidities.

Comorbidity clusters
“Less comorbidity” cluster, n=60
“Cardiovascular” cluster, n=43
“Cachectic” cluster, n=1
“Metabolic” cluster, n=31
“Psychologic” cluster, n=19

Table 9.3

Comorbidities and pulmonary rehabilitation in COPD

153

Chapter 9

DISCUSSION
The present study showed that COPD patients with one or more objectively identified
comorbidities following PR are able to obtain significant improvements in exercise
capacity and health status. Moreover, the likelihood of achieving meaningful
improvements in 6MWT, CWRT time or SGRQ scores was generally not influenced by
the presence of individual or combinations of comorbidities.
Most of the studies published so far investigating the impact of comorbidities on PR
outcomes have focused on either self‐reported comorbidities or comorbidities
retrieved from medical records.23 In our study, self‐reported comorbidities were not
able to predict meaningful improvements in terms of exercise capacity or health status.
Self‐reported comorbidities might provide reasonably accurate estimates, but objective
measures should be preferred for a conclusive diagnosis.
Crisafulli et al.11 were one of the first groups to investigate the possible influence of
comorbidities on PR outcomes in COPD patients. These authors observed that subjects
with heart disease and those with metabolic disease had a higher and lower likelihood
of achieving the MID for the 6MWT, respectively.11 However, in a prospective study
using similar methodology the same group was not able to confirm these findings.12
More recently, two other studies from another group also found a significant
association between meaningful changes in 6MWT and metabolic disease, but the
direction of this association was divergent between the studies.13,14 When assessing
comorbidities in an objective manner, we were not able to corroborate any of these
findings. Different factors can help to explain the differences between the studies, but
probably the main one is the fact that in our study we used objective measures for the
assessment of comorbidities, whilst previous studies have mostly used self‐reported
measures or data from medical records. Nonetheless, considering the pathophysiology
involved in heart and metabolic diseases,24 we believe these conditions do have the
potential to influence improvements in 6MWD after PR.
Whilst subjects in the “metabolic” cluster, on average, did not reach the MID for the
6MWT, that same cluster had the highest mean improvement in CWRT. This contrasting
response suggests that excessive body weight may play an important role, as cycling
can be considered a non‐weight bearing exercise and walking a weight bearing exercise.
Still regarding changes in the 6MWD, the “psychologic” cluster had the highest
proportion of subjects reaching the MID for this test and was the only one associated
with a higher likelihood of achieving meaningful improvements compared to the “less
comorbidity” cluster. The “psychologic” cluster is characterized by a higher proportion
of subjects with baseline symptoms of anxiety and depression.16 Previously,
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Trappenburg et al.25 showed that the effects of PR are not affected by baseline
symptoms of anxiety and depression, most probably due to the multidisciplinary
approach adopted in their PR. We reason that the same is true for the current study.22
The beneficial psychological effects of PR might directly impact on improvement of
exercise capacity.
Patients in the “cachectic” cluster had a tendency towards a lower likelihood of
achieving the MID for the CWRT. The “cachectic” cluster was characterized by more
patients with underweight, muscle wasting, osteoporosis and more static
hyperinflation.16 We believe the increased static hyperinflation, which relates
importantly to dynamic hyperinflation, might help to explain these results. A ventilator
mask was used during the CWRT, which increases by a small amount the “dead space”
of the airways and consequently might result in increased dyspnea sensation,26
primarily in patients suffering from static and/or dynamic hyperinflation. Since the
6MWT is performed without a mask, this might explain the differences found between
CWRT and 6MWT. Important to mention that cachexia itself was not investigated in this
study. Cachexia has been defined as an ongoing process of active weight loss and
accelerated muscle protein degradation or muscle wasting.27 The “cachectic” cluster
was given this name for reasons of clinical recognition of the cachectic phenotype in its
patients, as these patients simultaneously showed low muscle mass, low bone mass
and destruction of lung parenchyma.16
Individual comorbidities generally did not affect improvements in health status,
although subjects with underweight, muscle wasting, osteoporosis, or chronic kidney
disease were not improving significantly or in a clinically relevant magnitude.
Consistently, patients in the “cachectic” cluster, on average, did not improve their
health status after PR. The reasons are not completely clear. Although the “cachectic”
cluster had less impaired health status at baseline when compared to the whole
group,16 after running a logistic regression analysis corrected for SGRQ baseline results,
this cluster was not associated with the likelihood of achieving meaningful
improvements (Figure 9.2). Interestingly, we also found that the “less comorbidity”
cluster did not show significant and clinically meaningful improvements in SGRQ scores,
illustrating again the limited impact of comorbidities on widely used PR outcomes.
This is the first study to investigate the impact of objectively assessed comorbidities
and the combinations of comorbidities (i.e., clusters) on PR outcomes. Objective
assessments provide more accurate results, and the organization in clusters is probably
more realistic as multimorbidity is frequently found in patients with COPD.2 Moreover,
a prospective design was used in our study, supporting more accurate assessments,
whilst most previous studies have used retrospective designs.23
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Despite the strengths of our study, some limitations are acknowledged. Patients were
recruited from a single center and no Global Initiative for Chronic Obstructive Lung
Disease grade 1 patient was included, possibly compromising the generalizability of our
results. Nevertheless, Vanfleteren et al.16 have already shown that the patients from
our cohort have similar characteristics compared to patients from other cohorts. Some
analyses might have been underpowered, and this may constitute another limitation.
Future studies should take care to ensure sufficiently powered analyses. Due to the
limited sample size, we believe that the current findings are more hypothesis‐
generating than definitive.
In summary, comorbidities do not seem to preclude patients with COPD from showing
significant and clinically meaningful improvements in exercise capacity and health
status after pulmonary rehabilitation. COPD patients should not be withheld from
rehabilitation programs based on stable comorbidities.
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SUPPLEMENTAL MATERIAL
METHODS
DETAILED EXCLUSION CRITERIA
Patients were excluded if they met the following exclusion criteria: history of asthma or
any other significant respiratory disease, diagnosis of alpha‐1 antitrypsin deficiency, any
previous lung surgery, any active inflammatory disease, acute myocardial infarction
within the last 6 months, any known bone disease other than osteoporosis, current or
recently (i.e., <5 years before the study) treated malignant disease, exacerbation
requiring oral corticosteroid or hospitalization in the previous 4 weeks; high‐dose (i.e.,
>10 mg daily), long term systemic corticosteroid therapy; inability to walk; any blood
transfusion 4 weeks prior to the first visit; blood donor in the last 3 months prior to the
first visit; suspicion of alcohol or drug abuse or any other condition associated with
poor compliance in the investigator’s opinion; and known infectious transmissible
disease: Human Immune‐deficiency virus (HIV), hepatitis B or C.
DETAILS OF THE ASSESSMENT OF OUTCOME MEASURES
Lung function
Post‐bronchodilator forced expiratory volume in the first second (FEV1) and forced vital
capacity (FVC) were collected using standardized spirometry (MasterScreen® Body,
Carefusion, Germany). Static lung volumes (intrathoracic gas volume [ITGV]) and carbon
monoxide transfer factor (DLCO, single breath hold method) were determined in all
patients (MasterScreen® Body, Carefusion, Germany).
Body composition
Height was measured to the nearest 0.1 cm, whilst body weight was assessed with an
electronic beam scale with digital readout to the nearest 0.1 kg after emptying the
bladder and with the subjects standing barefoot and wearing light indoor clothing.
Body mass index (BMI) was calculated as body weight in kilograms per squared height
in meters (kg/m2).1 Fat free mass (FFM) was assessed using an overnight‐fasting
bioelectrical impedance assessment (Bodystat®, United Kingdom). Dual‐energy X‐ray
Absorptiometry (DEXA) had to be used with two patients instead due to total hip
replacement (n=1) or presence of iron after sternal surgery (n=1). FFM index (FFMI) was
calculated as FFM in kilograms per squared height in meters.2 DEXA scan (Lunar
Prodigy®, Ge‐Lunar) was used to determine hip, lumbar spine and whole‐body bone
mineral density (BMD).
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Sub‐clinical atherosclerosis
A high‐resolution B‐mode ultrasound with a 10‐MHz linear transducer
(Art.LabEsaotePicus, Pie‐medical Netherlands/Italy) was used for the assessment of
carotid intima media thickness (c‐IMT), which was thus quantified semi‐automatically,
reducing the interobserver variability.3 c‐IMT measurements were performed with the
patients in a supine position and throughout 10‐mm segments across the far wall of the
left and right common carotid arteries, at a point most proximal to the carotid
bifurcation free of visual plaques. The probe was moved to obtain measurements of the
common carotid artery at 4 angles on both sides (180°, 150°, 120°, and 90°). For each
measured segment mean and maximum IMT values were acquired automatically
throughout the 10‐mm vessel length. The average of segmental maximum carotid IMT
values was determined as carotid IMT per patient.
Cardiac ischemia
The cardiac infarction injury score (CIIS) was scored by a cardiologist based on a resting
electrocardiogram (ECG). This cardiologist was blinded for patient’s medical history and
outcome measures. CIIS is an electrocardiographic classification system developed as a
diagnostic tool to determine the presence of myocardial infarctions. It is based on the
power of certain electrocardiographic characteristics to discriminate between
myocardial infarction patients and healthy individuals. These characteristics are
weighted and combined into a single score.4
Blood pressure
Peripheral blood pressure was measured early in the morning by a trained medical
technologist, blinded for clinical outcomes. Patients were instructed to rest for
15 minutes in supine position and after that three measurements were performed, with
5‐minute intervals between each pair of measurements. Mean values were calculated.
Functional exercise capacity
The 6‐min walk test (6MWT) and the constant work rate test (CWRT) were assessed as
measures of functional exercise capacity. The 6MWT was performed according to the
guidelines of the European Respiratory Society (ERS) and American Thoracic Society
(ATS).5 Two tests were performed at the initial assessment to account for a possible
learning effect,6 and the best test was used for analysis. The CWRT was performed at
75% of the pre‐determined peak cycling load,7 based on a symptom‐limited
cardiopulmonary incremental cycle test 8 and following the guidelines of the ATS and
the American College of Chest Physicians.9
Dyspnea
The modified Medical Research Council (mMRC) dyspnea scale was used for the
assessment of self‐perceived dyspnea in relation to physical disability.10
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Psychological status
Symptoms of anxiety and depression were assessed by using the Hospital Anxiety and
Depression Scale (HADS), a validated and reliable self‐administered instrument widely
used in medically ill patients for screening clinically relevant symptoms of anxiety
and/or depression.11 HADS consists of 14 questions distributed in two subscales, an
anxiety subscale (HADS‐A, 7 questions) and a depression subscale (HADS‐D,
7 questions). Total scores for each subscale can range from 0 (optimal) to 21 (worst)
points.
Health status
Health status was assessed by using the St. George’s Respiratory Questionnaire (SGRQ),
which consists of a 50‐item questionnaire divided in three domains (symptoms,
activities and impact).12 Scores per domain and a total score are provided and they can
range from 0 (optimal) to 100 points (worst).12
Laboratory analysis
A venous blood sample was collected from all patients in the fasted state. Serum
samples were stored at ‐80°C prior to their analysis. Hemoglobin, leukocytes, glucose,
creatinine, high density lipoprotein (HDL), and triglycerides were determined in all
subjects.
Self‐reported comorbidities
Self‐reported comorbidities were assessed by the Charlson comorbidity index,13 which
is composed of 19 categories of comorbidities. The total score reflects the cumulative
increased likelihood of 1‐year mortality,14 and higher scores can be translated as a
higher burden of comorbidities. The total score was not adjusted for age and did not
include COPD as a comorbidity, as done in previous studies.15‐17
DETAILS OF THE PULMONARY REHABILITATION PROGRAM
Patients were enrolled in an 8‐week inpatient (5 days∙week‐1) or 14‐week outpatient
(3 days∙week‐1) comprehensive pulmonary rehabilitation program.18 Briefly, both types
of program were implemented by an interdisciplinary team and consisted of high‐
intensity progressive exercise training (i.e., endurance treadmill walking and cycling and
strength training of lower and upper extremities), nutritional support, occupational
therapy and psychological counselling, if indicated, besides educational sessions in
groups. An improvement above the minimum important difference (MID) was
considered meaningful, according to the following thresholds: an increase in 6‐min walk
distance (6MWD) of 30 m or more;5 an increase in CWRT time of 100 s or more;19 a
decrease in SGRQ total score of 4 points or more.20
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RESULTS
Table S9.1

Baseline characteristics of completers and non‐completers after pulmonary rehabilitation.

