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Definitions and goals of pulmonary rehabilitation 

The roots of pulmonary rehabilitation extend back to the time when tuberculosis was 
quite prevalent, before the turn of the 20th century.1 As cited in an 1895 monograph by 
pulmonologist C. Denison, pulmonary invalids suffering from the residual effects of 
tuberculosis were offered a systematic program of exercise and breathing exercises.1 
Two pioneers in the field of pulmonary rehabilitation in the mid-20th century were A. 
Barach and A. Haas.1 Barach was the first to apply positive pressure mechanical 
ventilation in the 1940s and the first to administer oxygen during exercise in the 1950s.2 
A. Haas recognized that physical activity was associated with weight gain and feelings of 
well-being when he administered his therapy for tuberculosis.1 

Since the 1970s, interest in pulmonary rehabilitation as an art and method of 
systematized, multidisciplinary care for patients with chronic respiratory conditions has 
increased progressively, and a more scientific basis for pulmonary rehabilitation has 
been established based on well-designed trials with valid, responsive and interpretable 
outcome measures. Accordingly, the formulation of definitions has changed, but all 
definitions have in common the improvement of the health of the patient and the 
attenuation of the burden of the disease. 

The first authoritative statement on pulmonary rehabilitation from the American College 
of Chest Physicians and the American Thoracic Society in 1974 introduced pulmonary 
rehabilitation 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 psycho-
pathology of pulmonary diseases and attempts to return the patient to the highest 
possible capacity allowed by his pulmonary handicap and overall life situation”.3 

Subsequently, several statements and guidelines have been established, and definitions 
have been reworded. Besides the development in the field of pulmonary rehabilitation, 
these consecutive definitions reflect the integration of the outcomes and goals of 
chronic care in general. 

In 1992, the European Respiratory Society4 reformulated pulmonary rehabilitation as “an 
intervention that aims to restore patients to an independent, productive and satisfying 
life and prevent further clinical deterioration to the maximum extent compatible with 
the stage of the disease”.  

In 1994, the National Institutes of Health5 defined pulmonary rehabilitation as “a 
multidimensional continuum of services directed to persons with pulmonary disease and 
the involvement of their families, usually by an interdisciplinary team of specialists, with 



Chapter 1 

10 

the goal of achieving and maintaining the individual’s maximum level of independence 
and functioning in the community”. 

In 1997, the European Respiratory Society6 introduced pulmonary rehabilitation as “a 
process which systematically uses scientifically based diagnostic management and 
evaluation options to achieve the optimal daily functioning and health-related quality of 
life of individual patients suffering from impairment and disability due to chronic 
respiratory diseases”. In the same year, the British Thoracic Society7, in its guidelines for 
the management of COPD, defined pulmonary rehabilitation as “a restoration of the best 
possible physiological, psychological and social potentials for the individual”, quoting the 
American Thoracic Society definition of 1981. 

In 1999, the American Thoracic Society reformulated pulmonary rehabilitation as a 
multidisciplinary program of care for patients with chronic respiratory impairment that is 
individually tailored and designed to optimize physical and social performance and 
autonomy.8 

According to an official American Thoracic Society/European Respiratory Society statement 
(2006), pulmonary rehabilitation was defined as “an evidence-based, multidisciplinary, 
and comprehensive intervention for patients with chronic respiratory diseases who are 
symptomatic and often have decreased daily life activities. Integrated into the 
individualized treatment of the patient, pulmonary rehabilitation is designed to reduce 
symptoms, optimize functional status, increase participation, and reduce health care 
costs through stabilizing or reversing systemic manifestations of the disease”.9 

The latest definition was adopted by the European Respiratory Society and American 
Thoracic Society in 201310: “Pulmonary rehabilitation is a comprehensive intervention 
based on a thorough patient assessment followed by patient-tailored therapies, which 
include, but are not limited to, exercise training, education, and behavior change, 
designed to improve the physical and psychological condition of people with chronic 
respiratory disease and to promote the long-term adherence of health-enhancing 
behaviors”. 

The commonality among these definitions of pulmonary rehabilitation are the focus on 
chronic respiratory patients and their caregivers, the individualization of the program 
and the multidimensionality and comprehensiveness of the intervention. They all have in 
common the ability of the patient to adapt and manage one’s own well-being. From the 
beginning, pulmonary rehabilitation shifted the emphasis to resilience and well-being, 
basic components of the current concept of positive health.11 In fact, the definitions of 
pulmonary rehabilitation evolved with the concepts of management and care of chronic 
conditions in the previous decades.12-14 Supplemental Table S1.1 summarizes the 
pulmonary rehabilitation goals of the different definitions, classified into the dimensions 
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of physical, mental and social functioning of health as recently defined by the World 
Health Organization.11 

Although priority may differ, from the onset, it has been recognized by clinicians that the 
patient’s family should also be involved in the pulmonary rehabilitation program. In 
2013, the goal of pulmonary rehabilitation was even extended to include behavioral 
change and the promotion of long-term adherence to health-enhancing behaviors. 
Dimensions such as social participation and options for making better use of patient’s 
abilities to cope, adapt and self-manage were intrinsically part of the pulmonary 
rehabilitation approach. 

While pulmonary rehabilitation includes a broad spectrum of interventions that aim to 
improve physical, psychological and social functioning10, pulmonary rehabilitation teams 
are assumed to have the skills to diagnose, manage and understand the needs of 
patients and caregivers.10 In contrast to the traditional point of view in which needs in 
different domains are addressed by specialists from those specific domains, pulmonary 
rehabilitation teams consist of physicians and other health care professionals such as 
physiotherapists, respiratory therapists, nurses, psychologists, behavioral specialists, 
exercise physiologists, nutritionists, occupational therapists and social workers. Despite 
the common goals included in statements and definitions, large differences are found in 
the content and organizational aspects of pulmonary rehabilitation programs 
worldwide15, and simple exercise and education interventions are even considered as 
comprehensive pulmonary rehabilitation.16,17 Furthermore, over the years, pulmonary 
rehabilitation programs have narrowed their outcomes to the improvement of health 
status, exercise performance and the attenuation of symptoms as their main goals.15 
These developments stand in sharp contrast to the goals of pulmonary rehabilitation as 
formulated in all definitions. As a consequence, important components of pulmonary 
rehabilitation in achieving improvement in the global dimension of health remain 
unaddressed. In the absence of process and performance metrics, it remains difficult at 
present to compare pulmonary rehabilitation programs and to enable benchmarking 
between programs and settings.  

In recent decades, pulmonary rehabilitation as a field of respiratory medicine has been 
confronted with important contrasting developments: on the one hand, enabling the 
individual to achieve the best possible health, and on the other hand, applying evidence-
based knowledge and methods to intervene in all these dimensions of health. These 
developments will be addressed in the following section.  
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COPD: from airflow limitation towards a complex, chronic 
syndrome 

All definitions of pulmonary rehabilitation are targeted to patients with chronic 
respiratory conditions. At present, most pulmonary rehabilitation programs address the 
needs of patients with chronic obstructive pulmonary disease (COPD). As recently as 
2001, the Global Strategy for the Diagnosis, Management and Prevention of COPD 
(GOLD) defined COPD as a disease state characterized by airflow limitation that is not 
fully reversible. This airflow limitation is usually both progressive and associated with an 
abnormal inflammatory response of the lungs to noxious particles and gases.18 Two 
decades later, GOLD defined COPD as a common, preventable and treatable disease that 
is characterized by persistent respiratory symptoms and airflow limitation due to airway 
and/or alveolar abnormalities usually caused by significant exposure to noxious particles 
and gases and influenced by host factors including abnormal lung development. 
Significant comorbidities may have an impact on morbidity and mortality.19 Although 
GOLD recognizes COPD as a complex condition with many different components and 
mechanisms contributing to its pathophysiology and clinical presentation, daily 
management is still based on airflow limitation, limitations or symptoms and 
exacerbation risk. Additionally, GOLD recognizes the heterogeneity of COPD patients and 
the need for flexibility in tackling individual characteristics and meeting the needs of 
each patient.20 

Agusti and MacNee21 suggested using a “control panel” that includes at least three 
dimensions of disease (severity, activity and impact) to visualize the complexity of COPD 
in a single patient at a given point in time in order to move COPD management towards 
personalized medicine. These three dimensions of biological and clinical variables can 
provide complementary and relevant information for the proper management of the 
individual patient. It can be customized to the needs of the patient and the available 
resources (e.g., rural versus urban health care centers and primary versus specialized 
care).22 The “control panel” may further serve as a clinical decision support system.23 
However, exactly which treatable clinical characteristics should be assessed and which 
methods and cut-off points should be used has not yet been formally validated. 

Over the last few decades, it has been increasingly recognized that, in addition to the 
heterogeneous involvement of the respiratory impairment, the presence of other 
chronic conditions such as cardiovascular diseases, depression, osteoporosis, anemia 
and diabetes substantially contributes to the severity of the disease.24 Comorbidities not 
only affect symptom burden, functional performance and health status in patients with 
COPD, but also the risk of hospitalization and mortality.25-27 In COPD patients admitted 
for pulmonary rehabilitation to our own center, at least five comorbidity clusters could 
be identified: one with less comorbidity, and cardiovascular, metabolic, cachectic and 
psychological clusters. These comorbidity clusters differed significantly in health status: 
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in particular, the psychological cluster, characterized by anxiety and depression, 
reported more dyspnea and poorer health status.28 However, these comorbidities do not 
prevent COPD patients from improving exercise capacity and health status after 
pulmonary rehabilitation.29 Again, this diagnosis and the management of COPD beyond 
the lungs warrant an individualized approach as part of an integrated disease 
management plan.30 

Recently, a “label-free, precision medicine approach based on the concept of ‘treatable 
traits’ has been introduced to the diagnosis and management of chronic airway 
diseases”31 in order to offer a precision medicine intervention, defined as “treatments 
targeted to the needs of individual patients on the basis of genetic, biomarker, 
phenotypic, or psychosocial characteristics that distinguish a given patient from other 
patients with similar clinical presentations”.32 A broad set of pulmonary and extra-
pulmonary treatable traits as well treatable behavior and lifestyle traits has been 
summarized, reflecting the variability in clinical manifestations of chronic respiratory 
diseases. Indeed, COPD has been extensively reported as a complex disease affecting 
patients’ health beyond the lungs, with a variety of intra- and extra-pulmonary 
components and considerable variability between individuals.28,33-37 However, data 
about the outcomes of this kind of integrated treatable traits strategy are still lacking. 

Given the increasing understanding of COPD as a heterogeneous and complex disease, it 
is important to accentuate that in this context, “complex” means that COPD has a 
number of intra- and extra-pulmonary components whose dynamic interactions over 
time are not linear, whereas “heterogeneous” indicates that not all of these components 
are present in all individuals at any given point in time.38 

Current COPD recommendations and classifications poorly address this complexity and 
heterogeneity.39,40 Therefore, the characteristics of individuals with COPD referred for 
pulmonary rehabilitation vary greatly. As a consequence, the frequency and number of 
treatable traits in patients referred for pulmonary rehabilitation make this form of 
personalized management a real challenge. 

Pulmonary rehabilitation: current challenges  

A thorough assessment? 

Referring to the latest definition10, pulmonary rehabilitation as a comprehensive 
intervention implies a thorough assessment followed by a patient-tailored program. 
Statements and guidelines4-10,41-43 endorse the importance of an initial patient 
assessment which includes a full clinical, physiological, psychological and social 
evaluation to determine, on an individual basis, the content and composition of the 
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pulmonary rehabilitation program. As described in Supplemental Table S1.2, an initial 
assessment is recommended in all guidelines and statements, but none of them clearly 
formulates the full content of these pre-rehabilitation measurements. While in 19998 
the measurement of dyspnea, exercise ability, health status and physical activity was 
proposed, in 20069 a pre-assessment on psychological and social considerations and an 
evaluation on common feelings was recommended. The 2013 ATS/ERS statement10 
recommends evaluation of exercise performance in order to individualize exercise 
prescription. It was stated that a maximal cardiopulmonary exercise test is considered 
not only a prerequisite for defining the factors that contribute to exercise limitation and 
identifying a suitable exercise prescription, but also for helping to ensure the safety of 
the intervention. At that time, a physiological rationale supporting the effectiveness of 
pulmonary rehabilitation was considered very important, and various landmark studies 
demonstrated that even in patients with severe COPD, rigorous exercise training 
resulted in substantial improvements in exercise tolerance and physiological training 
effects.44,45 The British Thoracic Society considers an initial assessment to be an 
opportunity when it comes to assessment and referral for treatment of comorbidities.43 
The unspecified description of the content of the assessment program in order to offer 
an integrated, individualized program is in sharp contrast to the description of treatable 
traits as an avenue to precision medicine in COPD.31 

In addition, a lack of consensus on the content of pulmonary rehabilitation programs 
also contributes to imprecise criteria for referral. The effectiveness of a pulmonary 
rehabilitation program covers a wide spectrum of variables such as medical resource 
consumption and cost-effectiveness as well as improvements in respiratory symptoms, 
exercise ability, quality of life, activities of daily living, psychological well-being, cognitive 
functioning, nutrition, body composition and health behavior. GOLD prescribes 
pulmonary rehabilitation for all patients with relevant symptoms and/or a high risk for 
exacerbations and recommends a program that includes patient goals. Such a program 
has to be designed and delivered in a structured manner, taking into account the 
individual’s COPD characteristics and comorbidities.19 GOLD still insists on the role of 
spirometry in the stratification of the burden of the disease, but this measurement does 
not determine the impact on the patient’s health status and the risk of future events 
(exacerbations, hospital admissions or death).19 It has been well known for decades that 
physiological measures of disease severity such as FEV1 poorly predict the burden of 
disease.46 Nevertheless, despite FEV1’s limitations, FEV1 <50% of predicted is still used in 
clinical practice as a referral criterion for pulmonary rehabilitation.47 

It seems that current rehabilitation practice still largely reflects a disease-centered 
framework with a physiologic rationale that is focused on exercise performance and 
poorly addresses what matters most to these patients despite a variety of statements 
and guidelines. This clearly highlights the need for more patient goals-directed care.48 
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Pulmonary rehabilitation and evidence-based medicine 

Since the ’80s of the previous century to the most recent statements, the respiratory 
community has embraced pulmonary rehabilitation as a comprehensive, broad-
spectrum intervention. Indeed, to achieve the personal health outcomes that patients 
hope to obtain, pulmonary rehabilitation programs put in place a wide spectrum of 
interventions: different forms of exercise training programs, psychosocial and behavioral 
interventions, nutritional therapy, oxygen therapy, advance care planning and non-
invasive mechanical ventilation, as well as education programs for patient and family. 
Pulmonary rehabilitation programs address the multiple needs of patients with a chronic 
lung disease but are only described as sets of tools and disciplines (see Supplemental 
Tables S1.3 and S1.4). The focus on outcomes may differ over time, but all these 
treatment dimensions are consecutively described and positioned in different 
statements. To illustrate, while the National Institutes of Health5 at that time gave an 
extended overview of interventions influencing psychological variables, anxiety and 
depression are only described as an outcome and an unexplored area in the latest 
American Thoracic Society/European Respiratory Society statement.10 In 2013, The 
American Thoracic Society/European Respiratory Society recognized the complex nature 
of COPD, its multisystem manifestations and frequent comorbidities with treating 
comorbidities as part of the pulmonary rehabilitation program. As a consequence, it has 
been recommended that pulmonary rehabilitation should take this disease complexity 
into account. In practice, guidelines are lacking to systematically address this complexity, 
define its dimensions and allocate the right patient to the right pulmonary rehabilitation 
setting.15,49 Over the years, pulmonary rehabilitation has been built on a combination of 
expert opinions, tacit knowledge, the experiences and skills of a wide variety of health 
care providers, theoretical reasoning from basic sciences and the needs and wishes of 
patients. 

The paradigm shift of evidence-based medicine (EBM) also influenced the content of 
pulmonary rehabilitation. Evidence-based medicine was introduced in 1996 and was 
defined as the conscientious, explicit and judicious use of current best evidence in 
making decisions about the care of individual patients.50 EBM committed to making 
clinical practice more scientifically and empirically grounded, thereby achieving safer, 
more consistent and more effective care.50 It was argued that EBM, if practiced 
knowledgably and compassionately, could accommodate basic scientific principles, the 
subtleties of clinical judgment and the patient’s clinical and personal idiosyncrasies.51 
Evidence-based became a quality mark, and randomized controlled trials (RCTs) and 
meta-analyses are still considered the major tools of EBM. As a consequence, 
developments and innovation have been reduced to evidence-based principles. Evidence 
from clinical trials is summarized in so-called Cochrane reviews.52 In 1996, Lacasse et al 
carried out a first meta-analysis of RCTs of pulmonary rehabilitation in patients with 
COPD based on outcomes of functional or maximal exercise capacity, health-related 
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quality of life (HRQL) or both. Pulmonary rehabilitation was defined as exercise training 
with or without education, psychological support or both.53 They strongly supported 
pulmonary rehabilitation with exercise training as part of the management plan for 
patients with COPD and concluded that pulmonary rehabilitation led to greater 
improvements in HRQL and functional exercise capacity compared to usual care.53 The 
authors highlighted the need for evidence-based overviews of the literature as a basis 
for implementing new rehabilitation programs.53 Almost 20 years later, McCarthy et al, 
in the latest Cochrane review54, included the same selection criteria and selected RCTs of 
pulmonary rehabilitation in patients with COPD in which HRQL and/or functional or 
maximal exercise capacity were measured: pulmonary rehabilitation was defined as 
exercise training with or without education or any form of additional intervention.54 The 
conclusions of this meta-analysis were in agreement with previous meta-analyses53,55,56: 
pulmonary rehabilitation relieves dyspnea and fatigue, improves emotional function and 
enhances the sense of control that individuals have over their condition. The Cochrane 
Airways editorial even made the unusual decision to close the review of the evidence of 
pulmonary rehabilitation with this latest update to the Cochrane Review of McCarthy et 
al..54 The Cochrane Airways editors have recognized the limitations of RCTs as 
interventions cannot be blinded. The editorial board concluded that the clinical research 
conducted delivered meaningful outcomes, and that those who apply the intervention, 
those who receive it and those who fund it can act with confidence.57 Obviously, 
outcome measures included in this Cochrane Review were limited to evaluating exercise 
performance and HRQL. 