Variable
N
Age, years
Male, (%)
2
BMI, kg/m
mMRC dyspnea grade
Current smoker, (%)
Pack‐years
Long‐term oxygen therapy, (%)
FEV1, L
FEV1, % predicted
FEV1/FVC, %
ITGV, % predicted
DLCO, % predicted
†
Charlson comorbidity index
Number of comorbidities
6MWD, m
*
CWRT, s
SGRQ total score
SGRQ symptoms score
SGRQ activity score
SGRQ impact score

Completers
194
63 ± 7
59
26.3 ± 5.2
2.1 ± 1.1
26
47 ± 26
17
1.40 ± 0.54
51 ± 17
40 ± 11
148 ± 34
56 ± 17
0.6 ± 0.9
4±2
473 ± 105
356 ± 270
51.9 ± 17.7
55.1 ± 20.9
69.3 ± 22.0
40.2 ± 20.0

Non‐completers
19
66 ± 8
58
25.5 ± 4.0
1.7 ± 0.9
47
40 ± 16
21
1.41 ± 0.58
53 ± 17
42 ± 12
143 ± 30
53 ± 15
0.6 ± 0.6
4±2
449 ± 125
321 ± 264
45.7 ± 14.5
55.5 ± 18.0
58.1 ± 18.3
35.8 ± 19.4

p value
‐
0.10
0.91
0.50
0.13
0.05
0.27
0.54
0.91
0.72
0.31
0.52
0.44
0.80
0.75
0.35
0.59
0.15
0.95
0.03
0.36

Data expressed as mean ± standard deviation for quantitative variables, and relative frequency for discrete
*
†
variables. See Table 9.1 for definition of abbreviations. n=202; This index score does not include COPD as a
comorbidity.
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54.0 ± 16.2

54.9 ± 21.5
53.9 ± 21.1
54.4 ± 19.9
59.0 ± 19.8
66.9 ± 16.0
65.7 ± 19.5
56.3 ± 22.0
67.0 ± 22.3

Muscle wasting, n=60

Hyperglycemia, n=116

Dyslipidemia, n=77

Osteoporosis, n=66

Symptoms of anxiety, n=43

Symptoms of depression, n=33

Atherosclerosis, n=106

Myocardial infarction, n=19

72.5 ± 12.2

“Psychologic” cluster, n=20

68.6 ± 17.0

41.8 ± 21.9

45.0 ± 18.6

54.0 ± 22.9

50.0 ± 20.9

60.6 ± 26.4

51.1 ± 22.0

59.7 ± 20.7

57.9 ± 18.8

48.7 ± 20.5

46.8 ± 17.5

45.0 ± 18.8

67.5 ± 20.5
83.8 ± 13.9

60.4 ± 25.6

‐9.3 (‐15.9, ‐2.7)§
‐9.0 (‐16.7, ‐1.4)§
‐3.9 (‐15.2, 7.4)

67.8 ± 24.2

68.7 ± 20.0

‐5.7 (‐13.0, 1.7)

0.4 (‐5.5, 6.2)

72.8 ± 23.3

72.3 ± 20.2

‐6.4 (‐17.0, 4.1)

81.9 ± 14.2

‐5.9 (‐14.5, 2.6)

77.2 ± 24.7

70.0 ± 23.7

69.3 ± 21.1

65.0 ± 24.1

62.3 ± 24.6

59.4 ± 29.3

‐5.2 (‐10.0, ‐0.5)§

‐9.0 (‐15.8, ‐2.3)

§

‐5.0 (‐10.5, 0.5)

‐3.9 (‐9.3, 1.6)

‐5.2 (‐9.6, ‐0.8)§

‐8.1 (‐14.1, ‐2.1)

§

‐9.5 (‐17.4, ‐1.5)

§

66.8 ± 22.9
71.6 ± 18.8

‐7,4 (‐12.3, ‐2.5)§
‐2.5 (‐9.5, 4.6)

79.4 ± 13.5

64.5 ± 28.5

‐3.7 (‐27.7, 20.3)

‐3.4 (‐11.8, 5.1)

mean ± SD
67.7 ± 22.6

‐5.4 (‐8.6, ‐2.3)§

Pre‐PR

Post‐PR minus
Pre‐PR
mean (95% CI)

73.1 ± 22.6

64.9 ± 21.5

63.1 ± 26.1

64.4 ± 26.0

67.9 ± 18.5

76.0 ± 23.9

69.5 ± 20.9

79.3 ± 21.8

68.8 ± 25.9

71.3 ± 22.3

66.5 ± 24.3

63.0 ± 25.8

62.5 ± 25.4

64.4 ± 26.1

68.9 ± 18.4

63.3 ± 25.5

81.0 ± 14.0

63.6 ± 28.6

65.9 ± 23.0

mean ± SD

Post‐PR

†

§

‐10.7 (‐23.6, 2.2)

‐2.6 (‐7.4, 2.2)

2.7 (‐4.8, 10.2)

‐3.4 (‐6.9, 0.1)

‐0.9 (‐6.1, 4.4)

3.2 (‐5.9, 12.4)

‐2.7 (‐6.8, 1.3)

‐2.6 (‐10.7, 5.5)

‐8.4 (‐15.9, ‐0.9)

1.3 (‐4.9, 7.4)

‐2.8 (‐7.0, 1.5)

‐2.0 (‐6.2, 2.2)

0.1 (‐7.1, 7.4)

5.0 (‐5.7, 15.7)

‐2.7 (‐6.8, 1.4)

‐3.6 (‐6.4, ‐0.7)§

1.6 (‐10.8, 13.9)

‐0.9 (‐8.5, 6.8)

‐1.8 (‐4.6, 1.0)

Post‐PR minus
Pre‐PR
mean (95% CI)

SGRQ activity scores

53.5 ± 16.8

38.2 ± 17.3

35.0 ± 21.9

41.4 ± 22.2

37.3 ± 19.3

48.0 ± 22.5

42.5 ± 21.3

53.1 ± 16.5

53.5 ± 18.3

43.2 ± 22.5

40.6 ± 18.3

37.8 ± 19.8

36.8 ± 21.7

35.2 ± 24.3

41.1 ± 17.9

40.1 ± 21.6

61.2 ± 25.8

37.5 ± 23.9

39.3 ± 20.5

mean ± SD

Pre‐PR

46.9 ± 14.8

30.1 ± 13.7

33.7 ± 18.9

35.7 ± 23.5

33.8 ± 18.3

48.1 ± 18.8

35.3 ± 18.0

44.6 ± 16.8

47.5 ± 20.0

39.3 ± 19.3

35.4 ± 17.3

33.3 ± 18.8

34.4 ± 19.5

35.3 ± 19.1

33.2 ± 13.5

33.5 ± 19.9

57.1 ± 17.6

35.2 ± 22.0

34.8 ± 18.9

mean ± SD

Post‐PR

‡

§

‐6.7 (‐17.0, 3.7)

‐8.1 (‐13.7, ‐2.4)§

‐1.3 (‐5.9, 3.3)

‐5.7 (‐10.0, ‐1.4)§

‐3.5 (‐9.0, 2.0)

0.2 (‐8.5, 8.8)

‐7.2 (‐11.2, ‐3.3)§

‐8.5 (‐13.8, ‐3.1)§

‐6.0 (‐11.9, ‐0.1)

‐3.9 (‐9.1, 1.3)

‐5.3 (‐8.7, ‐1.9)§

‐4.5 (‐7.5, ‐1.5)§

‐2.5 (‐6.7, 1.7)

0.1 (‐6.3, 6.6)

‐8.0 (‐12.7, ‐3.2)§

‐6.6 (‐9.4, ‐3.7)§

‐4.1 (‐21.7, 13.5)

‐2.3 (‐7.2, 2.6)

‐4.6 (‐7.0, ‐2.1)§

Post‐PR minus
Pre‐PR
mean (95% CI)

SGRQ impact scores

Data expressed as mean ± standard deviation or mean 95% confidence intervals. 6MWT: 6‐minute walk test; CWRT: constant work rate test; SGRQ: St. George’s
*
†
‡
§
respiratory questionnaire; PR: pulmonary rehabilitation. n=158 due to missing data; n=160 due to missing data; n=163 due to missing data; Significant
improvement after PR (95% confidence intervals).

54.4 ± 23.6
50.8 ± 20.9

“Metabolic” cluster, n=33

59.7 ± 20.9

“Cachectic” cluster, n=44

49.6 ± 17.6

“Less comorbidity” cluster, n=67

“Cardiovascular” cluster, n=49

Comorbidity clusters

50.6 ± 24.3

54.5 ± 23.6

Underweight, n=30

47.7 ± 22.7
48.5 ± 21.4

55.1 ± 22.0
51.0 ± 19.0

Hypertension, n=103

60.0 ± 8.8

51.6 ± 21.3

Obesity, n=50

55.0 ± 24.4
63.7 ± 17.6

Chronic kidney disease, n=47

Anemia, n=11

Individual comorbidities

mean ± SD
50.0 ± 21.7

mean ± SD
55.4 ± 21.0

Post‐PR

Pre‐PR

SGRQ symptoms scores

*

Changes in the SGRQ’s domains after pulmonary rehabilitation according to individual and clusters of objectively identified comorbidities.

Total Sample, n=213
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164
mean ± SD
519 ± 99
492 ± 84
470 ± 115

Pre‐PR, m

mean ± SD
492 ± 97
457 ± 100
432 ± 113

Post‐PR minus
Pre‐PR, m
mean (95% CI)
27 (17, 36)
35 (17, 53)
38 (16, 60)

†

mean ± SD mean ± SD
348 ± 242 545 ± 375
341 ± 267 533 ± 361
372 ± 309 608 ± 434

Pre‐PR, s

CWRT
Post‐PR, s
Post‐PR minus
Pre‐PR, s
mean (95% CI)
197 (138, 257)
192 (117, 267)
236 (75, 397)

‡

SGRQ total score
Post‐PR minus
Pre‐PR
Post‐PR
Pre‐PR
mean ± SD mean ± SD mean (95% CI)
50 ± 18
45 ± 18
‐5 (‐7, ‐2)
54 ± 17
51 ± 16
‐3 (‐7, 1)
52 ± 21
49 ± 19
‐3 (‐9, 2)

Data expressed as mean ± standard deviation or mean 95% confidence intervals. 6MWT: 6‐minute walk test; CWRT: constant work rate test; SGRQ: St. George’s
†
‡
§
respiratory questionnaire; PR: pulmonary rehabilitation. *n=187 due to missing data; n=174 due to missing data; n=151 due to missing data; Significant
improvement after PR (95% confidence intervals).

6MWT*
Post‐PR, m

Changes in exercise capacity and health status after pulmonary rehabilitation according to self‐reported comorbidities as assessed by the Charlson
comorbidity index.

0 points, n=128
1 point, n=56
2 or more points, n=29

Table S9.3
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Figure S9.1

Predictive role of self‐reported comorbidities as assessed by the Charlson comorbidity index on
meaningful improvements in (A) 6‐min walk test (6MWT, n=187 due to missing data), (B)
constant work rate test (CWRT, n=174 due to missing data), and (C) St. George Respiratory
Questionnaire (SGRQ, n=151 due to missing data) after pulmonary rehabilitation. Models
adjusted for age, gender, FEV1% predicted and the baseline value in each outcome measure.
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Figure S9.2
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Predictive role of the number of objectively identified comorbidities on meaningful
improvements in (A) 6‐min walk test (6MWT, n=187 due to missing data), (B) constant work
rate test (CWRT, n=174 due to missing data), and (C) St. George Respiratory Questionnaire
(SGRQ, n=151 due to missing data) after pulmonary rehabilitation. Models adjusted for age,
gender, FEV1% predicted and the baseline value in each outcome measure.
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COPD, AN UNDERESTIMATED AND INCREASING HEALTH
PROBLEM, SCREAMING FOR ATTENTION
The state institute for public health and environment in the Netherlands (RIVM)
estimated the prevalence of chronic obstructive pulmonary disease (COPD) in 2007 as
1.8% for men and 1.6% for women, based on five databases containing registrations of
physician’s diagnosis of COPD, chronic bronchitis or lung emphysema in primary care.1
This reported prevalence does not approach the magnitude reported in chapter 2 of
this thesis and probably underestimated the true prevalence of COPD in the
Netherlands. Indeed, using rigorous methodology, in this thesis, it was shown that the
prevalence of GOLD‐defined COPD in the general population aged 40 years and older in
Maastricht, the Netherlands is 24%. Around 10% of the studied population had a forced
expiratory volume in the first second (FEV1) below 80% of predicted, corresponding
with COPD GOLD stage 2 or higher.
In subjects who smoked more than 20 pack years (22%), the prevalence of at least
GOLD stage 2 was twice as high as the physician’s diagnosis of COPD in the same group
(11%). This problem of underdiagnosis of COPD has been reported earlier.2,3 In the
“Confronting COPD survey” the disease was underdiagnosed and undertreated, in the
Netherlands as well as in the six other participating countries.4
The prevalence of COPD increases with age and the amount of smoked pack‐years.
A fixed ratio for FEV1/FVC of <0.7 to classify COPD as proposed in the Global initiative
for Obstructive Lung Disease (GOLD) document5 may lead to increasing false positive
diagnosis of COPD with age, since FEV1/FVC physiologically declines with age.6 This
misclassification could be reduced by using the “lower limit of normal” (LLN),
commonly defined as that value which identifies the lower 5th centile of a healthy
population of non‐smokers. Using the LLN for the FEV1/FVC ratio probably enables
better distinction between healthy aging and obstructive lung disease. In chapter 2,
using the LLN instead of the GOLD criterion to define COPD, still resulted in an overall
COPD prevalence of 19%, while 10% of the Maastricht population had at least GOLD
stage 2 disease.
GOLD‐defined COPD was found in 14% of persons who had never smoked. According to
the LLN this was still 6%. Although never smokers were less likely to have COPD than
ever smokers, never smokers nonetheless comprised one fifth of all subjects with
COPD. In Western countries, outdoor air pollution, occupational exposure, childhood
respiratory infections and chronic asthma have been associated with COPD in never
smokers. 7
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Although the Netherlands is a developed country and COPD is a preventable disease, a
surprisingly high prevalence of COPD was found. With the aging population and
continuing high rates of cigarette consumption, this burden is bound to increase and
imposes great demands to public health care and society. The government faces the
important task to continue the efforts to prevent the population from exposure to
noxious substances: tobacco smoke but also other air pollutants, from for example
traffic or industry. Health care professionals should give priority to a better evaluation
and diagnosis of patients with COPD, as well as improved management of COPD and
take an aggressive attitude on the reduction of tobacco smoking.
As generally seen among the Burden of Obstructive Lung Disease (BOLD) sites
throughout the world,8 also at the Maastricht site, the overall prevalence of COPD was
higher in men than in women. It has been predicted that the expected changes in
smoking behavior will result in a smaller increase of the projected prevalence in men
and greater increase in women.9 Since tobacco consumption was comparable in men
and women in the present study, the gender difference in the prevalence of COPD in
Maastricht is expected to equalize. In fact, since women seem to be more vulnerable to
develop COPD than men,10 it can be hypothesized that this gender difference will
reverse. Indeed, in the youngest age group (40‐49 years) in chapter 2 of this thesis, the
prevalence of COPD according to the LLN tended to be higher in women than in men.
This is consistent with the remarkably higher incidence of COPD in the youngest female
age category of 55‐59 years compared to male peers in the population‐based
Rotterdam study with a median follow up of eleven years.11
Also regarding experience of respiratory symptoms, gender differences are important
to consider. The pathway to diagnosis and treatment of lung disease often begins with
the reporting of respiratory symptoms to the physician. Chapter 3 of this thesis
indicated that for the same degree of lung function impairment females tend to report
more dyspnea and cough, but less phlegm/sputum production than males. Others
made the same observation.12 This is also in accordance with results from the
Confronting COPD International Survey, which showed that despite lower pack‐years of
smoking females were more likely to report severe dyspnea than males, with similar
cough and less sputum.13 Anatomical differences and differences in respiratory muscle
strength may partly explain this gender differences.14,15 Also neurobiological differences
may contribute: Females have a higher intrinsic sensitivity to noxious somatic
sensations, including dyspnea.16 Finally, females are held to an expectation of beauty
and youthfulness, whereas males are expected to be physically strong and robust.
These expectations may be disrupted by COPD;17 however, these expectations may
influence the perception and expression of respiratory symptoms in males and females.
Thus, males might be less likely to describe themselves as breathless than females, and
females might be less likely to report sputum or phlegm production. Physicians should
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be aware of the gender differences in respiratory symptoms when considering a clinical
diagnosis of COPD.

CO

PD &
MORBIDITY

Although defined by the presence of chronic airflow limitation, COPD is nowadays
considered a complex, heterogeneous and multi‐component condition.18
Comorbidities, defined as the presence of other chronic conditions in a patient with
COPD, contribute to the severity of the disease.5 Commonly recognized comorbidities in
COPD include cardiovascular disease, depression, osteoporosis, anemia and diabetes.
They not only affect symptom burden, functional performance and health status in
these patients,19 but also the risk of hospitalization20 and mortality.20,21 Therefore, the
most recent GOLD definition of COPD incorporated comorbidities in the definition of
the disease.22
Most studies on the prevalence and impact of comorbidities in COPD used self‐reported
disease18,20,21,23‐30 or health‐care databases, not specifically designed to evaluate
comorbidities.20,26,27,30 Therefore, these methods probably underestimate the true
prevalence of comorbidities in COPD.
In chapter 5 of this thesis, electrocardiography (ECG) was used to objectively evaluate
the presence of ischemic heart disease in COPD. In patients referred for pulmonary
rehabilitation, ischemic ECG changes were present in 21% of the studied population.
Importantly, 14% of the patients without self‐reported cardiovascular co‐morbidities
had an ischemic ECG. Since no additional investigation was performed, it is not possible
to conclusively confirm cardiovascular disease in these patients. However, the results of
this study suggest that cardiovascular disease is underdiagnosed in patients with COPD.
In addition, ischemic ECG findings in patients with COPD were associated with worse
clinical outcomes, irrespective of the degree of lung function impairment, age or body
composition. Based on the results of chapter 5, a diagnostic ECG could be
recommended in every patient with COPD. In the presence of abnormalities on ECG,
further cardiovascular work‐up is warranted and primary or secondary prevention
measures in lifestyle of pharmacotherapy should be considered.
The ECG only shows abnormalities when damage is done. Therefore, early identification
of COPD patients at increased risk for comorbid cardiovascular disease seems even
more important for prevention. In chapter 7 of this thesis, the degree of (subclinical)
atherosclerosis was objectively measured with the use of ultrasound measurement of
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carotid wall intima‐media thickness (c‐IMT). Clinical determinants of atherosclerosis
were studied and the potential value of a combination of multiple atherosclerosis‐
related biomarkers in the identification of atherosclerosis in COPD was analysed. The
study showed that c‐IMT is partly determined by age, BMI, mean blood pressure and
the degree of airflow limitation. A combination of blood biomarkers could equally
explain the c‐IMT variance but only a minority of the individual biomarkers had
additional value to the predictive value of the identified clinical determinants. A panel
of multiple biomarkers in combination with clinical markers might be the way to move
forward in cardiovascular risk classification in patients with COPD. The results of this
study illustrated the complexity of cardiovascular comorbidity in patients with COPD.