What is striking is both the narrow definition of pulmonary rehabilitation and the shift 
from a global dimension of health towards fragmented disease-related outcomes. 
Instead of a comprehensive intervention, pulmonary rehabilitation was defined in these 
meta-analyses as an intervention that includes exercise training, with or without 
education or any form of additional intervention.54 Furthermore, outcome measures 
chosen for establishing efficacy are largely limited to symptom reduction as originally 
proposed by GOLD: reduction in exercise limitation and dyspnea and improvement in 
HRQL58, ignoring the more fundamental goals of pulmonary rehabilitation. Furthermore, 
the average results of the findings of these RCTs have been generalized to decisions 
about real-life patients: the multidimensional and differential impairment in these high-
need patients defy these evidence-based efforts in pulmonary rehabilitation.5 However, 
over the years, the language of EBM contributed to a creeping managerialism and 
politicization not only for pulmonary rehabilitation, but for clinical practice in general.59 
These developments ignore the conclusions of Sackett et al that the information of any 
guideline or review must be integrated with individual clinical expertise in deciding 
whether and how it matches the patient's clinical state, predicament and preferences, 
and thus whether it should be applied: only in that way does EBM prove to be 
knowledgeable and compassionate.50 Particularly for pulmonary rehabilitation as an 
individualized intervention, a “real” EBM approach must be advocated—one which is 
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built on real, shared decision-making that matters to the patient and on strong human 
and ethical care aspects.60 

From global dimension of health towards fragmented disease-related outcomes 

In the first authoritative statement on pulmonary rehabilitation, the final goal of 
intervention, defined as an art of medical practice, was to bring the patient suffering 
from a pulmonary disease condition to the highest possible capacity allowed by his 
pulmonary handicap and overall life situation.3 Weatherall argued that this art of 
medicine describes a holistic approach to the care of patients61: art of medicine not only 
includes skills in diagnosis and treatment, it also encompasses the management of every 
aspect of patients’ reactions to their illness and its impact on their lives.61 Consistent 
with this approach, in the eighties of the previous century (see Table S1.3), outcomes of 
pulmonary rehabilitation were directed towards the patient feeling better not only in 
terms of less dyspnea, but also having greater confidence, less depression, anxiety and 
panic and less frequent insomnia. Furthermore, greater activity, increased endurance 
and strength, greater range of function, self-control and self-management and more 
effective visits to the physician had to be achieved after pulmonary rehabilitation.62 The 
National Institutes of Health challenged this concept of pulmonary rehabilitation as an 
“art,” arguing that this approach did not lend itself to meaningful discussions about 
opportunities for research.5 The overview in Table S1.1 clearly demonstrates that the 
domain of mental functioning is not always clearly described as a goal of pulmonary 
rehabilitation.5,6,8,9,41-43 On the other hand, pulmonary rehabilitation goals did not always 
correspond with recommended outcome measures. As an example, as a result of a 
National Institutes of Health discussion during their workshop in 19945 concerning all 
domains, they finally included in their definition “… achieving and maintaining the 
individual's maximum level of independence and functioning in the community.”  

This art of medicine was later described as the dark period of pulmonary rehabilitation 
and was rejected in favor of clinical judgement based on rational thinking or EBM.63-65 
Indeed, driven by a growing skepticism towards the lack of established rationale 
concerning pulmonary rehabilitation, the original patient goals-directed care moved into 
a more disease-centered approach, even for patients with multiple underlying 
conditions. In the absence of relevant reversibility of the underlying pathology in 
patients with COPD, disease-centered outcomes have been reduced to attenuation of 
symptoms, in particular dyspnea and exercise intolerance, and to the reduction of risks 
of exacerbations. Furthermore, the focus on exercise conditioning as an essential 
component of pulmonary rehabilitation is also the result of the drive within the 
rehabilitative community to tackle the prevailing doubts concerning the value of 
rehabilitative exercise. The argument was that the exercise tolerance of patients with 
COPD is limited by their lungs, and it was pointed out that exercise conditioning does not 
improve lung function. Furthermore, it was doubted that patients with COPD could 
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exercise at an intensity sufficient enough to exceed their critical training threshold above 
which improvements in muscle function could be expected. It was assumed that 
improvements in exercise tolerance after pulmonary rehabilitation could be ascribed to 
psychological factors including improved motivation and decreased sensitivity to 
dyspnea.66 In 1995, Ries et al showed clearly that rehabilitation programs that includes 
exercise training resulted in significantly larger improvements in exercise capacity, 
symptoms and quality of life than educational programs alone.67 This study provided an 
answer as to whether exercise training was effective. Later on, attention shifted towards 
skeletal muscle dysfunction in these patients.68 

Building on this strong physiologic rationale to support effectiveness, guidelines and 
statements6-10,41,42 focus on exercise tolerance, dyspnea and health-related quality of life 
as outcome measures of pulmonary rehabilitation. Intriguingly, similar outcomes were 
generally applied to evaluate pharmacological therapy in COPD patients. It was argued 
that pulmonary rehabilitation improved patients to a greater degree than any other 
therapy.  

Furthermore, upon analysis of these various Cochrane Reviews and intervention studies 
in COPD in general, it appears that quality of life, HRQL, functional status and the 
evaluation of symptoms are often used interchangeably69,70, and as a consequence, this 
leads to confusion and inappropriate use of these terms.71 In Figure 1.1, the relation 
between health status, functional status, quality of life and health-related quality of life 
is illustrated.69,72 The quality of a person’s life is a holistic, self-determined evaluation of 
satisfaction, with issues important to the person.69 Quality of life is influenced by 
numerous factors, including financial status, housing, employment, spirituality, social 
support network and health.69 A more restrictive measurement of quality of life is HRQL, 
or the impact of a disease on quality of life.69 The term “functional status” is used to 
describe a person’s ability to function within the physical, social and emotional 
domains.69 As shown in Figure 1.1, health status encompasses HRQL as well as functional 
status. In clinical practice and research, it seems that quality of life is indiscriminately 
used as an umbrella term, overemphasizing the impact of disease-related health 
status.71 
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Figure 1.1 Relation between health status, functional status, quality of life and health-related quality of life. 

This Figure is adapted with permission of the American Thoracic Society, copyright © 
2021 American Thoracic Society.69 

 
 

Patient-related outcomes (PROs) which reveal the trajectory of symptoms or perceived 
health and the effect of interventions in clinical practice as well as research, have gained 
increasing importance.72 PRO is “any report of the status of a patient’s health condition 
that comes directly from the patient, without interpretation of the patient’s response by 
a clinician or anyone else”.73 Given the limitations of measuring HRQL or health status as 
outlined above, the use of PROs in order to evaluate and compare interventions 
continues to be a challenge. Furthermore, these PROs must be personalized: self-
management abilities and health status still depend on emotional intelligence (i.e., the 
capacity to understand and manage personal thoughts and feelings) and are positively 
influenced by interpersonal communication and social well-being.74 A qualitative study 
revealed that patients struggle to accept their disease, which then even precludes 
patients from making progress during their pulmonary rehabilitation program.75 Moving 
towards patient goals-directed care also infers that the patient will need to be involved 
in the choice of care options within the context of the patient’s desired outcomes and 
care preferences. Such an approach not only implies a definition of goals but also the 
acceptance of workloads by the patient.48 These developments frequently assume 
fundamental behavior change on that part of the patient as well as an acceptance of the 
diagnosis and their limitations, a realistic disease understanding and a rational response 
to the disease in order to enable control and self-management.76 Behavior change is 
incorporated in the latest definition of pulmonary rehabilitation10, but it will be 
important to analyze and focus on key determinants of health behaviors in order to 
develop more effective interventions to change those behaviors and link those changes 
to the overall goals of patient value-based care.77 
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From individualized to “one size fits all” 

Exercise training and education are considered the cornerstone of every pulmonary 
rehabilitation program. Developments in current care delivery over the last few decades 
are described in this section. 

Exercise training 

Exercise therapy is a challenge in patients with limited reserves. For these patients, 
individualized programs which take into account the patient’s capacities in order to 
achieve physiologic benefits17,45 are required. In general, an exercise program that 
consists of high-intensity endurance and resistance training is advised for patients with 
COPD.78 However, depending on the patient’s limitations and the symptoms 
experienced, alternative exercise modalities are available to ascertain an optimal, 
individualized training format: interval training, neuromuscular electrical stimulation, 
whole body vibration, single-leg exercise training, eccentric training, training with oxygen 
supplements, training with helium-oxygen breathing, training with non-invasive 
ventilation support and inspiratory muscle training.10,17 All these interventions have 
proven effective in RCTs. The implementation of these interventions in patients with 
severe as well as moderate COPD is based on expert judgment by the pulmonary 
rehabilitation team and requires supervision as well as a strong relationship with the 
patient to achieve and maintain training effects.45,78,79 Clearly, even the type and 
intensity of exercise prescription needs to be individualized.78 

Merely defining exercise training as a component of pulmonary rehabilitation leaves 
room for a scattering of different interpretations as well as modalities to deliver exercise 
programs. Even unsupervised home-based training interventions currently qualify as 
pulmonary rehabilitation programs. Furthermore, by reducing outcomes to a 6-minute 
walk distance, RCTs claim that this form of training is equivalent to center-based 
pulmonary rehabilitation, again with supervised group training as a stand-alone 
intervention.80 This blind drive towards the best evidence neglects completely the 
complexity of underlying problems and is misleading in its choice of simple outcome 
measures to establish efficacy.60 The uncritical over-rating of interventions such as 
pulmonary rehabilitation has contributed to tremendous confusion concerning the 
content and organization of pulmonary rehabilitation programs. Wuytack et al 
acknowledged this incorrect use of the definition of pulmonary rehabilitation in their 
systematic review and meta-analysis of exercise training programs, regardless of the 
inclusion of additional pulmonary rehabilitation components.81 In this review and meta-
analysis that includes 10 studies, there was low to moderate evidence that outpatient 
and home-based exercise training programs are equally effective.81 Although they 
indicated that it is likely that the beneficial effects of exercise training programs as 
identified in the McCarthy et al. review54 can be obtained across settings and that 
different settings probably result in little to no difference in HRQL and exercise 
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capacity81, they emphasized the need for health services that could tailor the setting of 
programs to best suit the local context, health services resources and, importantly, 
patients’ needs while taking into consideration patient safety, particularly in 
unsupervised settings.81 

New initiatives to improve access to pulmonary rehabilitation programs continue to 
arise, from comprehensive interventions performed by teams consisting of multiple 
specialists to mono-dimensional interventions such as exercise training or a behavioral 
and community-based exercise intervention called “Urban Training”. Although these 
studies are testing the effectiveness of alternative models in order to improve access to 
pulmonary rehabilitation, it remains debatable whether those alternative pulmonary 
rehabilitation programs may be considered a substitute for traditional programs.82 A 
greater emphasis should be made on allocating the right patient to the right type of 
exercise-related care at the right moment83 instead of the current “one size fits all” 
approach that only includes RCT outcomes.  

Recently, a patient profiling model of exercise-based care for patients with COPD was 
described (see Figure 1.2) which includes delineation of those patients who are 
candidates for secondary or tertiary pulmonary rehabilitation programs based on 
systematic quantification of the disease burden experienced by the individual patient.83 
Such models can be very helpful not only in revisiting the values of pulmonary 
rehabilitation, but also in genuinely addressing the varying impact of the disease on the 
adaptability and well-being of the individual patient. 
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Figure 1.2 Flowchart for exercise-based care for patients with COPD. This Figure was published in Sports 

Medicine, Volume 50, Martijn A. Spruit et al. Profiling of Patients with COPD for Adequate 
Referral to Exercise-Based Care: The Dutch Model. Pages 1421–1429 (2020).83 

 

Patient education 

Patient education is the process of teaching of and learning by patients in all clinical 
settings in a planned, systematic, sequential and logical manner to manage the health 
needs they experience and increase the patient’s competence in managing his or her 
own health requirements.84 As illustrated in Table S1.3, patient education, that includes 
the enhancement of knowledge and skills of family members is generally considered an 
important component of a pulmonary rehabilitation program: exercise programs 
combined with patient education are frequently defined as a comprehensive, 
individualized and evidence-based pulmonary rehabilitation program.15,40 As with 
exercise training, education interventions are clearly specified in guidelines and 
statements (see Table S1.3), yet these remain rather generic, leading again to divergent 
approaches in clinical practice. Stoilkova et al systematically evaluated 67 interventions 
which incorporated education for patients with COPD and found a heterogeneous and 
wide variation in the content and method of delivery of these educational 
interventions.85 Figure 1.3 provides an overview of the educational topics adopted from 
practice guidelines and pulmonary rehabilitation statements, with the percentage of 
studies included in each education topic.85 The authors emphasized the need for 
alignment between the educational topics incorporated into the existing programs and 
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those recommended by the COPD guidelines, and the involvement of various 
professionals and the combined use of methods.85 Indeed, printed material and/or 
brochures as well as demonstrations and practice were the predominant tools and 
methods.85 
 
 
 
 

 

 

 

 

 

 

 

 

 
 
Figure 1.3 Percentage of studies that included each education topic. This Figure was published in 

Respiratory Medicine, Volume 107, Stoilkova, A., D.J. Janssen, and E.F. Wouters, Educational 
programmes in COPD management interventions: a systematic review. Pages 1637-1650, 
Copyright © 2013 Elsevier.85 

 
 

While the goals of patient education are to enhance the patient’s independence and the 
continuity of care in his or her own environment84, current practices of COPD education 
poorly address these issues. Furthermore, patients frequently experience a high level of 
anxiety, depression and impaired coping.86-88 In order to overcome these needs, changes 
in behavior, and particularly the acquisition of self-care skills, are required.89 This in turn 
requires the evolvement of the educational component from a traditional, teaching 
approach to the promotion of adaptive behavioral change, with a particular focus on 
collaborative self-management.10 Indeed, health behavior involves personal attributes 
such as beliefs, expectations, motives, values, perceptions and other cognitive elements; 
personality characteristics, including affective and emotional states and traits; and overt 
behavioral patterns, actions and habits that relate to health maintenance, restoration 
and improvement.90 Coping, defined as selecting and acting on the information derived 
from the individual’s symptom recognitions and interpretation, is a challenge for 
patients with COPD.91 Coping profiles vary among COPD patients entering pulmonary 
rehabilitation with and without clinically relevant symptoms of anxiety and/or 
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depression.86 Since coping styles are related to exercise tolerance, it is important to pay 
attention to coping styles in these patients.86 Personalized, tailored educational 
programs which take into account the individual patient’s clinical, psychological, social 
and spiritual factors must become part of the comprehensive pulmonary rehabilitation 
program.92 Pulmonary rehabilitation needs to offer a dynamic, motivational, person-
centered approach that helps the individual patient to understand his or her own 
personal risk factors, own barriers and facilitators to optimal self-management and the 
potential benefits of any given behavior change.93 

Both descriptions—exercise training and patient education—clearly illustrate ongoing 
problems in pulmonary rehabilitation when it comes to integrating ongoing 
developments in all the domains, thereby contributing to better health for the patient. 
In the absence of clear and uniform performance and process metrics and quality 
control to ensure appropriate standards for pulmonary rehabilitation, all programs, 
including those with minimal intervention, can be labeled as pulmonary rehabilitation, 
even when ignoring the fundamentals of this positive health intervention. 
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Aim and outline of the thesis 

Chapter 1 describes the fast evolving field of chronic respiratory diseases in general and 
COPD in particular. This chapter outlines the concepts on pulmonary rehabilitation as 
formulated in appealing definitions during the previous decades. Chapter 1 focuses 
attention on the growing reliance on evidence based medicine concepts, making it a 
daily challenge to argue value-based health care particularly for these patients referred 
for their high needs and high burden of disease. As discussed in Chapter 1, 
organizational and process characteristics of pulmonary rehabilitation are poorly defined 
making bench marking between programs and settings very difficult or even impossible. 
Although definitions of pulmonary rehabilitation claim to address all limitations and 
needs experienced by the patient, there seems a huge chasm between these theoretical 
concepts and daily practice. As such, pulmonary rehabilitation is an important 
intervention that is often not delivered, and pulmonary rehabilitation programs that are 
delivered are often not addressing real needs.  

This thesis aims to develop an understanding of the possible interactions between the 
number of pulmonary and extra-pulmonary components in COPD patients admitted for 
pulmonary rehabilitation and to assess the spectrum of heterogeneity of these 
components based on real life data integration. Furthermore, performance of an 
integrated, individualized intervention program will be evaluated in a sample of patients 
with COPD admitted to the pulmonary rehabilitation center Ciro as well in traits-based 
subgroups. 

Starting point of this PhD-thesis was the development of an organizational model of a 
patient tailored program based on a standardized assessment and systematic outcome 
evaluation at the end of the intervention. Based on the initial assessment a modular 
patient tailored program is offered to overcome these needs. This patient tailored 
program formed the basis for standardization of pulmonary rehabilitation between the 
Dutch Lung Centers. This model is described in Chapter 3. By transfer of all these real life 
data anonymously to an integrated knowledge system (see Figure 2.1), we aimed to 
better identify the right patient, for the right treatment with the right outcomes. 
Therefore, we have chosen to perform all statistical analyses in chapters 4, 5, 6, 7 and 8 
using  self-organizing maps by Viscovery SOMine 7.3 build 7427 by Viscovery Software 
GmbH (www.viscovery.net; Vienna, Austria). Self-organizing maps (SOMs, also referred 
to as Kohonen maps) are used to create an ordered representation of selected 
attributes. The SOM method can be viewed as a non-parametric regression technique 
that simplifies complexity by converting multidimensional data spaces into lower 
dimensional abstractions. A SOM generates a non-linear representation of the data 
distribution and allows the user to identify homogeneous data groups visually to reveal 
meaningful relationships. 
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Figure 2.1 Improvement of patient care. 
 
 

The integrated approach described in this thesis could be considered as a model, 
applicable to offer personalized, individualized care to patients with high needs related 
to other chronic non-communicable diseases. Following research questions are 
addressed in this thesis: 

�� Is it possible to identify clusters in COPD based on a comprehensive lung function 
assessment only?  These data are described in Chapter 4.  

�� Is it possible to profile a multidimensional response to pulmonary rehabilitation?  
These data are described in Chapter 5. 