FROM COPD AND COMORBIDITY TO THE CONCEPT OF
MULTIMORBIDITY
Multimorbidity, defined as the presence of two or more chronic diseases in the same
individual, is one of the major challenges facing health care systems in the next
decades. It is associated with poor outcome and increased health care utilization.31 In
COPD, the concept of multimorbidity was scarcely studied. One study reported
significant overlap in (self‐reported) diabetes, musculoskeletal conditions and cardio‐
vascular disease in primary care COPD patients.28
Chapter 6 of this thesis advanced the current knowledge of comorbidities and
multimorbidity in COPD for several reasons. First, in contrast to studies using self‐
reported disease, thirteen clinically relevant comorbidities were objectively diagnosed
using pre‐defined internationally accepted cut‐offs. Also, rather than studying
correlations between individual comorbidities, hypothesis‐free clustering of the
comorbidities was performed. In addition to confirming the high frequency of individual
comorbidities reported previously, five comorbidity clusters were found in patients
with COPD: First, a large group of subjects were clustered characterized by a “lower
amount of comorbidities”. Second and third a “cachectic” and “metabolic” cluster were
found. These 2 clusters are reminiscent of the historical description of the pink puffer
(emphysematous type with a “cachectic” impression) and the blue bloater (chronic
bronchitis type with a “metabolic” impression).32 The finding of the independent
“cachectic cluster” characterized by underweight, muscle wasting, osteoporosis, renal
impairment and pulmonary function characteristics fitting with emphysema are in
support of the clinical classification of the “pink puffer” phenotype, but extends it by
providing the evidence with the synchronous associations with loss of muscle mass, loss
of bone mass and loss of lung tissue. In this thesis no progressive loss of organ tissue
was investigated, but earlier reports suggest that subjects with an emphysematic
phenotype are at risk for ongoing loss of lung tissue.33
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Given this loss of tissue in multiple organs, rather than the respiratory orientated “pink
puffer”, we decided to name the cluster “cachectic”, for reasons of clinical recognition
of the phenotype. However, here, we did not intend to refer to the equally named
syndrome. By consensus, cachexia has been defined as on ongoing process of active
weight loss and accelerated muscle protein degradation or muscle wasting.34 Although
we identified low fat free mass with muscle wasting in chapter 6, and loss of muscle
bulk is a common complication in COPD, it is not clear whether COPD, in its stable state,
is related to active muscle breakdown or proteolysis. In chronic wasting in humans,
impaired protein synthesis may be the driver of reduction in muscle mass with muscle
protein breakdown rates actually becoming suppressed as an adaptation to limit
muscle loss.35 This was recently corroborated by the absence of increased MuRF‐1 and
atrogin‐1, enzymes in the ubiquitin‐proteasome pathway, the latter being a key final
pathway of muscle protein breakdown, in patients with COPD and low fat free mass
compared to COPD subjects with normal fat free mass or control subjects.36
The results of chapter 6 show that in the “cachectic” cluster, none of the investigated
inflammatory markers was increased. In the Evaluation of COPD Longitudinally to
Identify Predictive Surrogate Endpoints (ECLIPSE) study, CT density decreasing over the
3 years duration of the study was associated with lower levels of sRAGE and not with
inflammatory cytokine levels.37 The sRAGE is thought to act as a protective decoy by
buffering inflammatory ligands and thus decreasing inflammatory injury.37 The co‐
occurence of these conditions suggest a common pathophysiological pathway.
Although many is unknown, possibly in this phenotype abnormal protection
mechanisms and abnormal tissue repair capacity might be key issues.
Rather than pink puffer, in which pink refers to the absence of cyanosis, while the
extent of emphysema has been related to hypoxia,38 and rather than “emphysematic
phenotype” that refers only to the pulmonary component, and rather than “cachectic”
which refers mainly to disease‐associated continued loss of muscle mass, it might be
better to describe the involvement of multiple components of the organism as an
“implosive phenotype”.
Similarly, different pathways may be involved in the development of cardiovascular
comorbidity in COPD. Despite comparable increased cardiovascular risk according to
the Framingham risk score, the “metabolic cluster” and the “cardiovascular cluster”
differed concerning the presence of metabolic diseases like obesity, dyslipidemia or
hyperglycemia. The recognition of a fifth “psychopathological cluster”, is an important
finding and consistent with growing literature as mental conditions are common in
COPD 39 and relevant in the setting of multimorbidity.40
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Importantly, exercise capacity and degree of airflow obstruction were comparable
between clusters, while for example health status was markedly different. Hence,
traditional measures of disease severity in COPD are not helpful to predict the presence
and kind of comorbidity. This is in line with chapter 5, where the presence of an
ischemic ECG was independent of the degree of airflow limitation.

PATHOPHYSIOLOGY OF COMORBIDITY IN COPD
With better socioeconomic standards and the development of effective therapy for
acute disease like pneumonia and acute myocardial infarction, the population is ageing.
As ageing is the most important determinant in the development of chronic disorders,
health care and social systems are increasingly confronted with coincidental chronic
diseases. As a result, available literature concerning the topic of comorbidity in case of
an index disease or multimorbidity in general has increased exponentially.
The most cited pathophysiological theory that explains the excess comorbidity in
subjects with COPD has been that of an over‐expression of an inflammatory process in
the lungs, that spills over to the systemic circulation resulting in the involvement of
different organ systems. 41 However, examination of lung biological samples (sputum,
bronchoalveolar lavage fluid, and lung tissue) has shown that not all patients have
abnormal markers of inflammation.42‐45 Furthermore, using a panel of 6 inflammatory
biomarkers, the ECLIPSE study showed that only 16% of patients had persistent
biomarker expression of systemic inflammation, whereas close to 30% of patients had
no evidence of systemic inflammation in at least two measurements separated by one
year.46
In addition, a direct link between (chronic low‐grade) systemic inflammation and
comorbidities in patients with COPD remains equivocal. For example, bivariate
associations between various systemic inflammatory biomarkers and pulmonary
cachexia,47 subclinical atherosclerosis,48 metabolic syndrome49 and ischemic heart
disease have been reported in patients with COPD.50 Moreover, CRP, fibrinogen and
leucocyte count were associated with increased risk of comorbidities in patients with
COPD.51 Then again, many studies showed comparable circulating levels of
inflammatory biomarkers in COPD patients with and without comorbidities, such as
cachexia,52 osteoporosis,53 cardiovascular disease54 and depression.55 Hence, a causal
relationship between low‐grade systemic inflammation and comorbidities in COPD has
not been proven yet. The current findings in chapter 6: systemic inflammatory markers
within each comorbidity cluster are highly heterogeneous and mainly similar among the
different clusters, show that the possible interactions between biomarkers of systemic
inflammation and comorbidities in patients with COPD are very complex, if present at
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all. This is further corroborated in this thesis by the absence of an independent
relationship between several inflammatory markers and arterial stiffness (measured as
aortic pulse wave velocity) in patients with COPD in chapter 8.
Consequently, today, there is very little evidence that one chronic disease dominates
and is the cause of the other concomitant chronic disorders; rather, it is more likely
that various chronic diseases develop simultaneously in response to common risk
factors (e.g., smoking, alcohol, aging, pollution, inactivity, and diet).56
Chronic low‐grade systemic inflammation is a hallmark of obesity in the general
population,57 suggesting a systemic origin of inflammation. Increased levels of systemic
inflammation in patients with COPD have also been particularly reported in obese
patients with COPD.46,58‐60 In the ECLIPSE study, patients with, compared to those
without systemic inflammation, had a higher BMI, lower CT emphysema score and
worse outcomes, suggesting a role for fat tissue in the presence of systemic
inflammation in patients with COPD.46
This may partially explain the increased levels of TNF‐receptors in the “metabolic”
cluster, and its lesser presence in the “cachectic” cluster in chapter 6. Fat tissue, and
more particular visceral fat might be the link between systemic inflammation and
atherosclerosis.61 Similarly, the increased IL‐6 in the “cardiovascular” cluster might be
due to the significant older age in that cluster. Indeed, a wealth of data indicates that
normal aging is associated with low‐grade systemic inflammation, including IL‐6.62

THE ENTANGLEMENT OF CHRONIC AIRFLOW OBSTRUCTION
AND NUTRITIONAL STATUS
In chapter 6 of this thesis it was clear that body composition is an important
discriminating factor between different COPD phenotypes. One cluster was
characterized with a high proportion of underweight. In contrast, but similar to the
PAC‐COPD study,63 an independent subtype of COPD was identified by a milder
respiratory status but a higher prevalence of obesity, cardiovascular disease and
hyperglycemia, and higher levels of systemic inflammatory markers.64
A low body mass index (BMI) is a common clinical observation in patients with
advanced airflow obstruction.65 At the same time obesity is increasingly reported as an
important comorbidity in COPD. Nutritional status has been associated with clinical
outcome and prognosis in patients with chronic airflow limitation.66 Nevertheless, there
is a scarcity of epidemiological studies on the association between BMI and chronic
airflow limitation, that control for other factors that influence BMI, like age, gender,
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smoking history and geography. Therefore in chapter 4 of this thesis, the association
between BMI and chronic airflow limitation was studied in detail. It was found that in a
worldwide general population, the presence of objectively assessed chronic airflow
limitation was associated with increased risk of low BMI and a reduced risk of obese
BMI, independent of age, gender, smoking history and geography. These findings
suggest a direct association between chronic airflow limitation and low BMI, although
the direction of this association cannot be established from these cross‐sectional data.
Smoking is not only an important risk factor in the development of COPD, it may also
adversely affect body composition.67 Nicotine has appetite suppressant effects in the
brain resulting in lower nutrient intake in smokers.68 Also, one of the acute systemic
effects of smoking is an increase in resting energy metabolism.69 It is well known that
quitting is frequently followed by a rapid weight gain.70,71 On the other hand, chronic
airflow limitation is importantly associated with older age as years of exposure to
tobacco smoke precede its development.72 Older people tend to weigh less than
younger adults, and old age is also associated with a tendency to lose weight.73,74
However, in this thesis it is clearly demonstrated that neither smoking, age, gender, nor
regional BMI differences affect the relationship between the presence of chronic
airflow limitation and the presence of low BMI.
The study in chapter 4 of this thesis also provides new insight in the prevalence of
obesity in COPD, which had been scarcely studied until now. The study showed that the
prevalence of obesity is lower in subjects with chronic airflow limitation compared to
their peers, also when adjusted for gender, smoking status and age. Additionally, the
influence of smoking history seemed greater than the influence of the presence of
chronic airflow limitation on the presence of obesity.
Both low BMI as a risk factor for development and progression of chronic airflow
limitation as well as (mechanisms of) weight loss in subjects with chronic airflow
limitation need exploration in future studies. Regarding future studies, these results
should be integrated with the results of chapter 6 as body composition is an important
discriminator between clinical phenotypes and accelerated loss of body weight can be a
key characteristics of certain COPD subgroups, i.e. the “implosive” phenotype. In the
meantime, clinicians and dieticians should stay aware of what is already known, in fact
that low BMI is related to poor outcome in subjects with COPD and should be
appropriately managed.
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WHAT ABOUT THE ROLE OF (VISCERAL) FAT TISSUE IN
CARDIOVASCULAR DISEASE IN COPD?
The results of chapter 6 suggested that increased fat mass contributes to low grade
systemic inflammation in COPD and may be linked to the excess cardiovascular
comorbidity in COPD. Earlier research particularly stressed the importance of the
visceral fat as a metabolic active organ. Therefore, as a side‐project from this thesis, we
aimed to retrospectively study 42 patients (71% male, 48% current smokers, mean age
66.6±8.3 years, mean BMI 25.1±4.3 kg/m2), who underwent positron emission
tomography with 18F‐fluorodeoxyglucose combined with computer tomography
(FDG‐PET/CT) for suspected early stage bronchus carcinoma. In these subjects
18
FDG‐PET‐assessed inflammation of the aorta and the visceral and subcutaneous fat
was collected and interrelations and differences in subjects with and without COPD
were evaluated.(Figure 10.1)

Figure 10.1

Examples of SUV measurements in regions of interest of the abdominal subcutaneous and
visceral fat (left image) and the aortic wall (right image).

COPD patients had increased inflammatory activity of the aortic wall and increased
metabolic activity of the abdominal visceral fat compared to non‐COPD subjects. In
addition, the degree of FDG uptake in the visceral and subcutaneous fat independently
predicted the inflammation of the aortic wall. Finally, visceral fat was metabolically
more active than subcutaneous fat as revealed by FDG‐PET. These findings shed new
light on the origin of increased vascular risk in subjects with COPD. Also, they
emphasize the possible role of visceral fat in the atherosclerotic process in COPD.
Further prospective and well‐powered trials are warranted. The findings of the study
however are further corroborated by recent reports on increased visceral fat
(independent of total fat mass) in subjects with COPD compared to matched
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cohorts.75,76 Furthermore, a contribution of visceral fat to inflammatory pathways was
demonstrated in older persons with obstructive lung disease and was associated with
increased mortality.75 Interestingly, visceral fat accumulation has also been reported in
other chronic diseases associated with low‐grade systemic inflammation, including
rheumatoid arthritis,77 Crohn’s disease,78 and psoriasis.79 Future studies need to reveal
whether visceral fat in these conditions is not only excessive, but also more
metabolically active and related to atherosclerotic activity. The possible role of fat
tissue in linking different disease manifestations is intriguing. Recently, a novel
association was reported between increased BMI and the DNA methylation at the
HIF3A locus in blood cells and in adipose tissue. An epigenetic change at the hypoxia
induced transcription factor pathways could have an important role in mediation of
some of the downstream adverse responses to increased BMI.80
The complex relationship between clinical disease manifestations, the underlying
genetic and molecular pathology and the environmental interactions is part of the field
of network medicine, and most probably the way to move forward to increase our
understanding of a complex disease like COPD.

MOVING TOWARDS PERSONALIZED MEDICINE
Over the past decade, extensive research into COPD has led to significant
improvements in our understanding and management of this disease, for example the
definition of different clinical phenotypes. For many patients “COPD” is an outdated
term that do not fully recognize its molecular and clinical heterogeneity. This limits the
development of new and more efficient therapeutic alternatives and prevents patients
from getting the best personalized medicine possible. We need a better understanding
of the endotypes that underlie COPD and other chronic diseases that develop
simultaneously. This will most likely result in a new classification (taxonomy) of airway
diseases. This new taxonomy should use nominalist definitions based on objectively
identified single defining characteristics, more specifically based upon the
characterization of the endotypes and pattern of clinical expression (clinical
phenotypes) of different airways diseases. In each of them, one or more biomarkers to
be used in the clinic need to be identified and validated. Given the important influence
of multiple environmental factors on the underlying endotypes, this new classification
should consider carefully these environmental factors. After all, COPD is a paradigmatic
example of gene‐environment human diseases. To do this, a network approach that
relates genes, environment, endotypes and clinical phenotypes, in an unbiased way
(discovery‐driven, rather than hypothesis‐driven) will be needed. Figure 10.2 gives an
overview of the interaction between the different network levels and the process by
which the necessary data should be integrated. This will result in an increased
understanding of COPD and related diseases and ultimately lead, to personalized
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medicine where the focus of current healthcare will shift from treating diseases
(reactive medicine) to the so‐called P4 medicine, a new type of medicine that is
predictive, preventive, personalized and participatory.81

A PERSPECTIVE ON THE PHARMACOLOGICAL TREATMENT OF
MULTIMORBIDITY
The results of chapter 6 emphasize the need to increase awareness regarding
multimorbidity in COPD amongst health care professionals. This will also enhance
treatment strategies and facilitate the combination of future treatment guidelines for
different comorbidities.

Figure 10.2

Network medicine in airway disease: Diagram illustrating the different levels of complexity of
airway disease. At each level, only some of the potential components are shown to illustrate
the concept (the diagram is not intended to be comprehensive). Likewise, links between the
different elements of the network are drawn for illustrative purposes only and do not
necessarily reflect evidence‐based relationships. The middle and right‐hand column show
respectively the data required and the logistics and scientific knowledge needed to perform a
study on a new taxonomy of airway disease. For further explanations, see text.
GERD: gastroesophageal reflux disease; OSAS: obstructive sleep apnea syndrome; CVD:
cardiovascular disease; GWAS: genome‐wide association studies; miDNA: mitochondrial DNA;
82
miRNA: microRNA; ncRNA: noncoding RNA; M: monitoring. Modified with permission from .
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It is important to actively search for comorbidities in patients with COPD. This approach
enables to diagnose concomitant disorders that were not known to the patients and
thus undiagnosed. Each patient presenting with COPD should be carefully and actively
investigated for concomitant chronic disorders, particularly the most frequent and
undiagnosed disorders, that is, hyperglycemia, atherosclerosis, hypertension,
dyslipidemia, osteoporosis, anxiety and depression.(Chapter 6) In fact, although the
symptoms and exacerbations of COPD can be treated pharmacologically, these
treatments do not change the natural course of the disease.22 In contrast, the
consequences of most of the concomitant metabolic and cardiovascular chronic
diseases may be prevented and reversed by pharmacologic treatments.83,84
Interestingly, some of the treatments for comorbidities in COPD, like angiotensin
converting enzyme inhibitors, angiotensin receptor blockers, beta‐blockers, antiplatelet
drugs, might modify the natural course of COPD in patients who are treated with them
because of concomitant cardiovascular or metabolic disorders.85,86
In the daily routine consultation practice of respiratory physicians, we need to consider
the assessment and integrated pharmacological management of patients with COPD
and their comorbidities. Knowledge will be required of the most prevalent and most
important comorbidities in COPD and their treatments, integrating the current
knowledge on the effects of non‐COPD pharmacotherapy on the clinical course of
COPD. The rigorous treatment of comorbidity and multimorbidity also brings the
challenge of dealing with pharmacological interactions and polypharmacy.

PULMONARY REHABILITATION, A POTENTIAL NON‐
PHARMACOLOGICAL INTERVENTION FOR CARDIOVASCULAR
RISK MANAGEMENT IN COPD?
Pulmonary rehabilitation is recognized as a core component of the management of
individuals with COPD as it has been clearly demonstrated to reduce dyspnea, increase
exercise capacity, and improve quality of life in these patients.87
Pulmonary rehabilitation has also the potential to affect comorbidities. Rehabilitation
results for example in increasing or reducing body weight in respectively underweight
or obese patients, in increasing muscle mass in subjects with low muscle mass, and
reducing symptoms of anxiety and depression in symptomatic subjects at baseline.88,89
To evaluate whether or not pulmonary rehabilitation potentially influences cardio‐
vascular risk, in chapter 8, aortic pulse wave velocity (APWV), considered the gold
standard to measure central arterial stiffness90 and an independent predictor of
cardiovascular events and mortality, was measured before and after a rehabilitation
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program.91 Consistent with previous studies,92,93 it was shown that APWV is increased in
subjects with COPD, compared to controls. A high variability of the change in APWV
after pulmonary rehabilitation was found but we were not able to confirm a significant
reduction in APWV, which was found in previous smaller studies.94,95
As discussed in chapter 8, there are several possible explanations for this lack of
response. Probably a short‐term pulmonary rehabilitation program is unable to affect
the pathophysiology of arterial stiffness including the rate of elastin degradation. Also,
it is known that endurance and resistance training have opposite effects on arterial
stiffness.96 Thus, by combining these training modalities, resistance training may have
outweighed the effects of endurance training on arterial stiffness. The updated ATS/ERS
Statement on Pulmonary Rehabilitation recommends the combination of constant‐
load/interval and strength training in patients with COPD because it results in combined
improvements in exercise capacity and muscle strength. Nevertheless, it would be
interesting to compare the effects of endurance versus resistance training on APWV in
patients with COPD in a future study.

DO COMORBIDITIES AT ENTRANCE OF A PULMONARY
REHABILITATION PROGRAM INFLUENCE REHABILITATION
OUTCOMES?
Previous studies have already investigated the influence of self‐reported comorbidities
on changes in relevant outcomes after pulmonary rehabilitation.97 However, the study
in chapter 9 of this thesis was the first to investigate the impact of objectively assessed
comorbidities and the impact of a combination of comorbidities that cluster together
(as identified in chapter 6) on pulmonary rehabilitation outcomes.
Previous pulmonary rehabilitation trials in patients with COPD have used the presence
of comorbidities as a criterion for excluding subjects. Nevertheless, this thesis has
shown that patients with COPD and comorbidities can show significant improvements
after pulmonary rehabilitation. Even subjects with more physically debilitating
comorbidities can benefit from rehabilitation.98
A comprehensive pulmonary rehabilitation program implements a rigorous assessment
of the patient’s comorbidities and a multidisciplinary approach. The structure of
pulmonary rehabilitation and its holistic approach99 is an optimal setting and a
convenient platform to assess and treat all the relevant morbidities of the patient with
COPD and to coordinate care. As such, the interdisciplinary, comprehensive, and
patient centred approach of pulmonary rehabilitation mirrors the integrated care
model as already proposed 40 years ago in the 1974 American College of Chest
Physicians/American Thoracic Society definition of pulmonary rehabilitation:
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“Pulmonary rehabilitation may be defined as an art of medical practice wherein an
individually tailored, multidisciplinary program is formulated which, through accurate
diagnosis, therapy, emotional support, and education, stabilizes or reverses both the
physio‐ and psychopathology of pulmonary diseases and attempts to return the patient
to the highest possible functional capacity allowed by his handicap and overall life
situation.”100

CONCLUSION
In conclusion, this thesis has shown that COPD is a highly prevalent and underestimated
clinical problem. The disease label COPD comprises a complex and heterogeneous
group of patients who merely have persistent airflow limitation in common. It is
primarily defined as a pulmonary disease, but many other aspects of the patient with
COPD need to be considered. A patient with COPD commonly suffers from other
chronic disease manifestations, which importantly impact on the patient with COPD
and his sense of wellbeing. This directly implements that COPD‐care is not limited to
the prescription of bronchodilators and the treatment and prevention of COPD
exacerbations, but is a comprehensive and holistic approach considering the rigorous
diagnosis and the treatment of COPD‐related systemic manifestations and comorbidity.
We do not always need to disentangle the knots of the different morbidities to single
diseases and treatments, but we rather need to increase our understanding of the
coexistence of these morbidities and their concomitant impact on our patients. Steps
forward have been made. The pulmonary rehabilitation setting provides a feasible
platform to approach the patient with COPD in its complexity, in a coordinated
comprehensive, interdisciplinary way.
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Summary

Chronic obstructive pulmonary disease (COPD) is a common airway and lung disease
characterized by persistent airflow limitation. COPD is a serious public health problem
throughout the world, with an increasing morbidity and mortality especially in
countries with an ageing population. Although COPD is defined by the presence of
chronic airflow limitation, it is increasingly recognized that the presence of other
chronic conditions (comorbidities) such as cardiovascular disease, depression,
osteoporosis, anemia and diabetes substantially contributes to disease severity.
Comorbidities not only affect symptom burden, functional performance and health
status in patients with COPD, but also the risk of hospitalization and mortality. As a
consequence, COPD is nowadays considered a complex, heterogeneous and multi‐
component condition.
Controversy exists about the etiology of comorbidities in patients with COPD. Persistent
low‐grade systemic inflammation has been suggested as a link between COPD and
comorbidities. Indeed, markers of inflammation in the systemic circulation have shown
to be increased in subjects with COPD as well as in subjects with cardiovascular disease.
Systemic inflammation have been associated with an increased risk of comorbidities in
COPD, in particular cardiovascular disease. Also other factors like physical inactivity,
nutrition and ageing have been suggested to play a role.
Pulmonary rehabilitation is a comprehensive intervention recognized as a core
component in the treatment of patients with COPD. It results in a reduction of
symptoms and an optimization of the functional status. In addition, research has
illustrated that pulmonary rehabilitation results in an increased societal participation
and reduction in healthcare costs. Comorbidities have been suggested to affect
outcomes of pulmonary rehabilitation in this population, but conflicting results have
been published. In addition, the effects of pulmonary rehabilitation on cardiovascular
risk have not been extensively studied.
The first aim of this thesis was to estimate the prevalence of COPD and to study gender
differences in a general elderly population. Chapter 2 describes the results of a study
that evaluated a random gender‐stratified sample of the general elderly (>40 years)
population in the area of Maastricht for the presence of COPD using high quality post‐
bronchodilator spirometry. It was shown that 24% of subjects had at least mild (stage 1
or higher) COPD, and 10% had at least moderate (stage 2 or higher) COPD. The
frequency increased importantly with age and the amount of smoked pack years and
COPD was more frequent in men than in women. A substantial proportion of subjects
that never smoked had COPD. An important proportion of subjects were previously
undiagnosed.