�� To what extent a physiomic clustering predicts outcomes of pulmonary 
rehabilitation? (Chapter 6) 

�� Is clustering based on pulmonary and extra-pulmonary traits more accurate to 
identify patient subgroups? (Chapter 7) 

�� Is an integrated assessment an indicator of multidimensional outcomes after PR? 
(Chapter 8). 
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The results of these and other studies and lessons learned are discussed in Chapter 9. 
Chapter 10 offers future perspectives for management of the growing burden of high 
costs, high needs patients in our society.  
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Abstract 

Non-communicable diseases (NCDs) will increase over the next decades. Understanding 
the complexity of chronic NCDs and the adaptation of the health care system to 
implement new management strategies addressing the patients’ needs, are still major 
challenges. Despite all the efforts aligning health care delivery with their needs, patients 
with chronic NCDs are still confronted with fragmented, complex health care systems. 
Health care management of NCDs needs a better understanding of the complexity of the 
disease in order to offer and organize more effective therapies to reduce the huge 
societal and economic burden of these diseases. In this paper, a patient-centered, 
personalized health care organizational structure for COPD patients with a high disease 
burden is presented. This could serve as a model for the management of chronic and 
complex NCDs in general. 
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Introduction 

Cardiovascular diseases, cancers, chronic respiratory diseases and diabetes are the four 
major chronic non-communicable diseases (NCDs). Together, they represent a major 
global health burden. Indeed, these NCDs are responsible for 36 million annual deaths or 
63% of the total number of deaths.1 The total number of annual NCD-related deaths is 
projected to increase up to 55 million by 2030 due to the growth of population and the 
increased longevity.2 To a large extent, NCDs develop as a result of an unhealthy 
lifestyle, such as tobacco use, physical inactivity, unhealthy diet and/or the excessive use 
of alcohol.1 These lifestyle conditions, at least in part, seem related to a lower socio-
economic status.1 The risk factors for the major NCDs are still increasing worldwide, and 
even a general pattern of health style improvement will only result in positive effects 
decades from now.3 Therefore, the World Health Organization (WHO) global strategy 
not only focuses on surveillance and prevention, but considers health care management 
as the third key component of an integrated approach to tackle NCDs.4 

One of the biggest challenges in health care management is to understand the growing 
complexity of these chronic NCDs. Besides understanding the complexity of gene-
environment interactions, NCDs manifest in different phenotypic appearances during 
the disease history as a consequence of irreversibility of pathophysiological changes and 
the absence of disease-modifying interventions.5 Current health care ignores this 
heterogeneity in the burden of NCDs and largely fails to offer a personalized, patient-
centered approach. Furthermore, personalized interventions are generally evaluated on 
direct medical costs, thereby following/adhering to the usual approach in acute medical 
interventions, but ignoring the lifespan impact of patient-centered and demand-driven 
disease management. In this opinion paper, future management strategies for patients 
with Chronic Obstructive Pulmonary Disease (COPD) are discussed as a possible model of 
management of complex chronic NCDs in general. 

The burden of COPD 

COPD, a common preventable and treatable disease, is characterized by persistent 
airflow limitation that is usually progressive and associated with an enhanced chronic 
inflammatory response in the airways and lungs to noxious particles or gases.6 

Intriguingly, the Burden of Obstructive Lung Disease (BOLD) program shows a substantial 
prevalence of COPD among never-smokers (3-11%).7 This may be due to occupational 
and environmental exposures, lifestyle and/or genetic factors.8 

In European cities, 5-10% of adults aged over 40 years has COPD, with a higher 
prevalence in men than in women.8 In people aged >70 years, the prevalence of COPD is 
about 20% in men and 15% in women.8 Overall, COPD mortality rate for men and 
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women in Europe is about 18 per 100 000 inhabitants per year.8 COPD is associated with 
a significant economic burden. In the European Union, the total direct costs for 
respiratory diseases are estimated to be about 6% of the total health care budget, with 
COPD accounting for 56% (€ 38.6 billion) of these costs.8 

In the United States, COPD is the third leading cause of death behind cancer and heart 
disease, with an age-adjusted death rate of 41.2 per 100 000 population in 2009.9 The 
American Lung Association shows an aged-adjusted prevalence for adults of 5.2% for 
men and 7.2% for women.9 Data taken from the BOLD project demonstrate for the 
United States a prevalence of about 12.7% for men and 15.6% for women aged over 40 
years.7,10 In people aged >70 years, 19.2% of men and 29.6% of women have COPD.7 In 
the United States, the annual costs for COPD in 2010 were $ 49.9 billion. This includes $ 
29.5 billion in direct health care expenditures, $8.0 billion in indirect morbidity costs and 
$12.4 billion in indirect mortality costs.9 

In 1990, COPD was the twelfth leading cause of Disability-Adjusted Life Years (DALYs) lost 
in the world, responsible for 2,1% of the total. According to the projections, COPD will be 
the seventh leading cause of DALYs loss worldwide in 2030.11 Indeed, COPD will become 
the seventh largest disease burden and the fourth greatest cause of death by 2030.12 

Improving the management of COPD: towards disease 
phenotyping 

It is widely recognized that COPD is a complex syndrome with numerous pulmonary and 
extra-pulmonary components.13 COPD, diagnosed by assessment of the degree of 
airflow limitation, is nowadays considered as identification of the COPD syndrome 
without offering any information about disease burden or complexity.13 Significant 
heterogeneity exists with respect to clinical presentation, physiology, imaging, response 
to therapy, decline in lung function, and survival amongst patients with COPD, 
irrespective of the degree of airflow limitation.13 Exacerbations and comorbidities 
contribute to the overall disease severity in individual patients.6 

The global Strategy for the Diagnosis, Management and Prevention of COPD (GOLD) has 
proposed a three-domain assessment of COPD (Figure 3.1), which, besides the severity 
of airflow limitation, also includes the level of symptoms experienced by the patient and 
the previous history of exacerbations and hospital admissions.6 
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Patients��are��stratified��in��4��groups��(A,��B,��C��or��D)��based��on��these��parameters.��This��
approach�� reflects��a��pragmatic,��expert�rbased��patient��stratification,��which�� requires��
prospective��validation��in��a��wide��variety��of��patients��with��COPD.6��The��GOLD��assessment��
scheme��largely��aims��to��support��formulation��of��pharmacological��therapies��in��the��different��
groups��of��patients��with��COPD,��but��offers��no��tools��to��assess��the��individual��disease��burden��
in��order��to��set�rup��appropriate��management��strategies,��including��non�rpharmacological��
interventions��and��diagnosis/treatment��of��comorbidities.�� Indeed,��exercise��capacity,��
lower�rlimb��muscle��function,��health��status,��problematic��activities��of��daily��life,��and��
objectified��comorbidities��varied��to��a��great��extent��in��a��sample��of��patients��with��COPD��
consisting��only��of��GOLD��group��D.14��

To��date,��it��is��widely��recognized��that��identification��and��subsequent��grouping��of��key��
attributes��of��COPD��into��clinically��meaningful��and��useful��subgroups��or��phenotypes��is��
needed��in��order��to��guide��more��effective��therapies��and��management��strategies.��A��COPD��
phenotype��should��be��able��to��classify��patients��into��distinct��subgroups��that��provide��
prognostic�� information�� and�� allow��more�� appropriate�� therapy�� that�� alters�� clinically��
meaningful��outcomes.13��This��concept��of��clinical��COPD��phenotypes��is��based��on��the��
description��of��differences��between��individuals��with��COPD��by��a��single��or��a��combination��of��
disease��attributes.13��Ideally,��assessment��of��the��complexity��of��COPD��needs��to��include,��not��
only��the��degree��of��impairment��in��the��diseased��organ,��but��also��the��extra�rpulmonary��
components,�� comorbidities,�� and�� environmental�� factors�� and�� their�� impact�� on�� the��
individual��patient.��For��example,��five��clusters��of��comorbidities��were��identified��in��patients��
with��COPD��entering��pulmonary�� rehabilitation:��a�� cluster��with�� less��comorbidity,��a��
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cardiovascular cluster, a cachectic cluster, a metabolic cluster, and a psychological 
cluster.15 These data emphasize that comorbidities co-occur in patients with COPD. 
Moreover, the psychological cluster stresses the importance to include the psychological 
and emotional impact of COPD. The assessment and management of patients with COPD 
will have to consider this disease heterogeneity in order to provide the best possible 
care to individual patients. Phenotyping of COPD patients linked with clinically relevant 
outcome parameters and medical consumption criteria offers perspectives for better 
and more efficient health care management. 

Towards individualized COPD management  

Despite its limitations16, applying GOLD’s three-domain assessment system illustrates in 
part the heterogeneity in disease burden in different samples of patients with COPD. 
Depending on the sample studied, the prevalence of the different GOLD categories 
varies. In a sample from the general population, group A is the most prevalent (77%).17 
On the one hand, in patients with COPD treated in primary, secondary and/or tertiary 
care settings, the proportion of GOLD group A seems clearly lower (about one-third).18-22 
On the other hand, about one-third of the patients with COPD in primary/secondary/ 
tertiary care settings is identified by severe airflow limitation, high symptom scores and 
high-risk profile.18-22 Although to date limited data are available on the stability of the 
GOLD classification over time, these GOLD categories seem relatively stable over time.19 
These studies not only reflect the heterogeneity of COPD itself, but also the enormous 
spread in disease burden irrespective of the levels in care organization. As the current 
GOLD classification largely focuses on pharmacological therapy of COPD, the possibilities 
of this classification for the organization of a demand-driven integrated health care 
management still remain unexplored. Future studies are needed to explore this option 
and to validate the currently applied markers as reflective for the experienced individual 
burden of COPD.  

The current health care organization for chronic conditions 

Current GOLD disease management strategies clearly reflect the persistent emphasis on 
diagnosis, thereby ruling out other serious diseases and symptom-relieving treatments. 
They rely on patient-initiated visits, relief of symptoms, normalization of lung function, 
assurance that there is no urgent medical crisis, and on prevention and treatment of 
acute or chronic emergencies as exacerbations. In this medically oriented approach, 
clinical judgment is directed to achieve diagnostic and therapeutic certainty, based on 
reductionist thinking to break down the clinical problem in circumscribed domains or 
parameters.23,24 Such an approach only partly fits with patient-centered goals of chronic 
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care: enhancement of functional status, minimization of distressing symptoms, 
enhancement of quality of life, and prolongation of life.25 Nevertheless, many factors 
influencing the quality of health care are largely overlooked: psychosocial distress often 
remains undetected or inadequately managed; whereas insufficient attention for 
education, relevant skills, motivation, and feedback will lead to failures in self-
management of the disease or risk factors as a result of patient non-engagement and/or 
ignorance.26 Particularly in the management of patients suffering from chronic diseases, 
it is very important to view a human being as composed of and operating within multiple 
interacting and self-adjusting systems, including biochemical, cellular, physiological, 
psychological and social systems. Illness arises from the dynamic interaction within and 
between these systems, and not from a failure of a single component as chronic airflow 
limitation in COPD.23 

Current guidelines focus on traditional characteristics of the disease condition itself. 
They ignore the need to apply a more holistic approach for the individual patient and the 
need to create an approach of the individual as a complex adaptive system (CAS), thus 
implying diversity consisting of a wide variety of elements (complex) and implying the 
capacity to change or the ability to learn from experience (adaptive).27 To overcome 
diagnostic and therapeutic uncertainty, the premise of most guidelines is to focus on 
evidence-based medicine, defined as the conscientious, explicit and judicious use of 
current best evidence in making decisions about individual patient care.28,29 More 
specifically, evidence-based medicine is defined as the use of mathematical estimates of 
the risk of benefit and harm, derived from high-quality research on population samples, 
to inform clinical decision-making in the diagnosis, investigation or management of 
individual patients.30 Evidence-based medicine relies therefore on predictable, 
quantitative research, especially from randomized clinical trials (RCTs). Many studies 
have criticized the extrapolation of these outcomes to real-life conditions, based on the 
huge selection of patients to become part of these trials. Particularly since primary care 
COPD patients stand out from patients enrolled in large RCTs in terms of gender, lung 
function, quality of life and exacerbations.31,32 

However, clinical judgment involves an irreducible element of factual uncertainty and 
relies to a greater or lesser extent on the interpretation of the illness’ wider history.30 
Maintenance or re-establishment of health can be achieved through a holistic approach 
of the illness.23 Effective clinical decision-making in such a complex system must accept 
unpredictability and is built on subtle emergent forces within the overall system: a small 
change in one part of the network of interacting systems may lead to a much larger 
change in another part through amplification effects.23 

The effectiveness of such interventions is highly dependent on the context in which 
health care is delivered.24 Besides the complexity of the illness, the complexity of health 
care is largely neglected in daily practice. Many factors interact in health care, including 



Chapter 3 

66 

patient factors (e.g., personal, cultural, socioeconomic), factors related to the health 
care professionals (e.g., training, expertise, interests), task-related factors (e.g., the 
particular health care task, workflow, available time and technology), team-related 
factors (e.g., communication, roles, leadership), environmental factors (e.g., physical, 
social and pollution), and organizational factors (e.g., organizational structure, culture, 
policies and procedures).33 

Although the interest in organizational contributions to the delivery of care has risen 
significantly in recent years, coordination of medical resources for patients across the 
entire delivery system is still a tremendous challenge.34 Despite recognition of the 
importance of health care organizations and growing research on the relationship 
between organizational aspects and quality of health care, no clear conclusions have 
emerged from the literature.35 In current health services research, theory plays a minor 
role and methodological approaches are mainly focused on cross-sectional, quantitative 
designs. Another methodological shortcoming of research is the restricted attention to a 
single organizational level, thereby failing to take into consideration the nested structure 
of health care organizations and the consequences of such nesting for quality of care.35 
Theories, methodologies and data are needed to link all the three components of 
structure, process and outcome together, instead of looking for structure-outcome, 
structure-process and/or process-outcome relationships.35 

In 2001, the Institute of Medicine (IOM) already identified that patients and their 
families must try to navigate in a fragmented, complex health care system with 
insufficient information and an unclear understanding of how to find the best-quality 
care for their specific needs and wishes. Similarly, health care professionals face 
pressures to improve quality and measurable outcomes without having systems in place 
that can help them to identify best practices or means of arranging follow-up for a 
patient’s need across the entire continuum of care. Purchasers largely lack adequate 
outcomes and/or process characteristics for benchmarking health care delivery 
systems.36 

In conclusion, current management of chronic conditions such as COPD is still largely 
based on a reductionist thinking and Newton’s ‘clockwork universe’ metaphor for solving 
clinical and organizational problems.24 To cope more adequately with the escalating 
burden of chronic disease conditions, health care must respond flexibly to emerging 
patterns and opportunities.24 

Heterogeneity of COPD and organization of care 

At least in certain subgroups, COPD is a complex medical problem, with dynamic, non-
linear interactions between different disease components along time. Heterogeneity 
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indicates that different disease components are present in these patients at different 
time points of their medical history. This disease heterogeneity is now largely ignored, 
describing all the efforts pursued in many ways and in different health systems to realize 
integration and/or coordination of care.37 The outcome is an academic quagmire of 
definitions and concept analyses surrounding the notion of integration.38 The wide GOLD 
stage distribution in patients with COPD managed in primary and secondary care reflects 
the ignorance of individual burden of needs by the patient in allocation of health care 
services. Many COPD disease management programs estimating and organizing patients 
with COPD in echelons and services are still based on a traditional, pathophysiological 
disease perspective, focused mainly on the degree of airflow limitation.39-41 

Already in 1999, Leutz proposed an integration framework for chronic conditions, 
enabling a comprehensive approach, which responds to the varied needs of persons 
with chronic and/or disabling conditions. In this approach, dimensions of need are 
defined in terms of stability and severity of the patient’s conditions, duration of illness, 
urgency of the intervention, scope of services required, and the user’s capacity for self-
direction.42 Following this line of reasoning, Leutz divided service users into three 
groups: those with mild-to-moderate but stable conditions, those with moderate levels 
of need, and those with long-term, severe, unstable conditions who frequently require 
urgent interventions and who have limited capacity for self-direction.42 Particularly, the 
latter group will benefit from a high level of integration of the different service domains 
operating as multidisciplinary teams.42 Bodenheimer and colleagues applied these 
concepts in a population management model and divided patients with chronic 
conditions into three distinct groups based on their degree of need.43 Patients at level 1 
have a relatively low level of health care needs: their chronic condition is reasonably 
under control, with support for self-management of their chronic condition provided 
through a primary care team. Level 2 patients are considered at increased risk because 
their condition is unstable or because they can deteriorate, unless they have structured 
support through specialist management. Finally, level 3 persons include individuals with 
highly complex needs and/or high intensity of unplanned secondary care: these persons 
require active management through case managers.43 Therefore, the application of a 
stratified, population-based care model can create a much more efficient, patient-
directed care management approach and offer an appropriate response to the 
exponentially increasing economical and societal burden of chronic diseases as 
COPD.3,8,11,44 Stratifications of diseased populations as proposed by Leutz42 and 
Bodenheimer and colleagues43 have never been done in patients with COPD. GOLD’s 
COPD classification system is a first step towards that direction, but clearly needs further 
sophistication, validation, and implementation in order to improve quality of COPD care. 
Notwithstanding, it remains a great step forward compared to earlier GOLD 
classifications, which were solely based on the degree of airflow limitation. 
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Pulmonary rehabilitation: targeting complex needs  

A patient-centered approach of patients with chronic respiratory diseases such as COPD 
is not new in pulmonary medicine. Indeed, the first authoritative statement of 
pulmonary rehabilitation from the American College of Chest Physicians, published in 
1974, introduced pulmonary rehabilitation already as an art of medical practice, wherein 
an individually tailored, multidisciplinary program was formulated. Through accurate 
diagnosis, therapy, emotional support and education, this program stabilizes or reverses 
both physiopathological and psychopathological manifestations of pulmonary diseases. 
Also, it attempts to return the patient to the highest possible functional capacity allowed 
by the handicap and overall life situation.45 In 1994, the National Institutes of Health 
defined pulmonary rehabilitation as a multidimensional continuum of services for the 
patient and the family supplied by an integrated team of specialists in complementary 
disciplines, with the goal of the patient living and functioning independent within 
society.46 

The 2013 ATS/ERS statement defined pulmonary rehabilitation as a comprehensive 
intervention based on thorough assessment followed by patient-tailored therapies 
designed to improve the physical and psychological condition of people with chronic 
respiratory disease and to promote the long-term adherence to health-enhancing 
behaviors.47 The latter part of the definition fits with the definition provided in the 
addendum in the American Association for Respiratory Care stipulating that pulmonary 
rehabilitation should be both restorative and preventive.48 

The main, common points among the various definitions of pulmonary rehabilitation 
include (1) a focus on chronic respiratory patients and their caregivers; (2) an 
individualization of the intervention; (3) an ongoing multidisciplinary intervention; (4) 
outcomes based on physiological, psychological and social measures considering a global 
dimension to the individual’s health; and (5) the stimulation of long-term adherence to 
health–enhancing behavior(s) in order to promote autonomy and social participation of 
the patient. The diagnosis of physiopathological and psychopathological problems in the 
individual patient forms the start of every pulmonary rehabilitation program as 
illustrated in Figure 3.2. 



 Understanding complexity of chronic non-communicable diseases 

69 

 

 

 

 

 

 

 
 
 
 
 
Figure 3.2 The different domains of an integrated assessment: determining the complexity of the disease is 

not the result of one measurement within one domain, but the combination of the 
measurements at risk (yellow) or impaired (red) of all domains. It means that one measurement 
in one of the domains showing no problem (green) is not illustrative for the degree of complexity 
of the disease. 