193

Chapter 3 evaluated the differences in respiratory symptoms between men and
women, with and without COPD in an international elderly general population. The
study showed that women report more dyspnea compared to men, and that men
report more phlegm compared to women. Possible explanations for these findings are
differences in muscle strength, lung volumes, but also differences in perception and
reporting of the perceived symptoms.
A next aim of this thesis was to study the complex relationship between the presence
of chronic airflow limitation and body weight. In an international large sample of the
general population, described in chapter 4 of this thesis, the presence of chronic
airflow limitation was associated with lower body weight (using the body mass index)
independent from factors that potentially could influence this association, including
smoking, age, gender or geography. Due to the cross‐sectional nature of the study, the
direction of this association was not clear. Subjects with airflow limitation may lose
weight. On the other hand, naturally thin subjects may be at higher risk to develop
COPD.
A detailed study of the prevalence, impact and co‐occurrence of different comorbidities
and extrapulmonary manifestations, the relation of these comorbidities with systemic
inflammation, and the study of the interplay between comorbidities and pulmonary
rehabilitation in patients with COPD were other aims of this thesis. In Chapter 5, COPD
patients referred for pulmonary rehabilitation were evaluated for cardiac ischemia
using a structural coding system for abnormalities on electrocardiography. In total, 21%
of patients had evidence for cardiac ischemia which was related to worse outcome
measures including predictors of survival. Moreover, ischemia was seen in 13% of
subjects who were not previously known with cardiovascular disease.
Chapter 6 objectively evaluated the presence of 13 of the most prevalent and most
impactful comorbidities in COPD in patients at the initial evaluation of a pulmonary
rehabilitation program. All evaluated comorbidities were present but their presence
varied importantly. The most prevalent comorbidities were hyperglycemia,
hypertension and atherosclerosis. Almost all patients had comorbidity, and more than
50% of patients had at least four comorbidities. The co‐occurrence of some specific
comorbidities was more present than others. Using a statistical program that creates a
model (using self‐organizing maps) that ordered the patients based on their profile of
comorbidities, five different clusters of patients could be identified: A cluster of patient
with less comorbidity, a cardiovascular cluster, a cachectic cluster, a metabolic cluster
and a psychological cluster. The clusters had a comparable degree of airflow limitation
and exercise limitation but differed in health status, cardiovascular risk and other
pulmonary function measures. In addition, systemic inflammatory markers within each
comorbidity cluster were highly heterogeneous and mainly similar among the different

194

Summary

clusters, illustrating that the possible interactions between biomarkers of systemic
inflammation and comorbidities in patients with COPD are very complex, if present at
all.
Chapter 7 described a detailed study of the intima‐media thickness of the carotid wall
(also referred to as subclinical atherosclerosis) in patients with COPD. It is a robust
predictor of future cardiovascular events. It was found that traditional cardiovascular
risk factors, like older age, higher blood pressure and higher body weight, but also the
severity of airflow limitation were predicting factors for subclinical atherosclerosis. It
was further evaluated whether a panel of blood markers which have been previously
related to atherosclerosis could identify subjects with COPD with subclinical
atherosclerosis. Only a minority of markers contributed to increase the predictive
power of the clinical measurements. Nevertheless, serum amyloid A, triglycerides and
osteonectin are interesting markers for further exploration.
Chapter 8 showed that arterial stiffness, another independent and robust marker of
cardiovascular risk, is increased in patients with COPD and determined by older age and
higher blood pressure. This study clearly showed the absence of an independent
correlation of several markers of systemic inflammation with arterial stiffness in
patients with COPD. Also it was shown that, in contrast to earlier smaller studies,
arterial stiffness in patients with COPD was not responsive to a state‐of‐the‐art
pulmonary rehabilitation program.
Chapter 9 studied the influence of the presence of specific comorbidities at the initial
evaluation of a pulmonary rehabilitation program on rehabilitation outcomes like
exercise capacity and health status. The presence of a specific comorbidity did not
prevent patients to improve after a rehabilitation program compared to subjects
without the specific comorbidity. However, in chapter 6 it was made clear that the
majority of this study population suffered from multimorbidity. Comparing the
rehabilitation response of the different clusters identified in chapter 6 showed that this
response was mostly comparable. Some differences were noticed between clusters. In
relation to the “less comorbidity cluster”, the psychological cluster had increased
likelihood to improve their walking distance. The cachectic cluster had a tendency
towards a decreased likelihood to improve their submaximal cycling time.
In Chapter 10, the results of this thesis were discussed in a broader context, from the
epidemiology of airflow obstruction towards the complex multimorbid disease COPD.
The heterogeneity of systemic inflammation in COPD was discussed, and it’s role in the
etiology of comorbidity was questioned. Excessive fat tissue, and mainly visceral fat
might be an important origin of inflammation and related to atherosclerotic activity.
Other pathophysiological important issues were discussed, mainly the interaction
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between genetic and environmental factors, like nutrition, smoking and physical
inactivity. Finally, the role of pharmacological and non‐pharmacological treatments of
the multimorbid patient with COPD were placed in perspective.
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Chronisch obstructieve longziekte (COPD) is een vaak voorkomende aandoening van de
luchtwegen en de longen die gekenmerkt wordt door een blijvende beperking van de
luchtstroom tijdens de ademhaling. COPD is een groot maatschappelijk probleem en
zorgt voor een enorme belasting van de gezondheidszorg in landen over heel de
wereld. De invaliditeit en vroegtijdige sterfte nemen jaar per jaar toe, vooral in landen
met een ouder wordende bevolking.
COPD is primair een longaandoening. In recente jaren is het echter steeds duidelijker
geworden dat de ernst van de ziekte ook in belangrijke mate mee bepaald wordt door
het gelijktijdig voorkomen van andere chronische aandoeningen (ook wel comorbidi‐
teiten genoemd), zoals hart‐ en vaatziekten, depressie, botontkalking ondergewicht,
bloedarmoede en suikerziekte. Comorbiditeiten beïnvloeden niet alleen de symptoom‐
last, het welbevinden en het inspanningsvermogen, maar ook het risico op hospita‐
lisatie en overlijden. Hedendaags wordt COPD dan ook gezien als een complexe, hete‐
rogene aandoening met vele componenten en verschillende facetten, zowel in de
longen als daarbuiten.
Er heerst nog veel onduidelijkheid omtrent het ontstaan van comorbiditeiten bij COPD
patiënten. Persisterende laaggradige ontsteking, gemeten in het bloed (systemische
inflammatie) zou een link kunnen zijn. Er werden inderdaad verhoogde concentraties
van ontstekingsstoffen aangetroffen in de bloedcirculatie van zowel COPD patiënten als
patiënten met hart‐ en vaatziekten. Toch spelen ook andere factoren zoals de mate van
fysieke activiteit, voeding en veroudering waarschijnlijk ook een rol.
Longrevalidatie is een allesomvattende interventie die erkend wordt als een zeer
belangrijke component in de behandeling van patiënten met COPD. Het resulteert in
een vermindering van symptomen, vermindering van ziektelast en een verbetering van
het inspanningsvermogen. Ook heeft onderzoek aangetoond dat longrevalidatie leidt
tot een verbetering van de maatschappelijke participatie en een vermindering van
consumeren van gezondheidszorg. Eerder onderzoek suggereert dat comorbiditeiten
de uitkomsten van longrevalidatie kunnen beïnvloeden, maar de resultaten zijn niet
eenduidig. Bovendien werden de effecten van longrevalidatie op hart‐ en vaatrisico niet
uitvoerig bestudeerd.
De eerste doelstelling van deze thesis was het inschatten van het voorkomen van COPD
en het bestuderen van geslachtsverschillen in de algehele oudere bevolking.
Hoofdstuk 2 beschrijft de resultaten van de aanwezigheid van COPD bij een
willekeurige steekproef van evenveel mannen en vrouwen uit de algehele oudere (>40
jaar) bevolking van Maastricht. Hiervoor werd, in lijn met internationale richtlijnen voor
de diagnostiek van COPD, longfunctieonderzoek uitgevoerd na de toediening van
luchtwegverwijding. De studie toonde aan dat 23% van de mensen minstens mild COPD
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(stadium 1 of hoger) hadden en 10% minstens matig COPD (stadium 2 of hoger). De
frequentie steeg in belangrijke mate met toenemende leeftijd en het aantal gerookte
pakjaren. Een substantiële groep van mensen die nooit gerookt hadden, voldeed aan de
criteria voor COPD. Opvallend was dat een belangrijk deel van de mensen waarbij
eveneens COPD vastgesteld werd daar niet mee bekend was
Hoofdstuk 3 bestudeerde de verschillen in symptomen tussen mannen en vrouwen met
en zonder COPD in een internationale populatie. De studie toonde dat vrouwen meer
klachten van kortademigheid rapporteerden, en mannen meer slijm. De redenen
hiervoor zijn in dit onderzoek niet bestudeerd, maar verschillen in spierkracht en
longvolumina zouden een rol kunnen spelen. Ook verschillen in de perceptie van
symptomen en verschillen in het rapporteren van de gepercipieerde symptomen
zouden een rol kunnen spelen.
Een volgende doelstelling van deze thesis was het bestuderen van de complexe relatie
tussen chronische luchtstroom beperking en lichaamsgewicht. In een grote
internationale steekproef van de algehele oudere bevolking, beschreven in hoofdstuk 4
van deze thesis, bleek de aanwezigheid van chronische luchtstroombeperking
geassocieerd te zijn met een lager lichaamsgewicht (gebruik makend van de “body
mass index”). Deze relatie was onafhankelijk van andere factoren die mogelijk van
invloed kunnen zijn zoals roken, leeftijd, geslacht of geografie. Doordat de studie een
doorsnede van de bevolking is en er geen opvolging in de tijd beschikbaar is, kon er
geen uitspraak gedaan worden over de richting van deze relatie. Mensen met
luchtstroombeperking kunnen gewicht verliezen, maar slankere mensen zouden ook
een hoger risico kunnen hebben op het ontwikkelen van COPD.
Het gedetailleerd bestuderen van het voorkomen, de impact en het samen voorkomen
van verschillende comorbiditeiten en extra‐pulmonale ziekte‐manifestaties, de relatie
met systemische inflammatie en het bestuderen van de interactie tussen
comorbiditeiten en longrevalidatie bij patiënten met COPD waren andere doelstellingen
van deze thesis. In hoofdstuk 5 werden patiënten met COPD die verwezen werden voor
een longrevalidatieprogramma systematisch geanalyseerd voor het voorkomen van
hartschade door vernauwing van de kransslagaders. Hiervoor werd het
elektrocardiogram van alle deelnemers structureel nagekeken, gebruikmakend van een
gevalideerd coderingssysteem. In totaal werden bij 21% van de COPD patiënten
aanwijzingen gevonden voor hartschade, en deze bevinding was gerelateerd aan
slechtere uitkomsten, inclusief slechtere overlevingsindicatoren. Bovendien werd er
hartschade gevonden bij 13% van de patiënten die voordien niet bekend waren met
cardiovasculaire ziekte.
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Hoofdstuk 6 evalueerde op een objectieve manier de aanwezigheid van 13 van de
vaakst voorkomende en meest impactvolle comorbiditeiten bij patiënten met COPD
aan het begin van een longrevalidatieprogramma. Alle geëvalueerde comorbiditeiten
waren aanwezig maar er bestond een grote variatie in de frequentie. De vaakst
voorkomende comorbiditeiten waren verhoogde bloedsuiker, hoge bloeddruk en
atherosclerose (vaatverkalking). Bijna alle patiënten hadden comorbiditeiten en meer
dan 50% van de patiënten had minstens 4 comorbiditeiten. Sommige comorbiditeiten
kwamen vaker samen voor dan andere. Een statistisch computerprogramma dat een
model creëerde (gebruik makend van “zelf-organiserende kaarten”, in het Engels: “selforganizing maps”) waarbij de patiënten geordend werden op basis van hun profiel van
comorbiditeiten bracht 5 patiëntenclusters aan het licht: Een cluster van patiënten met
minder comorbiditeiten, een cardiovasculair cluster, een cachectisch cluster, een
metabool cluster en een psychologisch cluster. De clusters hadden een vergelijkbare
ernst van luchtstroombelemmering en inspanningsbeperking maar verschilden in
welbevinden, hart- en vaatrisico en andere longfunctiemetingen, zoals de zuurstofopname capaciteit. Bovendien waren de gemeten ontstekingsstoffen in het bloed heel
heterogeen binnen elke cluster en over het algemeen vergelijkbaar tussen de
verschillende clusters. Dit wijst erop dat als er al interacties aanwezig zouden zijn
tussen de ontstekingsstoffen in het bloed en comorbiditeiten, dat deze heel complex
zijn.
Hoofdstuk 7 is een gedetailleerde studie van het voorkomen van (subklinische)
atherosclerose van de halsslagader bij patiënten met COPD, een robuuste voorspeller
van toekomstige hart- en vaatziekten. De studie toonde dat traditionele risicofactoren
voor hart- en vaatziekten, zoals oudere leeftijd, hogere bloeddruk en hoger
lichaamsgewicht voorspellende factoren waren voor atherosclerose. Bovenop deze
traditionele factoren was ook de ernst van luchtstroombeperking bijdragend. In deze
studie werd ook geëvalueerd of een panel van bloedmerkers, die eerder in
verschillende populaties met uitingen van atherosclerose in verband gebracht werden,
COPD patiënten kon identificeren met atherosclerose. Enkel een minderheid van de
merkers waren bijdragend aan de voorspellende waarden van de klinische metingen.
Desalniettemin zijn serum amyloid A, triglyceriden en osteonectine interessante
merkers voor verder onderzoek.
Hoofdstuk 8 liet zien dat vaatstijfheid, een andere onafhankelijke en robuuste merker
van cardiovasculair risico, verhoogd is bij patiënten met COPD en bepaald wordt door
oudere leeftijd en hoge bloeddruk. Deze studie toonde duidelijk aan dat er geen
onafhankelijk verband is tussen de aanwezigheid van verschillende ontstekingsstoffen
in het bloed en een verhoogde vaatstijfheid. Ook toonde deze studie aan dat, in
tegenstelling met eerdere kleinere studies, de vaatstijfheid niet beïnvloed wordt door
een longrevalidatieprogramma.
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Hoofdstuk 9 bestudeerde de invloed van het hebben van specifieke comorbiditeit aan
de start van een longrevalidatieprogramma op de uitkomsten van het programma. Het
werd aangetoond dat comorbiditeit de patiënten niet verhindert om te verbeteren na
longrevalidatie. In hoofdstuk 6 was het duidelijk dat de meerderheid van de studie
populatie lijdt aan meerdere comorbiditeiten tegelijkertijd (multimorbiditeit). Bij het
vergelijken van de revalidatierespons van de verschillende clusters was deze over het
algemeen vergelijkbaar. Toch vielen enkele verschillen op. In vergelijking met het
cluster met minder comorbiditeit, verbeterde het psychologische cluster meer op de
wandelafstand. Bij het cachectische cluster was er een tendens naar een mindere
verbetering op de duur van submaximaal fietsen.
Hoofdstuk 10 bespreekt de resultaten van deze thesis in een bredere context, van de
epidemiologie van luchtwegobstructie tot de complexe multimorbide ziekte COPD. De
heterogeniteit van systemische inflammatie bij COPD wordt bediscussieerd en de rol
daarvan in de etiologie van comorbiditeit wordt in vraag gesteld. Excessief vetweefsel,
en vooral het vet rond de organen, kan een belangrijke bron van inflammatie zijn en
gerelateerd zijn aan atherosclerotische activiteit. Andere pathofysiologische belangrijke
punten worden bediscussieerd, zoals de interactie tussen genetische factoren en
omgevingsfactoren zoals voeding, roken en fysieke inactiviteit. Tenslotte wordt de
farmacologische en niet‐farmacologische behandeling van de multimorbide patiënt met
COPD in perspectief geplaatst.
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Knowledge valorization refers to the “process of creating value from knowledge, by
making knowledge suitable and/or available for social (and/or economic) use, and by
making knowledge suitable for translation into competitive products, services,
processes and new commercial activities”