 
 
More recently, control panels for personalized medicine of chronic diseases as COPD 
were suggested: in fact, these so-called control panels are not new and already applied 
for more than half of a century in dedicated pulmonary rehabilitation settings.49 
Pulmonary rehabilitation is therefore more than a path to personalized medicine in 
COPD. It really offers personalized medicine in clinical practice.50 Assessment of available 
pulmonary rehabilitation services stresses the need for evaluation of the 
psychopathological impact of the disease condition.47 

Although definitions of pulmonary rehabilitation are widely accepted, huge variability 
exists in content and organizational aspects among pulmonary rehabilitation programs, 
largely the result of local conditions and financial resources.51 A recent international 
survey clearly illustrates the large differences among pulmonary rehabilitation program 
across continents, including the composition of the rehabilitation teams.51 The survey 
also illustrates that most programs are small-scale interventions (median 40 to 75 
enrolled individuals per program per year), and that most teams consisted of a median 
of 5 health care professionals: chest physicians, dieticians, nurses and physiotherapists 
were the most prevalent team members.51 The individualization of the goals of 
pulmonary rehabilitation is not reflected in the selection of the three most important 
outcomes as identified by health care professionals: health status, dyspnea, and exercise 
capacity.51 Even mono-disciplinary and strictly educational programs are still described 
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as pulmonary rehabilitation programs, completely neglecting the individualized 
assessment and multidisciplinary intervention.41,52,53 Furthermore, the absence of real 
performance and process metrics hampers meaningful comparisons and benchmarking 
among programs in different jurisdictions, and does not allow quality control to ensure 
appropriate standards for pulmonary rehabilitation.  

The process of pulmonary rehabilitation: COPD management 
beyond the control panel 

Pulmonary rehabilitation advocates a personalized approach and aims for patients with 
health care professionals, more pro-active in the daily management of their disease. This 
process of health care organization around the patient, i.e. to adopt a patient-centered 
approach, is generally underestimated or neglected in the management of patients with 
chronic conditions as COPD.54 

Ideally, COPD management must offer a flexible, holistic, and integrated intervention, 
based on partnering of different skills to achieve shared, individualized, patient-related 
objectives, and to achieve improvement in clinically relevant outcomes and added value 
to the patient and the community. This requires a process-based organization to manage 
business around these core processes (e.g., intake and assessment, rehabilitative 
therapies, and outcome evaluation).55 

The sociotechnical systems theory has been developed to design and change 
organizations in relation to the environmental conditions and strategic choices, and to 
address the increasing complexity of organizations as a result of increasing external 
uncertainty and variation within the internal division of labor, as required to offer a 
tailor-made, individualized program.56 The sociotechnical theory offers a framework to 
improve efficiency, quality, flexibility and innovation.56 Indeed, a key feature of 
sociotechnical design involves bringing together people from different roles and 
disciplinary backgrounds who have different skills, experience and expertise. Pluralism is 
the norm, and this implies that they share their views and expertise. They need to 
educate one another in the opportunities that may exist for the design of a new system, 
and what they have to offer the design process.57 Actually, the sociotechnical theory 
offers a framework for health care organizations to create value by improving outcomes 
that matter most to patients relative to the costs of achieving those outcomes.58 The 
holistic approach of the process, like pulmonary rehabilitation, means organizing around 
the customer and the need: it has the features of an integrated practice unit (IPU) that 
treats not only a disease but also the related conditions, complications, and 
circumstances that commonly occur along with it. In an IPU, personnel regularly work 
together as a team towards the common goal of maximizing the patient’s overall 
outcomes as efficiently as possible. Actually, organizing pulmonary rehabilitation 
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according to the sociotechnical principles meets the features of a high-value health care 
organization.59 

Figure 3.3 illustrates an example of a patient-tailored program, composed by different 
modules. Each module exists of different therapies in order to achieve the goal of the 
specific module, which consequently contributes to the medical outcome and the 
patients’ overall goal of treatment. The basic modules can be supplemented by specific 
burden-assessment-driven modules. This modular approach makes it possible to 
individualize the treatment. Figure 3.4 depicts the integrated baseline assessment, by 
which the degree of the complexity of COPD is determined, and in turn it depicts the 
treatment program with its specific modules. Depending on the individual needs and 
wishes of the COPD patient, each program will differ.  
Pulmonary rehabilitation can offer a holistic approach by considering patients as 
complex adaptive systems: a modular program structure does not mean that illness and 
patient behavior is modeled as a simple cause and effect system.60 A patient-centered, 
demand-driven rehabilitation program aims to seek concordance with the patient.61 
Most patients referred for pulmonary rehabilitation experience a large tension to 
change: in such circumstances, a small influence can have a large effect in behavior and 
outcomes.23,62,63 Furthermore, the effectiveness of interventions such as pulmonary 
rehabilitation will be highly dependent on the context in which the program is 
delivered.23,24 Therefore, all health care professionals need to partner with the patient 
and work closely with other providers to improve the outcomes.54 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.3 Basic and specific burden driven treatment modules for composing a patient tailored program. 
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Figure 3.4 The process of a patient tailored program: after an integrated baseline assessment, by which the 

degree of the complexity of COPD is determined, a treatment program is composed of at least all 
the basic modules. Depending on the individual needs and wishes of the COPD patient, specific 
burden driven modules can be added. Each individualized program is followed by an outcome 
measurement of the different domains as described.  

Conclusions 

Besides the quantitative burden of chronic NCDs worldwide, the complexity of medicine 
and health care has increased tremendously. The traditional “clockwork universe”, in 
which big problems can be broken down into smaller ones, analyzed and solved by 
rational deduction, still strongly influences the practice of medicine. However, human 
beings are composed of and operating within multiple interacting and self-adjusting 
systems, and illness arises from the dynamic interaction within and between these 
systems. The science of complex adaptive systems will provide important concepts and 
tools for responding to the current challenges in health care.24 Concepts of complex 
adaptive systems are described for COPD as a model for chronic illness conditions. 
Pulmonary rehabilitation offers a model for such a holistic approach.  
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Abstract 

Background 
While spirometry and particularly airflow limitation is still considered as an important 
tool in therapeutic decision making, it poorly reflects the heterogeneity of respiratory 
impairment in chronic obstructive pulmonary disease (COPD). The aims of this study 
were to identify pathophysiological clusters in COPD based on an integrated set of 
standard lung function attributes and to investigate whether these clusters can predict 
patient-related outcomes and differ in clinical characteristics. 
 
Methods 
Clinically stable COPD patients referred for pulmonary rehabilitation underwent an 
integrated assessment including clinical characteristics, dyspnea score, exercise 
performance, mood and health status, and lung function measurements (post-
bronchodilator spirometry, body plethysmography, diffusing capacity, mouth pressures 
and arterial blood gases). Self-organizing maps were used to generate lung function 
based clusters.  
 
Results 
Clustering of lung function attributes of 518 patients with mild to very severe COPD 
identified seven different lung function clusters. Cluster 1 includes patients with better 
lung function attributes compared to the other clusters. Airflow limitation is attenuated 
in clusters 1 to 4 but more pronounced in clusters 5 to 7. Static hyperinflation is more 
dominant in clusters 5 to 7. A different pattern occurs for carbon monoxide diffusing 
capacity, mouth pressures and for arterial blood gases. Related to the different lung 
function profiles, clusters 1 and 4 demonstrate the best functional performance and 
health status while this is worst for clusters 6 and 7. All clusters show differences in 
dyspnea score, proportion of men/women, age, number of exacerbations and 
hospitalizations, proportion of patients using long-term oxygen and number of 
comorbidities.  
 
Conclusion 
Based on an integrated assessment of lung function variables, seven pathophysiological 
clusters can be identified in COPD patients. These clusters poorly predict functional 
performance and health status. 
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Introduction 

Chronic obstructive pulmonary disease (COPD) is a common, preventable and treatable 
disease that is characterized by persistent respiratory symptoms and airflow limitation 
that is due to airway and/or alveolar abnormalities usually caused by significant 
exposure to noxious particles or gases.1 While it is widely recognized that COPD is a 
complex, heterogeneous disease with pulmonary and extra-pulmonary manifestations2, 
post-bronchodilator spirometry remains the diagnostic test to diagnose the disease, 
classify the degree of airflow limitation1, monitor disease progression3 and response to 
pharmacotherapies.4 Nevertheless, the degree of airflow limitation correlates only 
moderately to exercise performance, symptom burden, mood and health status in 
patients with COPD.5-7 

Pathophysiology of COPD is far more complex than just airflow limitation. Indeed, lung 
hyperinflation is one of the hallmarks of patients with COPD.8 Lungs can be hyperinflated 
at rest (static hyperinflation) and/or during exercise (dynamic hyperinflation).9 Lung 
hyperinflation can affect respiratory muscle function in patients with COPD.10 Impaired 
diffusing capacity of the lung is another characteristic in a subgroup of patients with 
COPD8; when there is a loss of pulmonary capillary bed, as in emphysema, the diffusing 
capacity falls. Therefore, the single-breath transfer factor of the lung for carbon 
monoxide (TLCO) is considered as the single best lung function measurement to assess 
severity of emphysema.8 Furthermore, impaired TLCO is one of the strongest predictor 
of exercise capacity, points out oxygen desaturation during exercise, is highly related to 
hypoxaemia and poses a high risk for poor survival.11-13 

Respiratory muscle function has received considerable attention in patients with COPD 
as many studies have consistently shown that maximal static inspiratory pressures as 
well as oesophageal pressure are reduced.10 These inspiratory muscles are faced to an 
increased elastic and resistive load in COPD, and the mismatch between the demand for 
respiratory muscle work and the capacity to meet that demand may partly explain 
common symptoms in COPD patients as dyspnea, hypercapnia and reduced tolerance to 
physical exercise.10,14 Arterial blood gas measurement is recommended in COPD patients 
to rule out significant hypoxemia or hypercapnia, particularly in patients with more 
severe disease.1 
These lung function measurements offer complementary information but cannot be 
used individually to accurately predict exercise performance, dyspnea, mood and health 
status in individual patients with COPD.5 Taking into account the heterogeneity of the 
disease and in an attempt to improve the organization of care for patients with COPD, 
identifying patient profiles or COPD subtypes by means of clustering analysis has 
received growing attention.15-17 Whether and to what extent a combination of the 
abovementioned lung function attributes correlates better with patient-related 
outcomes and clinical traits such as comorbidities was part of our hypothesis. Therefore, 
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we aimed to cluster patients with COPD based on solely lung function attributes, derived 
from post-bronchodilator spirometry, TLCO, whole-body plethysmography, mouth 
pressures and resting arterial blood gases. A priori, we hypothesized that distinct clusters 
will be identified showing a large heterogeneity in the combination of lung function 
attributes in patients with COPD. Moreover, it is hypothesized that significant 
differences in exercise performance, health status and clinical traits as dyspnea and 
exacerbations will be found between these pathophysiological clusters, with still a 
substantial degree of heterogeneity within each of these clusters. 

Materials and methods 

Study design  

The current analysis used the data from the Chance Study: an observational, 
prospective, single-center study about COPD, health status and cardiovascular 
comorbidities.18 This study was approved by the Medical Ethical Committee of the 
Maastricht University Medical Centre+ (METC 11-3-070) and is registered at 
http://www.trialregister.nl (NTR 3416) (E-mail: secretariaat.metc@mumc.nl). 

Study sample  

Patients with clinically stable COPD1 who were referred by a chest physician for a 
comprehensive pulmonary rehabilitation program at Ciro (Horn, the Netherlands) were 
eligible to participate. All patients gave written informed consent.  

Measurements 

During a 3-day assessment, attributes related to COPD (including lung function), exercise 
performance, dyspnea, mood and health status were assessed.  

Lung function  

Post-bronchodilator spirometry was performed to assess forced expiratory volume in 1 
second (FEV1) and forced vital capacity (FVC). Spirometry was measured with Masterlab® 
(Jaeger, Würzburg, Germany) following ATS/ERS guidelines.19 Values are expressed as 
percentage of predicted according the Global Lung Function Initiative.20 Total lung 
capacity (TLC), residual volume (RV) and intra thoracic gas volume (ITGV) were 
determined through body-plethysmography (Masterlab® Jaeger, Würzburg, Germany) 
following the quality control guidelines.21 Values are expressed as a percentage of the 
European Coal and Steel Community predicted values.22 TLCO was measured following 
the standard of the single-breath determination of carbon monoxide23 and expressed in 
the reference values of Cotes and colleagues.24 Additionally, TLCO per unit alveolar 
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volume (KCO) was calculated. Maximal static inspiratory (MIP) and expiratory mouth 
pressures (MEP) were assessed according to ATS/ERS guidelines25 and expressed in the 
reference values according to Black and Hyatt.26 Resting arterial partial pressure of 
oxygen (PaO2), carbon dioxide (PaCO2) and oxygen saturation were measured 
(GEM4000, Instrumentation Laboratory, Peachtree City, USA). Patients with long-term 
oxygen therapy (LTOT) continued oxygen supply during the procedure. All lung function 
measurements were performed by certified and experienced respiratory technicians.  

Clinical, functional and health status characteristics 

As described earlier18, smoking history, number of exacerbations and hospitalizations for 
COPD in the previous twelve months, LTOT, self-reported comorbidities using the 
Charlson Comorbidity Index (CCI)27, the degree of dyspnea using the modified Medical 
Research Council (mMRC) scale28 and disease-specific health status using the COPD 
Assessment Test (CAT)29, the Clinical COPD Questionnaire (CCQ)30, and the COPD-specific 
version of the St George's Respiratory Questionnaire (SGRQ-C)31 were assessed. Anxiety 
and depression were measured by the Hospital Anxiety and Depression Scale (HADS).32 
Fat-free mass (FFM) was assessed using dual-energy X-ray absorptiometry (Lunar 
Prodigy system, GE Healthcare, Madison, WI, USA) and FFM was divided by squared 
height to obtain the FFM-index (FFMI). Low FFMI is defined as an FFMI below 16
0kg/m2 
for men and 15kg/m2 for women.33 Exercise performance was assessed by a 6-minute 
walk test (6MWT) and by a symptom limited cardiopulmonary exercise test (CPET) using 
an electrically, braked cycle ergometer (Carefusion, Houten, the Netherlands) including 
the measurement of maximal oxygen uptake (Peak VO2 ml/min) and maximal work rate 
in Watts (Peak work rate). Furthermore, a submaximal exercise test at 75% of the peak 
work rate (CWRT) was performed. Isokinetic quadriceps muscle strength and endurance 
were measured using a Biodex (Biodex Medical Systems, Inc., New York, USA).  

GOLD classification 

Patients with COPD were classified as GOLD I to IV, and GOLD A to D, according the 
latest GOLD guideline.1 

Statistics 

All statistical analyses were performed using Viscovery Profiler 7.1 by Viscovery Software 
GmbH (www.viscovery.net; Vienna, Austria). Self-organizing maps (SOMs, also referred 
to as Kohonen maps) were used to create an ordered representation of the selected 
attributes. The SOM method can be viewed as a non-parametric regression technique 
that converts multidimensional data spaces into lower dimensional abstractions. A SOM 
generates a non-linear representation of the data distribution and allows the user to 
identify homogeneous data groups visually. Patients have been ordered by their overall 
similarity concerning the lung function variables FEV1, % predicted; FEV1/FVC, %; FVC, % 
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predicted; PEF, % predicted; ITGV, % predicted; RV, % predicted; TLC, % predicted; TLCO, 
% predicted; KCO, % predicted; MIP, % predicted; MEP, % predicted and arterial blood 
gases (PaO2, PaCO2) as well as SaO2, % and to a small extent the absolute measures of 
FEV1; FVC; PEF; ITGV; RV; TLC; TLCO; KCO; TLCHe; VIN; TA; MIP; and MEP measured 
during pre-rehabilitation assessment. 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 clinical characteristics for the study sample and for each cluster 
are presented as mean ± standard deviation for quantitative variables, and percentage 
for discrete variables. Viscovery automatically identified for each cluster all patient 
characteristics that differ significantly from the average of the whole study sample of 
518 patients using the integrated two-sided t test with a confidence of 95%.  

Results 

Characteristics of the whole sample 

Table 4.1 summarizes the characteristics of the whole sample of 518 patients. As a 
group, patients demonstrated marked airflow limitation and static hyperinflation. For 
the total group, TLCO was reduced with normal mean arterial blood gas values. 
Furthermore, patients generally had a normal body composition, MIP and MEP within 
normal ranges, an impaired exercise performance, deconditioned quadriceps muscles, 
and a poor health status. 24% of the patients used LTOT. The mean number of 
exacerbations as well as hospitalizations in the last year was on average 2.2 and 0.9. The 
majority of these patients was classified as GOLD D. Female COPD patients were 
younger, more hyperinflated and had worse gas exchange parameters than the male 
patients. Furthermore, higher symptoms of anxiety were seen in women compared to 
men.  
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Table 4.1 Lung function, clinical, functional and health status characteristics of the whole sample. 

 
Whole  
sample 
n=518 

Female 
 

n=230 

Male 
 

n=288 

p-value 
parametric 

p-value 
non-

parametric 
Women, % 44     
Age, years 64.1 (9.1) 62.5 (8.9) 65.4 (9.1) < 0.001 < 0.001 
FEV1, % predicted  48.6 (20) 49.1 (19) 48.2 (20) 0.628 0.448 
FEV1/FVC, % 37.5 (12.2) 38.3 (11.8) 36.9 (12.6) 0.182 0.114 
ITGV, % predicted 148.6 (35.9) 152.6 (33.9) 145.6 (37.0) 0.033 0.029 
RV, % predicted 161 (50.7) 168.4 (48.2) 155.4 (51.9) 0.005 0.002 
TLC, % predicted 117.1 (17.5) 122.4 (16.5) 113.1 (17.2) < 0.001 < 0.001 
TLCO, % predicted 49 (17) 47.8 (15.5) 50.5 (18.3) 0.082 0.094 
KCO, % predicted 64 (21.9) 59.9 (19.3) 67.1 (23.2) < 0.001 < 0.001 
MIP, % predicted 78.5 (23.3) 87.0 (25.0) 71.7 (19.3) < 0.001 < 0.001 
MEP, % predicted 63.2 (20.4) 68.1 (22.2) 59.0 (17.7) < 0.001 < 0.001 
PaCO2, kPa 5.3  (0.9) 5.4 (0.9) 5.2 (0.9) 0.021 0.014 
PaO2, kPa 9.5 (1.5) 9.5 (1.4) 9.6 (1.5) 0.583 0.569 
SaO2, % 93.9 (3.2) 93.8 (3.2) 93.9 (3.2) 0.530 0.237 
Exacerbations <1 year, n 2.2 (1.8) 2.4 (1.8) 2.1 (1.8) 0.054 0.041 
Hospitalizations <1 year, n 0.9 (1.3) 0.9 (1.3) 0.9 (1.3) 0.811 0.894 
mMRC dyspnea grade 2.4 (1.0) 2.4 (1.0) 2.4 (1.1) 0.782 0.890 
LTOT use, % 24.1 25.7 22.9  0.470 
Pack years 42.4 (23.6) 41.0 (22.7) 43.5 (24.2) 0.233 0.413 
CCI, points 1.6 (1.0) 1.5 (0.8) 1.8 (1.1) 0.001 0.002 
Patients with GOLD I / II /III / IV , %  7/36/37/20 6/38/39/17 8/34/35/22  0.354 
Patients with GOLD A / B / C / D , %  3/20/5/72 2/17/3/79 4/23/7/67  0.010 
6MWD, m 424 (124.4) 412.9 (118.9) 432.9 (128.1) 0.071 0.068 
6MWD, % predicted 67.1 (18) 70.1 (17.3) 64.7 (18.1) 0.001 < 0.001 
Peak VO2, % predicted 66.2 (30.4) 85.3 (32.8) 51.5 (17.7) < 0.001 < 0.001 
Peak work rate, % predicted 55.5 (27.4) 70.1 (29.7) 44.1 (18.7) < 0.001 < 0.001 
CWRT, s 295.5 (218.7) 264.5 (177.4) 319.3 (243.4) 0.006 0.022 
Quadriceps peak torque, % predicted 66.2 (18.9) 65.8 (18.6) 66.6 (19.1) 0.667 0.438 
BMI, kg/m2 26.2 (5.8) 25.9 (5.8) 26.5 (5.8) 0.196 0.147 
FFMI, kg/m2 17.2 (2.6) 15.6 (2.1) 18.4 (2.3) < 0.001 < 0.001 
HADS-A, points 7.8 (4.5) 8.7 (4.8) 7.1 (4.1) < 0.001 < 0.001 
HADS-D, points 7.5 (4.3) 7.9 (4.7) 7.3 (4.0) 0.106 0.202 
SGRQ, total score, points 61.1 (17.4) 62.5 (16.8) 60.0 (17.8) 0.105 0.085 
CAT, total score, points 21.5 (6.6) 22.7 (6.1) 20.6 (6.9) < 0.001 0.001 
CCQ, total score, points 2.6 (1.0) 2.7 (1.0) 2.6 (1.0) 0.102 0.080 

Data are presented as mean (SD). FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; ITGV, intra 
thoracic gas volume; RV, residual volume; TLC, total lung capacity; KCO, the single-breath transfer factor of the 
lung for carbon monoxide (TLCO) per unit alveolar volume; MIP, maximal static inspiratory mouth pressure and 
MEP, maximal static expiratory mouth pressure; PaO2, arterial partial pressure of oxygen and PaCO2, arterial 
partial pressure of carbon dioxide; SaO2, arterial oxygen saturation; mMRC, modified Medical Research 
Council; LTOT, long-term oxygen therapy; CCI, Charlson Comorbidity Index; 6MWD, 6-minute walk distance; 
VO2: oxygen uptake; CWRT, constant work-rate test; BMI, body mass index; FFMI, fat-free mass index; HADS-A, 
Hospital Anxiety and Depression scale, anxiety scores; HADS-D, Hospital Anxiety and Depression scale, 
depression scores; SGRQ, St. George’s Respiratory Questionnaire; CAT, COPD Assessment Test; CCQ, Clinical 
COPD Questionnaire.  
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The lung function clusters 

SOMs resulted in seven clusters with significantly different lung function profiles (Figure 
4.1). As shown in Table 4.2 and Figure 4.2, a clear dichotomy is depicted for the 
spirometric (higher in clusters 1 to 4; lower in clusters 5 to 7) and static lung volumes 
(higher in clusters 5 to 7; lower in clusters 1, 2, and 4).  

Cluster 1 had a significantly lower degree of airflow limitation, absence of static 
hyperinflation, and a higher diffusing capacity compared to the other clusters. Clusters 2 
to 4 had similar degree of airflow limitation, but showed significant differences in static 
lung volumes (cluster 3 > cluster 4 > cluster 2). Cluster 5 had significantly higher 
spirometric lung volumes compared to clusters 6 and 7. Static lung volumes were 
significantly different between clusters 5 to 7 (cluster 7 > cluster 6 > cluster 5). A 
differential pattern occurred for TLCO (higher in clusters 1, 4 and 5; lower in clusters 3, 
6, and 7) and mouth pressures (higher in clusters 1, 3, 4, and 6; lower in clusters 2, 5, 
and 7). Arterial blood gas values were within normal ranges in all clusters except of 
cluster 7.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.1 Heterogeneity of lung function impairment in COPD. 
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Figure 4.2 The seven lung function clusters in chronic obstructive pulmonary disease (COPD) and the 

related functional and health status characteristics. When looking at the different lung function, 
functional characteristics and health status, subjects “raise a red flag” if the attribute is relatively 
high within this sample, present “a green flag” if the clinical attribute is moderate, and present 
“a blue flag” when the clinical attribute is relatively low within this sample. In this way the maps 
can be interpreted. The Viscovery program placed all subjects on a specific position on the map 
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 based on their profile of a comprehensive lung function assessment. The more subjects resemble 

in terms of their lung function the closer they are on the map. Contrarily, the more they differ 
the further they are away from each other. By drawing lines on the map, the Viscovery program 
could identify seven different clusters of patients with COPD with a significant different 
respiratory physiome (95% confidence interval).  
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Functional and health status characteristics of clusters 

Table 4.3 and Figure 4.2 show the functional characteristics and health status related to 
the seven different lung function profiles. Clusters 1 and 4 generally had the best scores 
for attributes related to physical fitness (i.e., 6MWD, peak VO2, peak work rate, and 
quadriceps muscle function) and health status questionnaires (SGRQ, CAT, and CCQ), 
while this was worst for Clusters 6 and 7.  

Clinical characteristics and GOLD classification of clusters 

The clinical characteristics of the seven clusters are summarized in Table 4.4. Clusters 2 
and 5 were older and had a higher proportion of men while cluster 6 had a higher 
proportion of women, as did cluster 3, with a younger mean age. Exacerbations in the 
last 12 months were higher in clusters 5 and 7, while this was lower in cluster 3. A similar 
pattern was observed for hospitalizations (higher in cluster 7; lower in clusters 3 and 4). 
The proportion of patients using long-term oxygen was higher in cluster 7, and lower in 
clusters 1 and 4. Clusters 1 and 2 had higher scores on the Charlson comorbidity index, 
which was lower in cluster 4. Clusters 6 and 7 had a higher mean dyspnea score. 
Remarkably, about one quarter of the patients in clusters 1, 3 and 4 were classified as 
GOLD B and about half of the patients in cluster 1 to 4 were COPD GOLD D patients. 
Otherwise, practically all patients of clusters 5 to 7 were classified as GOLD D. 

Mean scores for anxiety and depression were not significantly different between 
clusters. As expected from the lung function attributes, clear differences were observed 
in the GOLD classification per cluster. 
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Discussion 

This is the first study clustering patients with mild to very severe COPD based on a 
comprehensive lung function assessment, including post-bronchodilator spirometry, 
TLCO, whole-body plethysmography, mouth pressures, and arterial blood gases. Seven 
clusters were identified, with distinct patterns of lung function impairment 
demonstrating the complexity and heterogeneity of pathophysiological changes in the 
respiratory system of COPD patients referred for pulmonary rehabilitation. Our data 
indicate that simple classification of COPD patients based on spirometry and health 
status or breathlessness underestimates this heterogeneity in respiratory impairment as 
well as the identifiable treatable traits in an integrated and individualized management 
plan for COPD. Significant differences were found in gender distribution, age, 
exacerbations/hospitalizations, comorbidities, physical fitness, and health status 
between clusters, only partially related to the degree of lung function impairment. 
Symptoms of anxiety and depression were comparable between the seven clusters. 
Large heterogeneity for the abovementioned functional and clinical characteristics still 
existed within each cluster. Therefore, clustering of lung function attributes does still not 
allow to accurately determine functional characteristics and health status in individual 
patients with COPD. These findings emphasize the need of a comprehensive assessment 
of patients with COPD to gain insight in the different respiratory and systemic treatable 
traits of the disease in the individual patient in order to understand the true burden of 
the disease. 

Clusters with the best functional performance and health status (clusters 1 and 4) had 
the lowest extent of airflow limitation, alveolo-capillary membrane damage, the best 
respiratory muscle function and absent or mild static hyperinflation.  

Although GOLD guidelines mention that gas exchange abnormalities result in hypoxemia 
and hypercapnia, no further recommendation is provided about TLCO measurement to 
assess the severity, complexity and heterogeneity of COPD.1 The current study suggests 
that quantitative assessment of gas transfer in the lungs offers additional information of 
respiratory involvement in COPD as part of a standard lung function test. Our study 
confirms previous findings that reduced TLCO along with airflow limitation identifies 
those patients with significant more symptoms.11 Intriguingly, both clusters with female 
predominance (clusters 3 and 6) had manifested impaired TLCO.  

Lung hyperinflation, the ultimate consequence of expiratory airflow limitation, 
importantly contributes to the degree of dyspnea, exercise limitation, impaired left 
ventricular filling and increased cardiovascular mortality associated with the disease.9 
Our study confirms that clusters with the highest level of static hyperinflation had the 
worst health and functional status and the highest exacerbation and hospitalization 
rates, indicating the impact of respiratory mechanics on COPD related disease burden.  
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Respiratory muscle function in COPD has received considerable attention in the last 
decades. Generally, a reduction of MIP is reported in COPD patients.10 Intriguingly, our 
analysis demonstrated a normal respiratory muscle function despite presence of static 
hyperinflation in cluster 6 while cluster 2 manifested a reduced MIP and MEP despite 
absence of hyperinflation and absence of nutritional depletion. The same cluster also 
had manifested lower quadriceps muscle dysfunction and reduced peak exercise 
performance suggesting underlying intrinsic muscular abnormalities. Stratifying COPD 
patients based on this heterogeneity of respiratory muscle dysfunction and underlying 
factors may offer new perspectives for respiratory muscle training as part of an 
integrated management strategy in these patients. 

Interesting are the gender differences between the different clusters with a high 
prevalence of females in clusters 3 and 6 and a relatively low number of females in 
clusters 2 and 5. Clusters 3 and 6 had the most impaired diffusing capacity with normal 
respiratory muscle strength, opposite to the lung function changes in both male 
predominant clusters. Furthermore, marked age differences exist between cluster 3 and 
6. These data are confirming previous findings of a female predominance in severe, early 
onset COPD.34 Our data also support the findings of Pinto et al, based on a systematic 
review of clinical phenotypes in COPD.35 They describe one phenotype of younger COPD 
patients with very severe respiratory disease, a low probability of cardiovascular 
comorbidities, a high prevalence of poor nutritional status and poor health status with 
poor longitudinal outcomes.35 Severely impaired diffusing capacity as illustrated in our 
analysis seems to be an important pathophysiological characteristic in these patients 
and offers new therapeutic avenues to treat the disease more aggressively at younger 
age. Although symptoms for anxiety and depression were comparable between the 
seven clusters, the presence of higher levels of anxiety and depression in women with 
COPD may also impact the burden of the disease in these patients.35 Also cluster 1 in our 
study clearly illustrates the limitations of this pathophysiological approach: despite mild 
impairment of lung function, this cluster of COPD patients had a high disease burden as 
reflected by worse health status, experienced dyspnea and high rate of even severe 
exacerbations. This cluster emphasizes the fact that the daily burden of COPD is 
influenced by factors beyond the lungs and that the presence of comorbidities may 
explain the impact on health status and functional status.36,37 

Combined with reported gender differences in clinical presentation, different patterns of 
comorbidities as well as in response to therapeutic modalities, gender-specific treatment 
and management strategies must be considered in current medical practice.  
Our study clearly illustrates that a variety of pathophysiological respiratory impairments 
can result in comparable levels of functional impairment, advocating the need for 
thorough assessment of the individual patient to understand the burden of disease and 
to select more individualized and targeted intervention strategies.38 Recently, a label-
free precision medicine approach for management of chronic airway diseases has been 
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proposed based on identification of treatable respiratory, extra-pulmonary and 
behavior/life style traits.39 
Considering the outcomes of summative outcome measurements as exercise 
performance tests as well as health status measurements, our study clearly illustrates 
that a variety of pathophysiological respiratory impairments can result in comparable 
levels of functional impairment, advocating the need for thorough assessment of every 
patient to understand the level of physical functioning and to select more individualized 
and targeted intervention strategies.39 Our data properly emphasizes that selection or 
restriction of pulmonary rehabilitation cannot be based on one single lung function 
characteristic as formulated in international recommendations for management of 
stable COPD.1 Such guidelines completely ignore that patients greatly differ in terms of 
how this complex disease can affect their lives.  

Methodological considerations  

The current study has several strengths: 1) a total of 518 well-characterized patients 
with COPD were analyzed, including patients with GOLD stages 1 to 4, and A to D; 2) the 
SOMs allowed us to visualize the ratio between the various lung function attributes and 
attributes related to clinical and functional characteristics and health status, which 
extends our current insights. However, some limitations need to be considered. First, 
the current sample contained COPD patients who were referred by chest physicians to a 
comprehensive pulmonary rehabilitation program. Moreover, the majority of these 
COPD patients were classified in group D. Therefore, the current findings need to be 
corroborated in different COPD samples. Second, follow-up studies will also be needed 
to validate our identified clusters in other cohorts as well as transition of clusters over 
time.17 Indeed, four different clusters of lung function trajectories were recently 
identified in smokers with and without COPD.40 Third, given the cross-sectional nature of 
the clusters, the relevance in terms of long-term outcomes needs also validation in 
prospective studies. Fourth, only resting hyperinflation was used in the current 
approach. Dynamic hyperinflation as part of the pathophysiological attributes used for 
clustering needs to be evaluated. Then again, it is known that the extent of dynamic 
hyperinflation inversely varies with the level of resting hyperinflation in patients with 
COPD41 assuming  that current findings will not be importantly modified. Fifth, diffusing 
capacity measurements are used as a surrogate marker of alveolar tissue loss related to 
emphysema.42 Future studies need to consider quantification of the degree and 
distribution of emphysema using advanced imaging procedures as computed 
tomography. Finally, pulmonary hemodynamics will complement the COPD related 
changes in the respiratory system. 
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Conclusion 

To conclude, patients with COPD can be clustered based on a comprehensive lung 
function assessment. The current findings clearly show that the FEV1 is not a pars pro 
toto for the respiratory impairment in patients with COPD. Moreover, FEV1 or any other 
single lung function parameter cannot be used to predict the functional characteristics 
and health status. Our study emphasizes the contributing role of different pulmonary 
function tests and that different pathophysiological mechanisms lead to a comparable 
level of functional deterioration. So, a comprehensive assessment, including detection of 
altered pathophysiological mechanisms, should become essential to understand the 
personal burden in patients with COPD, to identify treatable traits and to understand the 
heterogeneity of structure-function relationships in COPD patients. 
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Abstract 

The aim of the present study was to profile a multidimensional response to pulmonary 
rehabilitation in patients with chronic obstructive pulmonary disease (COPD).  

Dyspnea, exercise performance, health status, mood status and problematic activities of 
daily life were assessed before and after a 40-session pulmonary rehabilitation program 
in 2068 patients with COPD (mean forced expiratory volume in 1 s of 49% predicted). 
Patients were ordered by their overall similarity concerning their multidimensional 
response profile, which comprises the overall response on MRC dyspnea grade, 6MWD, 
cycle endurance time, Canadian Occupational Performance Measure performance and 
satisfaction scores, Hospital Anxiety and Depression Scale anxiety and depression, and St 
George’s Respiratory Questionnaire total score, using a novel non-parametric regression 
technique.  

Patients were clustered into four groups with distinct multidimensional response 
profiles: n=378 (18.3%; “very good responder”), n=742 (35.9%; “good responder”), 
n=731 (35.4%; “moderate responder”), and n=217 (10.5%; “poor responder”). Patients 
in the “very good responder” cluster had higher symptoms of dyspnea, number of 
hospitalizations <12 months, worse exercise performance, worse performance and 
satisfaction scores for problematic activities of daily life, more symptoms of anxiety and 
depression, worse health status, and a higher proportion of patients following an 
inpatient PR program compared to the other three clusters.  

A multidimensional response outcome needs to be considered to study the efficacy of 
pulmonary rehabilitation services in patients with COPD, as responses to regular 
outcomes are differential within patients with COPD. 
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Introduction 

Pulmonary rehabilitation (PR) is a comprehensive intervention designed to improve the 
physical and psychological condition of people with chronic respiratory disease.1 Daily 
symptoms, exercise performance and health status generally improve following PR.2 
Therefore, PR is recognized as a fundamental part of the integrated care of people with 
chronic obstructive pulmonary disease (COPD).3 

Since financial resources for PR are often limited or even non-existing4, identification of 
(clusters of) patients that do (or do not) respond to PR will become necessary in the near 
future to improve its cost-effectiveness. This requires consensus about the key 
performance measures of PR services. To date, changes in exercise performance and 
health status are often used to qualify individuals with COPD as responders or non-
responders to PR.5-10 Nevertheless, changes in the abovementioned outcomes following 
PR are mostly differential. Indeed, patients may improve health status without an 
improvement in exercise capacity or vice versa; and patients may improve walk distance 
without an improvement in cycle endurance or vice versa.8,11-13 So, the choice for exercise 
performance and/or health status as key performance measures seems too simple, and 
the use of non-linear statistics seems inevitable. Moreover, multiple other outcomes (i.e., 
symptoms of dyspnea, cycle endurance time, performance of problematic activities of 
daily life, and symptoms of anxiety and depression2,12,14,15 have been identified by health 
care professionals as essential to evaluate the efficacy of PR services.4 So, a 
comprehensive evaluation of the efficacy of PR in individuals with COPD is complex, and 
requires a thorough initial and outcome assessment.1,16 Therefore, we sought to profile a 
multidimensional response to PR in patients with COPD, including symptoms of dyspnea, 
exercise performance, health status, mood status, and problematic activities of daily life, 
using a non-parametric regression technique. 

Methods 

Patients  

We extracted data from the Integrated Knowledge System based on BioXMTM (Biomax 
Informatics AG, Munich, Germany) of 3349 patients with the diagnosis of COPD who were 
evaluated during the initial assessment of a comprehensive PR program at Ciro, center of 
expertise for chronic organ failure in Horn (The Netherlands) between January 2006 to 
December 2012.16 Of these records, 706 patients dropped out during the PR, while 575 
patients had 5 or more missing values for the response indicators (please see below for 
more details) at baseline and/or outcome assessment. Finally, 2068 patients (42.9% 
women) met the following inclusion criteria: a primary diagnosis of COPD, a post-
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completion of PR. This analysis also included patients with exacerbations prior to and/or 
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during the study. Ethical approval was not indicated because all of the tests were done as 
part of the routine initial assessment16, and analyzed retrospectively. The Board of 
Directors of Ciro approved the use of de-identified patients’ records. 