RELEVANCE
COPD is a highly prevalent disease, which is projected to further increase in the coming
decades. The economical and societal burden is high. Although the WHO recognized its
increasing incidence, robust epidemiological studies on the prevalence of COPD are
lacking.
Although diagnostic criteria for COPD and criteria for disease severity have been well
described, in recent years important clinical heterogeneity was seen within patients
with a comparable disease severity, defined by the degree of airflow limitation.
Extrapulmonary manifestations, most importantly low body weight and low muscle
mass, have been associated with the severity of COPD, but also here, these features
were not seen in all patients. Meanwhile, it was increasingly recognized that subjects
with COPD are at high risk for other comorbid diseases, mainly cardiovascular disease,
but also metabolic or psychological disease. These comorbidities contribute importantly
to the symptom burden and outcome of individual patients and are an important
contributing factor to the heterogeneity of COPD. Indeed, most patients with COPD die
from another disease than COPD itself.
This thesis provided new evidence in this field of expertise:
First, our findings showed that the real prevalence of COPD in the general elderly
population in Maastricht was much higher than the documented prevalence in primary
care as seen in the data published by the national health care register in the
Netherlands. Even after correction for the effects of normal ageing and considering
only moderate to severe airflow limitation, the prevalence is still a multifold of what
was thought. Thus, the data reported in this thesis contribute to raise awareness about
this chronic disease.
Secondly, we showed clear differences in COPD related respiratory symptoms between
men and women which are important to consider in the diagnostic trajectory.
Third, our findings provide important new insights in the specificity of alterations in
body weight in patients with COPD. It was found that independent of factors that are
known to impact on body weight, like age, gender and smoking, the presence of COPD
is associated with lower body weight compared to control subjects.
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Fourth, this thesis importantly emphasizes the high prevalence of comorbidity in
patients with COPD and the importance to actively and routinely screen these patients
for the most impactful and most prevalent comorbidities. This study objectively
documented for the first time that patients with COPD cluster together based on their
different comorbidities. This means that the presence of one comorbidity is associated
with the presence or absence of another, suggesting differentiated pathophysiological
pathways.
Fifth, this thesis provides important insights about the presence and role of systemic
inflammation in patients with COPD, related to comorbidities. We did not find a
relationship between arterial stiffness in patients with COPD and different traditional
markers of systemic inflammation. Furthermore, after identifying different clusters of
patients based on their comorbidities, we found that within each cluster, whether it
consists of patients with less comorbidities, or patients with a high number of
comorbidities related to either a cachectic or metabolic profile, systemic inflammatory
markers are very heterogeneous within each cluster and do generally not differ
between the different clusters. These findings shine new light on the role of systemic
inflammation in COPD.
Sixth, we demonstrated that the degree of atherosclerosis, measured by the thickness
of the intima‐media layer of the carotid arterial wall in patients with COPD was mainly
determined by traditional cardiovascular risk factors like age, body mass index and
mean blood pressure but also for a small amount by the degree of airflow limitation.
The combination of multiple biomarkers, previously related to atherosclerosis could
only moderately increase the prediction of atherosclerosis, when added to clinical
variables. This study illustrated on the one hand the complexity of atherosclerosis in
COPD and on the other hand the limited value of biomarkers in its identification.
Seventh, in contrast with earlier smaller studies, we could not confirm that state‐of‐
the‐art pulmonary rehabilitation could reduce the cardiovascular risk as measured by
the degree of arterial stiffness. Although we confirmed that arterial stiffness was
increased in patients with COPD compared to controls and determined by age and
blood pressure.
Eight, this thesis clearly demonstrated that the presence of comorbidities does not
prevent patients with COPD to improve from a state of the art pulmonary rehabilitation
program. Although the different identified clusters of patients with comorbidities have
a differential response to some of the measured outcomes after rehabilitation.
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ACTIVITIES, PRODUCTS, INNOVATION FOR DIFFERENT
TARGET GROUPS
GOVERNMENT, HEALTH INSURANCE
COPD importantly impacts on the socio‐economic system, on the one hand by the loss
of quality adjusted life years (QALY) including the loss of productive working years and
on the other hand by a high burden of health care consumption. It is the task of policy
and law makers to continue their efforts to reduce the exposure of the people to
noxious substances, mainly cigarette smoke. Great strides forward have been made,
still with the ageing of the population and still a considerably high smoking prevalence,
the incidence and prevalence of COPD is bound to increase. Therefore, it is of upmost
interest to have high quality epidemiologic data about the burden of disease.
The results of the current thesis have been discussed on regional radio and television
(L1) with live interviews with the authors. Also regional (de Limburger), national (nu.nl)
and international (Het belang van Limburg) newspapers reported on the topic. This
resulted to discussions in the provincial parliament of Limburg concerning the
improvement of outdoor air quality. Questions from a political party (PvdA) have been
answered by the “Gedeputeerde Staten” after consultation of the first author of the
present thesis.
With COPD as a use‐case, this thesis also importantly emphasizes the challenges for
future medicine. With the ageing population, and more successful cure for acute lethal
disease, more people suffer from chronic non‐communicable diseases. It is clear that
patients suffer from multiple diseases at the same time which increases the complexity
of care. A paradigm shift from the treatment of the single disease to a holistic approach
which also involves the human aspect regarding psychology, behavioral change, self‐
management is needed. These are important insights for health policy makers and
insurance companies.
HEALTH CARE PROVIDERS
The present thesis gives important insights for health care providers. It was shown that
COPD is highly prevalent, underestimated and underdiagnosed. An increased
awareness of the presence of the disease is warranted as well as a continued and
intensified attitude to stimulate healthy behavior and to quit smoking.
Secondly, this thesis gives handhold for health care providers to actively evaluate
patients with COPD for the most prevalent and impactful comorbidities in these
patients . Almost all patients with COPD suffer from one or more comorbidities. With a
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thorough assessment and treatment of a patients extrapulmonary manifestations and
comorbidities, health status and prognosis can be altered.
PULMONARY REHABILITATION PROGRAMS
The interplay between pulmonary rehabilitation and COPD related comorbidities is
clinically relevant as almost all patients in rehabilitation programs suffer from
comorbidities. This thesis showed that despite comorbidity, patients are still able to
benefit from rehabilitation. This thesis also creates new opportunities. The
identification of different clusters of patients with differential comorbidity pattern
emphasizes the heterogeneity of the disease and the need for tailored individualized
diagnostics and management strategies, also within pulmonary rehabilitation
programs.
COPD PATIENTS
The patient him‐ or herself can clearly benefit from the output of the present thesis.
Not only by the increased awareness of the disease COPD and the increased awareness
of the high burden of comorbidities in these patients by their health care providers, but
also by increasing awareness within patient groups and the general population.
Different press releases on the findings of the prevalence of COPD in Maastricht and on
the concept of multimorbidity in COPD have been done. The discussions on radio and
television, and the different interviews in papers or patient‐oriented folders contribute
to a general education of people of the existence of COPD and comorbidity and the
importance of diagnosis and comprehensive management.
SCIENCE: FUTURE RESEARCH QUESTIONS
The relevance of this thesis and the contribution to the scientific field is discussed
above. Meanwhile this thesis might be important for researchers in the field as every
answer to previous questions reveals multiple unanswered questions. Although this
thesis shines new light on the role of systemic inflammation in COPD, the origin and the
role of systemic inflammation and the role of the (visceral) fat in the development of
cardiovascular disease in patients with COPD remains to be elucidated.
The longitudinal evolution of body composition in different COPD phenotypes is of
future interest. The optimal management of comorbidities in rehabilitation programs
and the way how to adapt the program to specific clusters of comorbidities need to be
explored. In addition, the differential response after rehabilitation illustrates that
multiple and probably tailored outcomes need to be considered. This also is food for
further research.
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PERSONAL DEVELOPMENT
The results of the studies in this thesis have resulted in multiple scientific abstracts on
international respiratory conferences. Several chapters have been published in high
quality peer reviewed scientific journals in the respiratory and cardiovascular field.
Chapter 6 has been published in the American Journal of Respiratory and Critical Care
Medicine, which is the most important journal in the field of respiratory medicine. In
addition, the figures of the article reached the cover of the journal. It was the most
cited original research paper of that journal in 2013.
The press release was picked up on multiple scientific internet sites. Ultimately,
recently the article was discussed in “de Volkskrant”, a major newspaper in the
Netherlands.
As discussed above, the results of chapter 2 were discussed in regional, national and
international newspapers and discussed with the author on regional radio and
television.
After publication, the author was invited on national and international symposia to
discuss the results of the scientific work performed. In addition, he was invited to write
an editorial in the European Respiratory Journal concerning the topic of comorbidity.