Testing  

As part of routine 3-day initial assessment16, patients underwent, amongst other tests 
and questionnaires, a maximal incremental cycle test during which peak work rate was 
determined. Subsequently, on a different day, patients performed a constant work rate 
test at 75% of the determined peak work rate.17 Patients also performed two 6-min walk 
tests18 and the test with the longest 6-min walk distance (6MWD) was used for further 
analysis.19,20 Spirometry, physical examination, medical history and Medical Research 
Council (MRC) dyspnea scale data were obtained. Patients underwent an intake by an 
occupational therapist, including the Canadian Occupational Performance Measure 
(COPM) to identify and discuss specific problematic activities of daily life.21 In addition, 
patients identified their perception of how well they were performing the problematic 
activities of daily life (performance score; COPM-P) and how satisfied they were with this 
level of performance (satisfaction score; COPM-S). These scores were ascertained by 
using the cue cards to identify a score between 1 (“not able to do it” or “not at all 
satisfied”, respectively) to 10 points (“able to do it extremely well” or “extremely 
satisfied”). The COPM is reliable in COPD22 and responsive to PR.15 Mood status has been 
assessed using the Hospital Anxiety and Depression Scale (HADS).23 HADS is divided in an 
anxiety subscale (HADS-A) and a depression subscale (HADS-D). Total scores for each 
subscale can range from 0 (optimal) to 21 (worst) points. A score from 8 to 10 indicates a 
mild mood disturbance, a score from 11 to 14 a moderate mood disturbance and a score 
from 12 to 21 a severe mood disturbance.23 For assessment of disease-specific health 
status, the St. George Respiratory Questionnaire (SGRQ) has been used. The SGRQ 
consists of 50 items, divided in three domains (symptoms, activities and impact), 
providing three domain scores. A total score is also provided (SGRQ-T). Scores can range 
from 0 (optimal) to 100 points (worst).24 

Intervention  

All patients underwent PR, as described previously.25 In brief, Ciro provides a state-of-the-
art interdisciplinary PR program for patients with COPD consisting of 40 sessions, in line 
with the 2013 American Thoracic Society/European Respiratory Society Statement on PR.1 
PR can be inpatient (8 weeks, 5 days/week) or outpatient (8 weeks, 3 half days/week, 
followed by 8 weeks 2 half days/week). The outpatient PR programs took place in the Ciro 
rehabilitation network. During baseline assessment, a careful characterization of the 
extra-pulmonary features of patients with COPD was performed, which determined the 
application of various treatments: physical exercise training, occupational therapy, 
nutritional counselling, psychosocial counselling, education and exacerbation 
management. Physical exercise training was the cornerstone of the program, consisting of 
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strengthening exercises, 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. 
Patients, who were too dyspneic to perform endurance/interval/resistance training, 
received lower-limb high-frequency neuromuscular electrical stimulation.26 

Statistics 

Data were expressed as mean (standard deviation) or as frequency, as appropriate. 
Moreover, the patient data were ordered based on the overall similarity concerning 
selected attributes. The attributes that drove the ordering process of the patients in the 
map are the overall response and the differences in the response indicators. The overall 
response is based on the weighted standardized differences between initial and 
outcome assessment of all eight response indicators: MRC, 6MWD, cycle endurance 
time, COPM-P, COPM-S, HADS-A, HADS-D, and SGRQ-T. Thus, patients with a similar 
response profile are placed closed to each other in the map. Based on the ordering of 
the patients in the map, the hierarchical ward cluster algorithm has been applied, to 
cluster the patients into 4 response clusters. The values of all attributes included in the 
analyses could then be recalled cluster by cluster to be exported for the statistical tables. 
For the clustering of patients the Viscovery®  Data Mining Suite, version 6.1 by Viscovery 
Software GmbH (www.viscovery.net) was used, which is based on the technology of self-
organizing maps (SOMs, also referred to as Kohonen maps). SOMs represent an ordered 
representation of multidimensional data which simplifies complexity and reveals 
meaningful relationships, and have been used before in COPD.27 

Four clusters of patients with substantially different response profiles have been 
generated.  The efficacy of the pulmonary rehabilitation program has been evaluated 
based on the Minimal Clinically Important Difference (MCID). The following MCIDs were 
used: -1 grade on MRC dyspnea scale8; +30 m on 6MWD19,20; +100 s on cycle endurance 
time13; +2 points on COPM-P15; +2 points on COPM-S15; -1.5 points on HADS-A28; -1.5 
points on HADS-D28; and -4 points on SGRQ-T.29 

Results 

Baseline characteristics  

On average, patients had moderate-to-very severe COPD, an impaired exercise capacity, a 
poor health status, and experienced problems during the performance of activities of daily 
life. Moreover, patients were on multiple pulmonary and non-pulmonary drug treatments 
(Supplemental Table S5.1). Patients with long-term oxygen therapy generally had more 
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symptoms of dyspnea, and worse exercise performance, mood status and health status 
compared with patients without long-term oxygen therapy (Table 5.1). 
 
Table 5.1 Baseline characteristics. 

Baseline All patients 
 

Men 
without LTOT 

Women 
without LTOT 

Men 
with LTOT 

Women 
with LTOT 

Patients n (%) 2068 (100) 1012 (48.9) 740 (35.8) 168 (8.1) 148 (7.2) 
Age, years 64 (9) 66 (9) 61 (9) * 66 (8) † 65 (7) † 
FEV1, l 1.3 (0.6) 1.5 (0.6) 1.2 (0.5) * 1.0 (0.4) * † 0.7 (0.3) * † ¶ 
FEV1, % predicted 49 (19) 50 (18) 53 (18) * 33 (9) * † 35 (14) * † 
FEV1/FVC, % 40 (12) 41 (12) 43 (12) * 32 (9) *† 34 (9) *† 
KCO, % predicted 66 (23) 71 (24) 63 (21) * 61 (23) * 53 (17) * † ¶ 
PaO2, kPa 9.6 (1.4) 9.6 (1.3) 9.7 (1.4) 9.7 (1.7) 9.4 (1.6) 
PaCO2, kPa 5.3 (0.8) 5.2 (0.6) 5.2 (0.6) 6.0 (1.2) * † 6.3 (1.1) * † ¶ 
SaO2, % 95.0 (2.3) 95.0 (2.1) 95.1 (2.4) 94.8 (2.4) 94.4 (2.8) * † 
MRC, grade 3.3 (1.1) 3.1 (1.1) 3.2 (1.1) 4.2 (1.0) * † 4.2 (1.1) * † 
Exacerbation. <12 m, n 2.1 (2.4) 1.9 (2.4) 2.1 (2.2) 3.1 (2.7) * † 3.0 (2.8) * † 
Admission <12 m, n 0.7 (1.4) 0.5 (1.1) 0.6 (1.2) 2.1 (2.2) * † 1.6 (1.5) * † 
CC index, points 1.4 (1.2) 1.5 (1.2) 1.2 (0.9) * 1.6 (1.4) † 1.3 (1.0) 
BMI, kg/m2 25.6 (5.3) 25.8 (4.95) 25.0 (5.5) *  26.2 (5.4) 26.0 (6.0) 
FFMI, kg/m2 16.7 (2.4) 17.7 (2.2) 15.3 (1.9) *  17.7 (2.4) † 15.7 (2.4) * ¶  
6MWD, m 447 (115) 474 (111) 452 (102) *  357 (107) * † 340 (105) * † 
6MWD, % predicted 70.3 (16.4) 70.8 (15.4) 74.5 (15.3) * 54.9 (15.9) * † 61.5 (16.7) * † ¶ 
PWR, watts 72 (31) 83 (34) 65 (23) * 57 (18) *† 46 (15) * † ¶ 
PWR, % predicted 56.9 (25.4) 51.8 (21.3) 68.4 (28.0) * 36.9 (14.1) * † 55.6 (21.8) † ¶ 
VO2, % predicted 68.6 (31.1) 55.0 (15.8) 88.0 (36.5) * N.A. N.A. 
Ventilation, %MVV 84.3 (21.4) 84.3 (20.8) 84.4 (21.5) N.A. N.A. 
CWRT, s 315 (234) 354 (256) 298 (221) * 239 (165) * † 211 (109) * † 
COPM-P, points 4.3 (1.3) 4.5 (1.3) 4.2 (1.3) * 3.7 (1.4) * † 3.7 (1.4) * † 
COPM-S, points 3.7 (1.7) 4.0 (1.7) 3.5 (1.7) * 3.4 (1.6) * 3.2 (1.5) * 
HADS-A, points 
   �H�ô���‰�}�]�v�š�•�U���9 

7.2 (4.3) 
44.0 

6.3 (4.0) 
34.0 

8.0 (4.3) * 
52.0 * 

7.7 (4.8) * 
54.0 * 

8.9 (4.7) * 
63.0 * ¶ 

HADS-D, points 
   �H�ô���‰�}�]�v�š�•�U���9 

6.8 (4.1) 
41.0 

6.3 (3.8) 
36.0 

6.9 (4.2) * 
42.0 * 

7.9 (4.3) * † 
54.0 *† 

7.9 (4.5) * 
54.0 * 

SGRQ-T, points 53.5 (17.0) 51.8 (16.9) 52.0 (16.9) 63.7 (15.0) * † 62.4 (13.8) * † 
BODE index, points 3.5 (1.2) 3.1 (1.9) 3.1 (2.0) 5.5 (1.9) * † 5.5 (2.1) * † 
ADO index, points 4.4 (1.7) 4.3 (1.6) 3.9 (1.7) * 6.0 (1.3) * † 5.7 (1.4)  *† 

Data are presented as mean (SD), unless otherwise stated. LTOT, long-term oxygen therapy; FEV1, forced 
expiratory volume in the first second; FVC, forced vital capacity; KCO, transfer factor of the lung for carbon 
monoxide; PaO2, arterial oxygen tension; PaCO2, arterial carbon dioxide tension; SaO2, arterial oxygen 
saturation; MRC, Medical Research Council dyspnea grade; CC index, Charlson Comorbidity Index; BMI, body 
mass index; FFMI, fat-free Mass Index; 6MWD, 6-min walk distance; PWR, peak work rate; VO2, oxygen uptake; 
MVV, maximal voluntary ventilation; CWRT, constant work-rate test; COPM-P, Canadian Occupational 
Performance Measure, performance score; COPM-S, Canadian Occupational Performance Measure, 
satisfaction score; HADS-A, Hospital Anxiety and Depression Scale, anxiety scores; HADS-D, Hospital Anxiety 
and Depression Scale, depression scores; SGRQ-T, St. George’s Respiratory Questionnaire, total score; BODE, 
body mass index, airflow obstruction, dyspnoea, exercise capacity; ADO, age, dyspnoea, airflow obstruction, 
N.A., Not assessed. Missing data in men without long-term oxygen therapy were MRC, n=33; 6MWD, n=43; 
VO2, n=47; ventilation, n=47; CWRT, n=110; COPM-P, n=106; COPM-S, n=106; HADS-A, n=34; HADS-D, n=34; 
SGRQ-T, n=71. Missing data in women without long-term oxygen therapy: MRC, n=15; 6MWD, n=33; VO2, 
n=49; ventilation, n=49; CWRT, n=75; COPM-P, n=58; COPM-S, n=58; HADS-A, n=31; HADS-D, n=31; SGRQ-T, 
n=53. Missing data in men with long-term oxygen therapy: MRC, n=2; 6MWD, n=7; CWRT, n=19; COPM-P, 
n=12; COPM-S, n=12; HADS-A, n=11; HADS-D, n=11; SGRQ-T, n=21. Missing data in women with long-term 
oxygen therapy: MRC, n=1; 6MWD, n=7; CWRT, n=34; COPM-P, n=8; COPM-S, n=8; HADS-A, n=12; HADS-D, 
n=12; SGRQ-T, n=24. * , p<0.01 versus men without long-term oxygen therapy; †, p<0.01 versus women 
without long-term oxygen therapy; ¶, p<0.01 versus men with long-term oxygen therapy. 
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Response to pulmonary rehabilitation: whole group  

Significant improvements were found for symptoms of dyspnea (MRC: -0.4±1.1), 6MWD 
(27±57 m), cycle endurance time (208±328 s), performance of problematic activities of 
daily life (COPM-P: 2.0±1.7 points), the satisfaction with the performance of the 
problematic activities of daily life (COPM-S: 2.6±2.1 points), symptoms of anxiety (HADS-
A: -1.4±3.5 points), symptoms of depression (HADS-D: -1.4±3.5 points), and health status 
(SGRQ total score: -5.3±12.6 points) (all p<0.01).  

Multidimensional response profiling: whole sample  

The 2068 patients with COPD were clustered into four groups with distinct 
multidimensional response profiles: n=378 (18.3%) in the cluster “very good responder”, 
n=742 (35.9%) in the cluster “good responder”, n=731 (35.4%) in the cluster “moderate 
responder”, and n=217 (10.5%) in the cluster “poor responder” (Table 5.2). The 
response to PR was best in the very good responder cluster on all outcome measures 
compared with the other clusters (Table 5.2, Figure 5.1). Indeed, a clinically relevant 
improvement was achieved in 85% of the outcomes of the patients in cluster “very good 
responder”, while this was only achieved in 11% of the outcome of the patients in poor 
responder cluster (Table 5.2, Figure 5.2).  

Cluster characteristics: whole sample  

Table 5.3 summarizes the baseline characteristics of the patients after stratification for 
the multidimensional response clusters. Age, the proportion of women, the degree of 
airflow limitation and the transfer factor for carbon monoxide were comparable 
between clusters. Patients in the very good responder cluster had significantly higher 
symptoms of dyspnea, number of hospital admissions in the last 12 months, a worse 
exercise performance, worse performance and satisfaction scores for problematic 
activities of daily life, more symptoms of anxiety and depression, a worse health status, 
and a higher proportion of patients following an inpatient PR program compared with 
the other three clusters. Moreover, patients from the very good responder cluster had a 
higher proportion of long-term oxygen therapy users, a higher body mass index and a 
higher fat-free mass index at baseline compared with the patients of the moderate 
responder and poor responder clusters. 
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Table 5.2 Outcomes of pulmonary rehabilitation.  

Outcome All patients 
 

Very good 
responder 

Good 
responder 

Moderate 
responder 

Poor 
responder 

Patients n (%) 2068 (100) 378 (18.3) 742 (35.9) 731 (35.4) 217 (10.5) 
�P�D�Z���U�����Ç�•�‰�v�}�������P�Œ������ 
   -1 grade, % patients 
   -2 grades, % patients 

-0.4 (1.1) 
40.9 
16.0 

-1.3 (1.2) 
73.4 
39.7 

-0.5 (1.0) * 
46.1 * 
13.7 * 

-0.2 (1.0) * † 
27.9 * † 
11.3 * 

0.2 (1.0) * † ¶ 
17.8 * † 
2.5 * † ¶ 

�P�ò�D�t���U���u 
   �H�ï�ì���u���}�Œ���u�}�Œ���U���9���‰���š�]���v�š�• 
   �H�ò�ì���u���}�Œ���u�}�Œ���U���9���‰���š�]���v�š�• 

27 (57) 
45.4 
23.2 

96 (52) 
95.5 
74.7 

36.1 (34.1) * 
55.5 * 
23.0 * 

3 (36) * † 
22.3 * † 
3.5 * † 

-48 (45) * † ¶ 
1.4 * † ¶ 
0.0 * † ¶ 

�P���t�Z�d�U���• 
   �H�í�ì�ì���•���}�Œ���u�}�Œ���U % patients 
   �H�î�ì�ì���•���}�Œ���u�}�Œ���U���9���‰���š�]���v�š�• 

208 (328) 
51.9 
37.1 

525 (326) 
87.7 
79.1 

290 (313) * 
68.5 * 
48.9 * 

39 (193) * † 
27.9 * † 
12.9 * † 

-17 (222) * † ¶ 
17.9 * † ¶ 
10.5 * † 

�P���K�W�D-P, points 
   �H�î���‰�}�]�v�š�•���}�Œ���u�}�Œ���U���9���‰���š�]���v�š�• 
   �H�ð���‰�}�]�v�š�•���}�Œ���u�}�Œ���U���9���‰���š�]���v�šs 

2.0 (1.7) 
49.8 
12.8 

3.3 (1.5) 
81.8 
36.2 

2.3 (1.4) * 
61.3 * 
13.7 * 

1.3 (1.4) * † 
32.7 * † 
3.3 * † 

0.4 (1.2) * † ¶ 
10.5 * † ¶ 

0.5 * † 
�P���K�W�D-S, points 
   �H�î���‰�}�]�v�š�•���}�Œ���u�}�Œ���U���9���‰���š�]���v�š�• 
   �H�ð���‰�}�]�v�š�•���}�Œ���u�}�Œ���U���9���‰���š�]���v�š�• 

2.6 (2.1) 
61.6 
26.2 

4.1 (1.9) 
88.8 
53.4 

3.1 (1.8) * 
74.2 * 
33.0 * 

1.8 (1.7) * † 
47.7 * † 
11.8 * † 

0.5 (1.6) * † ¶ 
16.8 * † ¶ 
2.1 * † ¶ 

�P�,����� -̂A, points 
   �H-1.5 points or more, % patients 
   �H-3.0 points or more, % patients 

-1.4 (3.5) 
43.5 
31.8 

-3.2 (3.6) 
65.0 
53.0 

-1.9 (3.4) * 
48.8 * 
35.5 * 

-0.7 (3.1) * † 
35.6 * † 
24.1 * † 

1.3 (2.8) * † ¶ 
13.4 * † ¶ 
7.0 * † ¶ 

�P�,����� -̂D, points 
   �H-1.5 points or more, % patients 
   �H-3.0 points or more, % patients 

-1.4 (3.5) 
44.8 
33.3 

-3.4 (3.5) 
69.9 
58.2 

-2.1 (3.4) * 
52.1 * 
39.8 * 

-0.5 (2.9) * † 
34.6 * † 
21.3 * † 

1.6 (2.8) * † ¶ 
9.1 * † ¶ 
6.4 * † ¶ 

�P�^�'�Z�Y-T, points 
   �H-4 points or more, % patients 
   �H-8 points or more, % patients 

-5.3 (12.6) 
53.6 
39.7 

-16.0 (12.7) 
84.1 
74.1 

-7.9 (10.2) * 
66.5 * 
49.5 * 

-0.4 (10.7) * † 
36.1 * † 
22.3 * † 

5.3 (9.0) * † ¶ 
14.9 * † ¶ 
4.8 * † ¶ 

�����š���� ���Œ���� �‰�Œ���•���v�š������ ���•�� �u�����v�•�� �~�^���•�U�� �µ�v�o���•�•�� �}�š�Z���Œ�Á�]�•���� �•�š���š�����X�� �P�U�� ���Z���v�P���V��MRC, Medical Research Council 
dyspnea grade; 6MWD, 6-min walk distance; CWRT, constant work-rate test; COPM-P, Canadian Occupational 
Performance Measure, performance score; COPM-S, Canadian Occupational Performance Measure, 
satisfaction score; HADS-A, Hospital Anxiety and Depression Scale, anxiety scores; HADS-D- Hospital Anxiety 
and Depression Scale, depression scores; SGRQ-T, St. George’s Respiratory Questionnaire, total score. Missing 
data: MRC, n=988; 6MWD, n=107; CWRT, n=279; COPM-P, n=228; COPM-S, n=228; HADS-A, n=240; HADS-D, 
n=240; SGRQ-T, n=449. *, p<0.01 versus cluster ‘Very good responder’; †, p<0.01 versus cluster ‘Good 
responder’; ¶, p<0.01 versus cluster ‘Moderate responder’. 

 

Multidimensional response profiling, after stratification for sex and use of long-term 
oxygen therapy  

The current sample consisted of 1012 male and 740 female COPD patients without long-
term oxygen therapy, and 168 male and 148 female COPD patients with long-term 
oxygen therapy. These four subgroups were also divided up into four clusters with 
distinct multidimensional response profiles (see Supplemental Tables S5.2 to S5.5 and 
Figures S5.1 to S5.4 for all details). The response to PR was best in the very good 
responder cluster on all outcome measures compared with the other clusters, 
irrespective of sex and the use of long-term oxygen therapy. 
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Figure 5.2  Proportion of outcomes which exceed the pre-defined minimal clinically important difference 

(MCID) at least a) once or b) twice, or c) have negative outcomes, in the very good, good, 
moderate and poor responders. 

 a. 

 
b. 

 
c. 
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Table 5.3 Baseline characteristics after stratification for multidimensional response clusters. 

Baseline Very good 
responder 

Good  
responder 

Moderate 
responder 

Poor  
responder 

Patients n (%) 378 (18.3) 742 (35.9) 731 (35.4) 217 (10.5) 
Age, years 62.9 (8.8) 63.7 (9.0) 64.2 (8.7) 64.4 (9.1) 
Sex, % women 41.8 43.9 42.7 42.4 
FEV1, l 1.31 (0.64) 1.31 (0.54) 1.31 (0.57) 1.27 (0.56) 
FEV1, % predicted 47.4 (20.2) 48.9 (17.8) 48.8 (18.3) 47.9 (18.8) 
KCO, % predicted 67.7 (22.7) 67.0 (23.8) 64.9 (21.9) 64.1 (22.2) 
LTOT use, % pts 21.7 15.9 12.2 * 12.4 * 
PaO2, kPa 9.6 (1.4) 9.7 (1.4) 9.6 (1.3) 9.7 (1.3) 
PaCO2, kPa 5.2 (0.7) 5.2 (0.6) 5.2 (0.6) 5.3 (0.8) 
SaO2, % 94.9 (2.6) 95.0 (2.4) 95.1 (2.1) 95.0 (2.1) 
MRC, grade 3.7 (1.1) 3.3 (1.1) * 3.2 (1.1) * 3.2 (1.1) * 
Exacerbation <12 m, n 2.5 (2.6) 2.1 (2.5) 2.0 (2.4) * 2.0 (1.9) 
Admission <12 m, n 1.1 (1.8) 0.7 (1.2) * 0.6 (1.3) * 0.7 (1.3) * 
CC index, points 1.4 (1.2) 1.4 (1.2) 1.4 (1.1) 1.4 (1.1) 
BMI, kg/m2 26.3 (5.6) 25.9 (5.5) 25.1 (5.0) *† 24.8 (4.6) * † 
FFMI, kg/m2 17.1 (2.7) 16.8 (2.4) 16.6 (2.3) * 16.5 (2.2) * 
6MWD, m 405 (123) 452 (113) *  461 (112) * 457 (104) * 
6MWD, % predicted 63.3 (17.4) 71.4 (15.6) * 72.3 (16.0) * 71.7 (15.7) * 
PWR, watts 68.2 (32.3) 73.5 (31.4) 72.9 (30.5) 70.4 (28.3) 
PWR, % predicted 50.5 (22.7) 59.1 (27.0) * 57.7 (24.3) * 57.3 (26.3) * 
VO2, % predicted 64.2 (24.6) 70.5 (32.7) 68.3 (31.1) 69.8 (34.1) 
Ventilation, %MVV 84.3 (22.3) 84.0 (21.2) 83.9 (20.8) 87.2 (22.6) 
CWRT, s 295 (173) 320 (225) 326 (265) 296 (238) 
COPM-P, points 3.8 (1.3) 4.2 (1.3) * 4.5 (1.3) *† 4.5 (1.4) * † 
COPM-S, points 3.2 (1.6) 3.6 (1.7) *  4.0 (1.7) *† 4.1 (1.8) * † 
HADS-A, points 
   �H�ô���‰�}�]�v�š�•�U���9���‰���š�]���v�š�• 

8.4 (4.3) 
57.0 

7.2 (4.2) * 
45.0 * 

6.8 (4.3) * 
38.0 *† 

6.3 (4.3) * † 
36.0 * 

HADS-D, points 
   �H�ô���‰�}�]�v�š�•�U���9���‰���š�]���v�š�• 

8.0 (4.1) 
55.0 

6.7 (4.0) * 
40.0 * 

6.4 (4.0) * 
36.0 * 

5.9 (3.9) * † 
32.0 * 

SGRQ, points 61.5 (15.2) 53.6 (16.5) * 50.2 (17.1) * † 50.4 (17.0) * 
BODE index, points 4.0 (2.3) 3.4 (2.1) * 3.3 (2.1) * 3.4 (2.0) * 
ADO index, points 4.7 (1.8) 4.3 (1.8) * 4.3 (1.6) * 4.4 (1.7) 
Inpatient/outpatient, % 64 / 36 41 / 59 * 31 / 69 * † 25 / 75 * † 

Data are presented as mean (SD), unless otherwise stated. FEV1, forced expiratory volume in 1 s; KCO, transfer 
factor of the lung for carbon monoxide; PaO2, arterial oxygen tension; PaCO2, arterial carbon dioxide tension; 
SaO2, arterial oxygen saturation; MRC, Medical Research Council dyspnea grade; CC index, Charlson 
Comorbidity Index; BMI, body mass index; FFMI, fat-free Mass Index; 6MWD, 6-min walk distance; PWR, peak 
work rate; VO2, oxygen uptake; MVV, maximal voluntary ventilation; CWRT, constant work-rate test; COPM-P, 
Canadian Occupational Performance Measure, performance score; COPM-S, Canadian Occupational 
Performance Measure, satisfaction score; HADS-A, Hospital Anxiety and Depression Scale, anxiety scores; 
HADS-D Hospital Anxiety and Depression Scale, depression scores; SGRQ-T, St. George’s Respiratory 
Questionnaire, total score; BODE, body mass index, airflow obstruction, dyspnoea, exercise capacity; ADO, age, 
dyspnoea, airflow obstruction. *, p<0.01 versus cluster very good responder; †, p<0.01 versus cluster good 
responder. No statistically significant differences in baseline characteristics between cluster moderate 
responder and cluster poor responder. 

Cluster characteristics after stratification for sex and use of long-term oxygen therapy  

Tables S5.6 to S5.9 in the Supplemental material summarize the baseline characteristics 
of the four clusters of each subgroup. In brief, in the male patients without long-term 
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oxygen therapy (Table S5.6), baseline scores for problematic activities of daily life, 
symptoms of anxiety and depression, and health status were significantly worse in the 
very good responder cluster compared to the other clusters. The degree of dyspnea and 
the 6MWD was significantly worse in the patients of the very good responder cluster 
compared with the good responder or moderate responder clusters, but were 
comparable to values of the patients of the poor responder cluster.  

In the female patients without long-term oxygen therapy (Table S5.7), the patients in the 
very good response cluster had a significantly higher baseline degree of dyspnea, and 
worse health status compared with the other three clusters. Moreover, baseline 6MWD 
was lower compared with moderate response and poor response clusters.  

In the male patients with long-term oxygen therapy (Table S5.8), the patients in the poor 
response cluster had a significantly lower body mass index and fat-free mass index 
compared with the other three clusters. Moreover, the patients in the very good 
response cluster had a significantly worse health status compared to the patients of the 
moderate response and poor response clusters. In the female COPD patients with long-
term oxygen therapy (Table S5.9), baseline 6-min walk distance was significantly lower in 
the patients of the very good response cluster compared with the other three clusters. 
Moreover, the patients in the poor response cluster had a significantly better 
satisfaction scores for the problematic activities of daily life compared to the other three 
clusters. 

Discussion 

The current findings corroborate that responses to regular PR outcomes are differential 
in a large sample of patients with COPD. Moreover, this is the first study to show that 
patients with COPD can be clustered based on their multidimensional response to a 
comprehensive PR program, identifying groups of patients with a very good, good, 
moderate or poor response.  

Differential response to PR  

Generally, PR is beneficial for adults with chronic respiratory disease, including COPD.1 
Nevertheless, the response to PR may vary considerably between patients with 
COPD.5,8,9,14,30,31 Moreover, individual patients respond differential on various types of 
outcome measures.8,11 The current results in a convenience sample of 2068 well-
characterized patients with COPD corroborate these findings (Figure 5.1). These findings 
emphasize that key performance measures to evaluate the efficacy of PR in patients with 
COPD have to be chosen very carefully and should focus on multiple domains. The 
choice for exercise performance and/or health status as key performance measure is too 
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simple. Indeed, to better understand the response to PR in patients with COPD, non-
linear statistics were needed. The unbiased approach to cluster patients based on their 
multidimensional response in a large sample of well-characterized patients with COPD is 
a major strength of the current analyses. Indeed, the use of Viscovery SOMs allows 
detailed insight in the differential responses to PR (Figure 5.1). This is a true novelty of 
the current analyses.  

Clinically relevant improvements  

In the very good responder cluster, the minimal clinically relevant improvement was 
achieved in 85% of the outcomes at least once and, in 67% of the outcomes, at least 
twice (Table 5.2; Figure 5.1). These findings suggest that the patients with COPD in the 
very good responder cluster are truly benefiting from PR, on (almost) all domains. 
Moreover, patients in the other clusters also still achieved a clinically relevant 
improvement in 60% (good responder cluster), 30% (moderate responder cluster) and 
11% of the outcomes (poor responder cluster) (Table 5.2). These findings prove again 
the clinical value of PR in patients with COPD who are still symptomatic even though 
they did receive the optimal medical care before enrolment. The fact that patients in the 
poor response cluster still have some clinically relevant improvements in individual 
outcomes also confirms, that we have to be very careful in defining key outcome 
measures of PR.  

Poor response to pulmonary rehabilitation  

The poor response in a subgroup of patients with COPD (Figure 5.2) may be surprising at 
first sight, as PR provides a comprehensive approach. Then again, the heterogeneity in 
pulmonary and extra-pulmonary features32-34 is a clinical challenge to personalize PR 
programs for patients with COPD. Consequently, not all patients with COPD are expected 
to benefit from PR.5,8,9,14,30,31 These are clinically relevant observations, as patients, 
members from their social circle, health care professionals, policy makers and payers 
have a clear interest in the cost-effectiveness of interventions related to the integrated 
care of patients with COPD. So, to provide true transparency to its main stakeholders, PR 
services need to give detailed insights in the efficacy of pulmonary rehabilitation on the 
individual outcome measures, as well as in a multidimensional outcome measure.  

The poor response to rehabilitation in a subgroup of patients does not seem to be 
COPD-specific and/or rehabilitation-specific. Indeed, also subgroups of patients with 
chronic neurological diseases35, chronic cardiac diseases36, or chronic musculoskeletal 
diseases37 respond poorly to specialized rehabilitative interventions. Moreover, response 
to pharmacological therapy38,39, ambulatory oxygen therapy40, bronchoscopic 
interventions41 and lung volume reduction surgery42 is also poor in subgroups of patients 
with COPD. These findings emphasize the need for a personalized approach of patients 
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with chronic conditions, and the awareness that a “one size fits all” approach will not 
result in optimal chronic disease management.43 

Response prediction  

It was beyond the aim of the current study to predict response based on the baseline 
characteristics. Nevertheless, it seems difficult to predict at the start of the program who 
will end up in which cluster, as only 22.2%, 6.5% or 2.8% of the baseline values differed 
significantly (p<0.01) between the poor responder cluster and the very good responder, 
good responder and moderate responder clusters, respectively (Tables S5.6 to S5.9). The 
analyses do emphasize that sex, age and the degree of airflow limitation cannot be used 
to identify possible responders (or non-responders) to PR as these were comparable 
between response clusters. Moreover, the baseline mean Charlson comorbidity score 
was comparable between the response clusters (Table 5.3). These findings suggest that 
self-reported comorbidities generally do not influence the multidimensional response to 
PR. Recently, Mesquita et al.44 also showed that changes in exercise performance and 
health status were not affected by comorbidities that were based on objective 
measurements.  

Methodological considerations  

The PR program at Ciro is executed according to the 2013 ATS/ERS Statement on 
Pulmonary Rehabilitation1, and provided by a skilled and dedicated team. Nevertheless, 
individual programs most probably varied between patients based on the results of the 
initial assessment.16 Indeed, the key to success may, at least in part, be hidden in the 
actual content of the PR program. Detailed information on the exact content of the 
individual program is lacking in the current study. Therefore, the present results are 
hypothesis-generating rather than definitive. Interestingly, the proportion of outpatients 
increased while the multidimensional response to PR worsened, in particular in the 
patients without long-term oxygen therapy (Tables S5.6 and S5.7). Whether and to what 
extent these differences are due to the PR setting (inpatient versus outpatient) and/or 
the frequency of the program (5 days per week for 8 weeks versus 3 days per week for 8 
weeks followed by 2 days per week for 8 weeks) remains to be determined in a 
randomized controlled trial.  

The current multidimensional response profiling was based on eight outcome measures, 
including two types of functional exercise performance, health status, mood status, a 
situational measure of dyspnea, and problematic activities of daily life, which were 
identified by health care professionals as essential.4 Obviously, other PR outcome 
measures, such as physical activity, self-efficacy and disease-specific knowledge, may 
also be of interest for patients with COPD.1 The current statistical approach allows the 
addition of other outcome measures to the multidimensional response profiling. Future, 
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prospective studies need to apply their own multidimensional response profiling and, in 
turn, should try to corroborate the current cluster findings. Obviously, to enable concise 
statistical analyses at any point in time, the entire PR process (e.g., referral, baseline 
assessment, the rehabilitative interventions, short-term outcome assessment and follow 
up) must be managed and monitored by appropriate information and computer 
technology infrastructure. Indeed, it may even be a critical success factor for chronic 
disease management in general, and PR in particular.  

To conclude, the current study is the first to profile the multidimensional response to PR 
using a non-parametric regression technique. The current approach allows us to cluster 
patients with COPD into groups, and, in turn, identify who benefits most or least from PR 
after completion of the program. For the poor responders, we may need to redesign 
ongoing PR programs. The current results are the next step in providing detailed insights 
in the performance metrics of PR in patients with COPD and the future optimization of 
the impact of PR. Health care professionals and payers need to start realizing that 
patients with COPD will respond differentially on the PR outcome measures that are 
regularly used.1 Choosing only one or two outcomes as key performance indicators (e.g., 
exercise performance and health status) seems to ignore the clinical complexity of 
rehabilitating patients with COPD. The time has come to start using multidimensional 
outcome profiling to identify the right COPD patients for the right PR program. 
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Supplemental material  

Table S5.1 Overview of pulmonary and non-pulmonary drug treatments. 
 All 

patients 
 

Men 
without 
LTOT 

Women 
without 

LTOT 

Men 
with 
LTOT 

Women 
with 
LTOT 

Patients n (%) 2068 (100) 1012 (48.9) 740 (35.8) 168 (8.1) 148 (7.2) 
�^�Z�}�Œ�š�������š�]�v�P���t�î-agonists (SABA), % patients 36.2 31.4 40.5 41.8 40.9 
Short-acting anticholinergics (SAMA) , % patients 11.1 10.6 10.8 11.5 15.5 
SABA/SAMA combination, % patients 23.1 20.4 17.6 45.5 43.6 
Long-�����š�]�v�P���t�î-agonists (LABA) , % patients 31.2 31.6 33.0 26.1 25.4 
Long-acting anticholinergics (LAMA), % patients 75.1 74.6 76.8 73.3 71.8 
Inhaled corticosteroids (ICS), % patients 17.4 15.7 18.0 23.6 19.0 
ICS/LABA combination, % patients 61.9 61.9 60.6 63.6 66.2 
Theolair, % patients 14.5 13.6 10.0 27.3 29.6 
Oral corticosteroids, % patients 16.7 12.6 11.6 49.1 33.8 
ACE/ARB, % patients 26.1 29.7 23.2 21.8 21.1 
Beta-blockers, % patients 16.7 19.3 13.9 18.2 10.6 
Calcium blockers, % patients 15.0 15.6 12.9 21.8 12.7 
Anti-arrythmica, % patients 5.2 6.6 2.3 10.3 4.2 
Nitrates, % patients 9.9 11.9 6.3 14.6 9.2 
Diuretics, % patients 25.2 23.7 20.3 39.4 44.4 
Anti-limpaemica, % patients 26.8 32.0 20.2 29.1 21.8 
Ant-aggregates, % patients 26.6 33.7 17.0 31.5 20.4 
Coumarines, % patients 7.9 8.7 6.1 10.3 8.5 
Oral anti-diabetica/insulin, % patients 8.1 9.6 3.7 17.6 9.9 
Calcium and/or vitamin D supplements, % patients 13.6 9.4 14.2 23.0 28.9 
Bisphosphonates, % patients 13.9 9.8 12.5 26.7 35.2 
Anti-depressives, % patients 12.2 8.5 15.8 16.4 14.8 
Anxiolytics, % patients 13.9 7.5 16.9 20.6 35.9 
Sleep medication, % patients 9.7 7.1 12.1 9.1 16.2 
Paracetamol, % patients 6.1 4.5 6.4 9.1 12.0 
NSAIDs, % patients 5.3 4.9 6.0 4.9 4.9 
Proton-pump inhibitor, % patients 34.8 31.2 31.1 55.2 55.6 
Antibiotics, % patients 7.7 5.3 5.0 29.7 12.7 
Acetylcystein, % patients 28.1 25.2 21.5 56.4 50.0 
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Table S5.2 Outcomes of pulmonary rehabilitation in 1012 male COPD patients without long-term oxygen 
therapy. 