SCHEDULE AND IMPLEMENTATION
The studies of this thesis are published or submitted in international scientific journals
and contribute to the scientific community.
This thesis has resulted in an increasing awareness for early diagnosis of COPD which
directly gave synergy for the existing plans of the NHG (Nederlands Huisartsen
Genootschap) en Astmafonds to include spirometry in preventive settings.
As already acknowledged in the international Global inititative of Obstructive Lung
Disease document, patients with COPD need to be considered as high risk patients for
the most prevalent and impactful comorbidities. This thesis contributed to the
awareness and the importance of the topic. There is a paradigm shift of a respiratory
focus towards a holistic approach of the patient with multimorbidity.
In this view, this thesis can contribute to future guideline development. The realization
of the existence of different groups of patients with different disease expression can be
helpful in a guided evaluation of the most suspected comorbidities. For example the
presence of one comorbidity can indicate the presence or absence of another.
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The results of this thesis have also immediate consequences and implementations for
pulmonary rehabilitation. Comorbid conditions do not prevent patients to benefit from
rehabilitation. In addition, rehabilitation programs are evolving to tailored programs
shaped to the needs and comorbid conditions of the patients.
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Beste Miel, mijn eerste date met Kristien was een trip naar Maastricht voor een
sollicitatiegesprek naar de opleiding longziekten, intussen bijna dag op dag 10 jaar
geleden. Jij gaf mij de kans om longarts te worden en in de loop van mijn opleiding zag
je dingen in mij die ik zelf nooit gezien had. Ik werd onderzoeker en bleef aan de slag in
CIRO en in Maastricht. We hebben elkaar altijd vrij vlot begrepen en daar waren niet
altijd veel woorden voor nodig. Een deel van mijn leven heb jij mee vorm gegeven en
waar ik nu sta in mijn huidige carrière heb ik voornamelijk aan jou te danken. Mijn
respect voor jouw kennis en wat je opgebouwd hebt tijdens jouw carrière is zeer groot.
Je bent een visionair en ik hoop een stuk van die visie meegekregen te hebben en
verder te kunnen uitbouwen.
Beste Frits en Martijn. Jullie zijn mijn copromotoren, naaste collega’s en goede
vrienden. Ik heb ontzettend veel bewondering voor jullie en ben zeer blij deel te mogen
uitmaken van ons “team”. Het aanstekelijk enthousiasme waarmee jullie in het leven
en in het werk staan, straalt af en maakt ons en CIRO zo succesvol. Ontelbare keren
liggen we in een deuk van het lachen. Maar nog vaker wisselen we enthousiast ideeën
uit. Zo is het idee voor de comorbiditeitenclusters ontstaan op een servet in het
restaurant. Jullie waren gedroomde begeleiders van dit traject. Bedankt ook voor jullie
geduld met de chaos die ik soms op jullie afstuurde. Ik heb de laatste jaren van dichtbij
ook jullie vlucht mogen meemaken, hoe jullie internationaal steeds vooraanstaander
werden binnen het vakgebied en hard aan de weg timmeren. Het is fijn vertoeven in
jullie kielzog!
Miriam, Riny, Annie en Irma, ik wil jullie ontzettend bedanken voor jullie ongelooflijke
werk voor het datamanagement van de CIROCO studie. Laat het duidelijk zijn, dat ik
een lucky bastard was, die zijn doctoraat grotendeels heeft kunnen baseren op data die
hij zelf niet heeft verzameld. Dat hebben jullie gedaan, en zonder jullie was dit
proefschrift niet in deze vorm tot stand gekomen.
In het bijzonder wil ik ook de afdeling biometrie bedanken, met name Marco, Koen, Jos,
Tim en Linda. De vaatmetingen werden omwille van logistieke redenen vaak
onmenselijk vroeg in de ochtend gepland. De toewijding en inzet is ongezien en typeert
ook de sfeer binnen CIRO.
Uiteraard geen proefschrift zonder onderzoekssubjecten. Graag wil ik alle patiënten en
gezonde vrijwilligers uitdrukkelijk bedanken. Hopelijk hebben we samen een klein
bouwsteentje bijgedragen aan verbetering van de zorg voor chronisch zieke mensen.
Beste Daisy, Loes, Eefje, Nicole en Manu. Het medische team dat we zijn in CIRO is heel
bijzonder. We zijn zo laagdrempelig in ons overleg en onderlinge benadering. We staan
altijd klaar voor elkaar, zowel in als buiten CIRO. Bedankt voor de afgelopen tijd, ook
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toen jullie een tandje bij moesten steken, zodat ik een hoofdstuk kon klaarkrijgen.
Daisy, afgelopen jaren deelden we samen met Frits de kamer. Bedankt voor alle tips, de
schouderklopjes, je geduld met “dr. Chaos” en het opruimen van de vuile koffiekopjes.
Ook de overige onderzoekers en doctoraatstudenten in CIRO wil ik graag bedanken.
Erica, Sarah, Fiona, Dionne, Dionne, Wai‐Yan, Jeannet, Nienke, Carmen, Coby, Rafael,
Vasilis, Esther, we maken elkaar en CIRO beter en jullie enthousiasme is aanstekelijk.
Rafael, thanks again for your hard work on the last chapter of this thesis.
Beste Ingrid, ook jou wil ik bedanken! Als bestuurder in CIRO spreek jij altijd jouw
waardering uit voor de innovatie en het onderzoek binnen CIRO, terwijl je waakt over
de kwaliteit van het primaire proces.
Ik zou velen in CIRO tekort doen, als ik niet een woord aan dank zou uitspreken aan
iedereen binnen de organisatie. Het is ontzettend fijn om te werken binnen CIRO en ik
ben heel blij er deel van uit te maken.
Ook mijn collega’s in Maastricht: Geertjan, Gernot, Monique, Anne‐Marie, Arne, Roy,
Nicolle, Astrid en Lizza wil ik niet vergeten. Hierbij uiteraard ook de enthousiaste groep
arts‐assistenten! Dank voor de fijne samenwerking.
De leden van de beoordelingscommissie van het proefschrift wil ik oprecht bedanken
voor het grondige nazicht en goedkeuren van het manuscript. Naast de voorzitter, prof.
dr. Stehouwer, wil ik graag prof. dr. Leunissen, prof. dr. Brunner – La Rocca, prof. dr.
Vogelmeier (Universiteit van Gießen en Marburg) en prof. dr. Fabbri (Universiteit van
Modena) bedanken.
Professor Fabbri, Leo, I would like to thank you for the enthusiasm and appreciation for
my work. You mentioned me in person in your lectures at several international
meetings. Moreover, as editor of the European Respiratory Journal you recently invited
me to write my first editorial. Thank you for the support!
A special word of thank I would like to address to prof. Studnicka, dr. Lamprecht and
Mr. Kaiser. Michael, Bernd and Bernhard, we had a very interesting and fruitful
collaboration on the BOLD dataset. I am very glad that we succeeded to finish Chapter 4
of this thesis. I won’t forget our meetings in Salzburg and Horn, the never‐ending
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