Outcome Men without 
LTOT 

Very good 
responder 

Good 
responder 

Moderate 
responder 

Poor 
responder 

Patients n (%)�� 1012 (100) 276 (27.3) 299 (29.6) 185 (18.3) 252 (24.9) 
�' ��MRC, grade 
   -1 grade, % pts 
   -2 grades, % pts  

-0.4 (1.1) 
39.2 
16.5 

-1.2 (1.1) 
70.9 
37.0 

-0.5 (0.9)* 
42.0* 
12.3* 

-0.1 (0.3)*† 
23.5*† 
11.8* 

0.1 (0.9)*† 
17.1*† 
5.4* 

�'  6MWD, m 
   �H�ï�ì���u���}�Œ���u�}�Œ���U���9���‰�š�• 
   �H�ò�ì���u���}�Œ���u�}�Œ���U���9���‰�š�• 

27 (58) 
44.4 
22.1 

81 (57) 
82.9 
58.4 

34 (33)* 
56.0* 
19.4* 

4 (28)*† 
16.9*† 
1.7*† 

-24 (45)*†¶ 
9.9*† 
1.7*† 

�'  CWRT, s 
   �H�í�ì�ì���•���}�Œ���u�}�Œ���U���9���‰�š�• 
   �H�î�ì�ì���•���}�Œ���u�}�Œ���U���9���‰�š�• 

229 (351) 
53.2 
40.7 

537 (358) 
84.4 
78.6 

250 (281)* 
65.7* 
48.1* 

10 (128)*† 
23.3*† 
5.7*† 

17 (256)*† 
24.5*† 

14.8*†¶ 
�' ��COPM-P, points 
   �H�î���‰�}�]�v�š�•���}�Œ���u�}�Œ���U���9���‰�š�• 
   �H�ð���‰�}�]�v�š�•���}�Œ���u�}�Œ���U���9���‰�š�• 

1.8 (1.6) 
45.3 
11.0 

2.9 (1.5) 
75.1 
28.5 

2.0 (1.3)* 
48.6* 
7.4* 

1.4 (1.3)*† 
37.8* 
3.0* 

0.6 (1.1)*†¶ 
12.6*†¶ 
0.9*† 

�'  COPM-S, points 
   �H�î���‰�}�]�vts or more, % pts 
   �H�ð���‰�}ints or more, % pts 

2.3 (2.0) 
57.6 
22.2 

3.6 (1.9) 
81.5 
41.1 

2.7 (1.8)* 
67.7* 
27.2* 

1.9 (1.7)*† 
53.7*† 
11.0*† 

0.8 (1.5)*†¶ 
20.9*†¶ 
2.8*†¶ 

�'  HADS-A, points 
   -1.5 points or more, % pts 
   -3.0 points or more, % pts 

-1.0 (3.2) 
40.2 
27.9 

-2.6 (3.3) 
59.7 
44.0 

-1.1 (2.7)* 
39.0* 
26.5* 

-1.1 (3.1)* 
40.4* 
28.1* 

0.8 (2.8)*†¶ 
20.9*†¶ 
2.8*†¶ 

�'  HADS-D, points 
   �H-1.5 points or more, % pts 
   �H-3.0 points or more, % pts 

-1.1 (3.3) 
41.8 
31.1 

-2.9 (3.2) 
63.5 
53.8 

-1.2 (2.9)*  
40.5* 
28.4* 

-1.2 (2.8)* 
41.8* 
31.8* 

0.8 (2.9)*†¶ 
19.3*†¶ 
8.5*†¶ 

�'  SGRQ-T, points 
   �H-4 points or more, % pts 
   �H-8 points or more, % pts 

-5.5 (12.5) 
55.2 
39.7 

-14.5 (12.5) 
80.0 
66.4 

-6.0 (10.3)* 
62.7* 
45.5* 

-4.1 (9.1)* 
52.8* 
33.8* 

4.0 (9.7)*†¶ 
19.8*†¶ 
7.1*†¶ 

Outcome meas�µ�Œ���•���Á�]�š�Z���H�í�Æ��
MCID, % outcomes 

47.7 (28.5) 78.0 (17.0) 55.7 (16.6)* 31.0 (14.4)*† 17.2 (16.1)*†¶ 

�K�µ�š���}�u�����u�����•�µ�Œ���•���Á�]�š�Z���H�î�Æ��
MCID, % outcomes 

28.5 (25.5) 58.0 (21.3) 29.6 (16.0)* 12.5 (11.5)*† 6.6 (10.0)*†¶ 

Negative outcomes, % 
outcomes 

24.0 (23.5) 5.4 (8.7) 14.4 (14.9)* 31.0 (19.1)*† 50.7 (19.3)*†¶ 

Data are presented as means (SD)�U�� �µ�v�o���•�•�� �}�š�Z���Œ�Á�]�•���� �•�š���š�����X�� �P�U�� ���Z���v�P���V��MRC, Medical Research Council 
dyspnea grade; 6MWD, 6-min walk distance; CWRT, constant work-rate test; COPM-P, Canadian Occupational 
Performance Measure, performance score; COPM-S, Canadian Occupational Performance Measure, 
satisfaction score; HADS-A, Hospital Anxiety and Depression Scale, anxiety scores; HADS-D, Hospital Anxiety 
and Depression Scale, depression scores; SGRQ-T, St. George’s Respiratory Questionnaire, total score; MCID, 
Minimal Clinically Important Difference. *, p<0.01 versus cluster ‘Very good responder’; †, p<0.01 versus 
cluster ‘Good responder’; ¶, p<0.01 versus cluster ‘Moderate responder’. 
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Table S5.3 Outcomes of pulmonary rehabilitation in 740 female COPD patients without long-term oxygen 
therapy. 

Outcome Women 
without LTOT 

Very good 
responder 

Good 
responder 

Moderate 
responder 

Poor  
responder 

Patients n (%)�� 740 (100) 169 (22.8) 260 (35.1) 182 (24.6) 129 (17.4) 
�' ��MRC, grade 
   -1 grade, % pts 
   -2 grades, % pts  

-0.4 (1.1) 
41.2 
13.9 

-1.1 (1.1) 
69.9 
31.5 

-0.4 (1.0)* 
40.0* 
13.3* 

-0.2 (1.0)* 
33.7* 
10.5* 

0.1 (0.9) *† 
23.9* 
1.4*† 

�'  6MWD, m 
    �H�ï�ì���u���}�Œ���u�}�Œ���U���9���‰�š�• 
    �H�ò�ì���u���}�Œ���u�}�Œ���U���9���‰�š�• 

22 (51) 
40.7 
19.8 

73 (46) 
83.3 
56.4 

33 (31)* 
53.5* 
19.3* 

0 (25)*† 
8.7*† 
1.2*† 

-36 (42)*†¶ 
4.1*† 
0*† 

�'  CWRT, s 
   �H�í�ì�ì���•���}�Œ���u�}�Œ���U���9���‰�š�• 
   �H�î�ì�ì���•���}�Œ���u�}�Œ���U���9���‰�š�• 

197 (311) 
53.8 
35.4 

532 (319) 
90.3 
77.8 

193 (236)* 
61.0* 
35.5* 

77 (171)*† 
38.9*† 
18.5*† 

-44 (218)*†¶ 
14.8*†¶ 
6.1*†¶ 

�' ��COPM-P, points 
   �H�î���‰�}�]�v�š�•���}�Œ���u�}�Œ���U���9 pts 
   �H�ð���‰�}�]�v�š�•���}�Œ���u�}�Œ���U���9���‰�š�• 

1.9 (1.6) 
48.8 
10.6 

2.8 (1.6) 
71.1 
25.5 

2.3 (1.4)* 
62.8 
11.2* 

1.3 (1.3)*† 
35.4*† 
2.4*† 

0.6 (1.3)*†¶ 
9.6*†¶ 
1.7*† 

�'  COPM-S, points 
   �H�î���‰�}�]�v�š�•���}�Œ���u�}�Œ���U���9���‰�š�• 
   �H�ð���‰�}�]�v�š�•���}�Œ���u�}�Œ���U���9���‰�š�• 

2.6 (2.1) 
61.6 
27.2 

3.8 (1.9) 
81.2 
51.7 

3.1 (1.9)* 
73.1 
33.5* 

1.9 (1.6)*† 
50.6*† 
11.0*† 

0.9 (1.8)*†¶ 
27.8*†¶ 
5.2*† 

�'  HADS-A, points 
   �H-1.5 points or more, % pts 
   �H-3.0 points or more, % pts 

-1.6 (3.7) 
47.4 
35.0 

-3.2 (3.1) 
69.6 
57.4 

-1.8 (3.9)* 
48.6* 
32.9* 

-1.2 (3.8)* 
43.6* 
32.5* 

0.4 (3.2)*†¶ 
21.4*†¶ 
13.4*†¶ 

�'  HADS-D, points 
   �H-1.5 points or more, % pts 
   �H-3.0 points or more, % pts 

-1.4 (3.7) 
45.0 
32.3 

-3.1 (3.4) 
66.7 
51.7 

-2.0 (3.6)* 
52.0* 
38.1* 

-0.6 (3.5)*† 
36.4*† 
21.6*† 

0.7 (3.1)*†¶ 
15.7*†¶ 
11.3*† 

�'  SGRQ-T, points 
   �H-4 points or more, % pts 
   �H-8 points or more, % pts 

-4.6 (12.4) 
51.2 
38.3 

-14.2 (11.0) 
81.0 
70.8 

-5.4 (10.6)* 
57.3* 
40.7* 

-2.2 (10.8)*† 
40.4*† 
28.4* 

5.8 (10.0)*†¶ 
15.2*†¶ 
4.8*†¶ 

�K�µ�š���}�u�����u�����•�µ�Œ���•���Á�]�š�Z���H�í�Æ��
MCID, % outcomes 

47.9 (28.5) 80.7 (16.9) 56.4 (17.7)* 30.2 (14.4)*† 13.0 (11.8)*†¶ 

�K�µ�š���}�u�����u�����•�µ�Œ���•���Á�]�š�Z���H�î�Æ��
MCID, % outcomes 

27.6 (24.4) 59.7 (18.8) 27.9 (16.2)* 13.9 (12.4)*† 4.4 (7.6)*†¶ 

Negative outcomes, % 
outcomes 

23.3 (24.1) 3.9 (8.2) 14.0 (15.8)* 30.9 (19.5)*† 56.6 (18.4)*†¶ 

Data are presented as means (SD), un�o���•�•�� �}�š�Z���Œ�Á�]�•���� �•�š���š�����X�� �P�U�� ���Z���v�P���V��MRC, Medical Research Council 
dyspnea grade; 6MWD, 6-min walk distance; CWRT, constant work-rate test; COPM-P, Canadian Occupational 
Performance Measure, performance score; COPM-S, Canadian Occupational Performance Measure, 
satisfaction score; HADS-A, Hospital Anxiety and Depression Scale, anxiety scores; HADS-D, Hospital Anxiety 
and Depression Scale, depression scores; SGRQ-T, St. George’s Respiratory Questionnaire, total score; MCID, 
Minimal Clinically Important Difference. * , p<0.01 versus cluster ‘Very good responder’; †, p<0.01 versus 
cluster ‘Good responder’; ¶, p<0.01 versus cluster ‘Moderate responder’. 
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Table S5.4 Outcomes of pulmonary rehabilitation in 168 male COPD patients with long-term oxygen 
therapy. 

Outcome Men with 
LTOT 

Very good 
responder 

Good 
responder 

Moderate 
responder 

Poor 
responder 

Patients n (%)�� 168 (100) 52 (31.0) 58 (34.5) 34 (20.2) 24 (14.3) 
�' ��MRC, grade 
   1 grade, % pts 
   2 grades, % pts  

-0.5 (1.3) 
43.4 
19.2 

-1.0 (1.4) 
70.0 
30.0 

-0.4 (1.2) 
36.4* 
21.2 

-0.3 (1.1) 
36.8 
10.5 

0.2 (1.0)* 
17.6* 
5.9 

�'  6MWD, m 
   �H�ï�ì���u���}�Œ���u�}�Œ���U���9���‰�š�• 
   �H�ò�ì���u���}�Œ���u�}�Œ���U���9���‰�š�• 

34 (72) 
56.3 
37.3 

95 (45) 
90.0 
80.0 

41 (34)* 
60.7* 
26.8* 

2 (46)*† 
26.7*† 
6.7* 

-79 (67)*†¶ 
0*†¶ 
0*† 

�'  CWRT, s 
   �H100 s or more, % pts 
   �H�î00 s or more, % pts 

163 (298) 
43.7 
28.2 

398 (340) 
80.0 
70.0 

143 (233)* 
46.0* 
20.0* 

32 (99)* 
12.5*† 
6.3* 

-47 (269)*† 
15.0* 
1.0* 

�' ��COPM-P, points 
   �H�î���‰�}�]�v�š�•���}�Œ���u�}�Œ���U���9���‰�š�• 
   �H�ð���‰�}�]�v�š�•���}�Œ���u�}�Œ���U���9���‰�š�• 

2.3 (1.7) 
59.3 
17.3 

3.4 (1.5) 
80.0 
40.0 

2.3 (1.5)* 
60.4 
13.2* 

1.7 (1.5)* 
45.5* 
6.1* 

0.7 (1.4)*† 
26.3* 

0* 
�'  COPM-S, points 
   �H�î���‰�}�]�v�š�•���}�Œ���u�}�Œ���U���9���‰�š�• 
   �H�ð���‰�}�]�v�š�•���}�Œ���u�}�Œ���U���9���‰�š�• 

2.8 (2.1) 
69.1 
28.9 

4.0 (1.8) 
90.0 
40.0 

2.9 (2.0)* 
75.5 
28.3 

2.0 (1.7)* 
51.5* 
18.2 

0.9 (1.8)*† 
22.2*† 
11.1 

�'  HADS-A, points 
   �H�í�X�ñ points or more, % pts 
   �H�ï�X�ì���‰�}�]�v�š�•���}�Œ���u�}�Œ���U���9���‰�š�• 

-1.9 (3.8) 
44.1 
35.2 

-4.0 (4.8) 
60.0 
60.0 

-2.1 (2.77) 
46.2 
38.5 

-0.4 (2.2)*† 
31.3* 
15.6* 

1.2 (2.4)*† 
17.6* 
5.9* 

�'  HADS-D, points 
   �H�í�X�ñ���‰�}�]�v�š�•���}�Œ���u�}�Œ���U���9���‰�š�• 
   �H�ï�X�ì���‰�}�]�v�š�•���}�Œ more, % pts 

-2.1 (3.6) 
56.6 
44.1 

-3.6 (4.1) 
80.0 
60.0 

-2.6 (2.9) 
61.5 
44.2 

-0.4 (2.6)*† 
34.4* 
25.0* 

-0.1 (3.3)*† 
35.3* 
35.3 

�'  SGRQ-T, points 
   �H�ð���‰�}�]�v�š�•���}�Œ���u�}�Œ���U���9���‰�š�• 
   �H�ô���‰�}�]�v�š�•���}�Œ���u�}�Œ���U���9���‰�š�• 

-6.2 (11.9) 
56.3 
43.7 

-17.0 (9.5) 
100.0 
90.0 

-5.6 (11.6)* 
57.1* 
44.9* 

-1.3 (8.1)* 
32.1* 
14.3*† 

3.1 (8.0)*† 
22.2* 
0*† 

�K�µ�š���}�u�����u�����•�µ�Œ���•���Á�]�š�Z���H�í�Æ��
MCID, % outcomes 

53.6 (30.1) 85.1 (14.5) 55.9 (19.6)* 29.1 (13.6)*† 14.3 (12.8)*†¶ 

�K�µ�š���}�u�����u�����•�µ�Œ���•���Á�]�š�Z���H�î�Æ��
MCID, % outcomes 

34.4 (28.7) 68.3 (17.9) 29.2 (16.7)* 11.1 (11.8)*† 6.5 (9.2)*† 

Negative outcomes, % 
outcomes 

21.4 (24.0) 5.9 (9.4) 13.3 (14.7)* 29.7 (19.6)*† 62.7 (17.7)*†¶ 

Data are presented as means (SD)�U�� �µ�v�o���•�•�� �}�š�Z���Œ�Á�]�•���� �•�š���š�����X�� �P�U�� ���Z���v�P���V�� �D�Z���U�� �D�����]�����o�� �Z���•�����Œ���Z�� ���}�µ�v���]�o��
dyspnea grade; 6MWD, 6-min walk distance; CWRT, constant work-rate test; COPM-P, Canadian Occupational 
Performance Measure, performance score; COPM-S, Canadian Occupational Performance Measure, 
satisfaction score; HADS-A, Hospital Anxiety and Depression Scale, anxiety scores; HADS-D, Hospital Anxiety 
and Depression Scale, depression scores; SGRQ-T, St. George’s Respiratory Questionnaire, total score; MCID, 
Minimal Clinically Important Difference. *, p<0.01 versus cluster ‘Very good responder’; †, p<0.01 versus 
cluster ‘Good responder’; ¶, p<0.01 versus cluster ‘Moderate responder’. 
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Table S5.5  Outcomes of pulmonary rehabilitation in 148 female COPD patients with long-term oxygen 
therapy. 

Outcome Women with 
LTOT 

Very good 
responder 

Good  
responder 

Moderate 
responder 

Poor  
responder 

Patients n (%)�� 148 (100) 33 (22.3) 44 (29.7) 42 (28.4) 29 (19.6) 
�' ��MRC, grade 
   1 grade, % pts 
   2 grades, % pts  

-0.5 (1.1) 
47.1 
18.4 

-1.4 (1.0) 
80.0 
55.0 

-0.6 (0.8)* 
52.0 
12.0* 

-0.3 (1.3) * 
36.0 * 
8.0 * 

0.1 (0.8)* 
17.6* 

0* 
�'  6MWD, m 
   �H�ï�ì���u���}�Œ���u�}�Œ���U���9���‰�š�• 
   �H�ò0 m or more, % pts 

44 (63) 
63.6 

31.4 † 

116 (63) 
96.9 
81.3 

45 (23)* 
79.1 
27.9* 

7 (51)*† 
37.5*† 
10.0* 

7 (45) * † 
36.0 * † 

8.0 * 
�'  CWRT, s 
   �H�í�ì�ì���•���}�Œ���u�}�Œ���U���9���‰�š�• 
   �H�î�ì�ì���•���}�Œ���u�}�Œ���U���9���‰�š�• 

156 (246) 
41.1 
28.6 

437 (305) 
86.4 
72.7 

167 (196)* 
43.8* 
31.3* 

82 (94)* 
29.4* 
11.8* 

-11 (177)*† 
12.5* 
8.3* 

�' ��COPM-P, points 
   �H�î���‰�}�]�v�š�•���}�Œ���u�}�Œ���U���9���‰�š�• 
   �H�ð���‰�}�]�v�š�•���}�Œ���u�}�Œ���U���9���‰�š�• 

2.9 (1.7) 
73.3 
31.1 

4.0 (1.6) 
90.3 
58.1 

3.2 (1.3) 
85.0 
30.0 

2.8 (1.6)* 
71.8 
28.2 

1.5 (1.5)*†¶ 
36.0*†¶ 

4.0* 
�'  COPM-S, points 
   �H�î���‰�}�]�v�š�•���}�Œ���u�}�Œe, % pts 
   �H�ð���‰�}�]�v�š�•���}�Œ���u�}�Œ���U���9���‰�š�• 

3.6 (2.0) 
80.0 
44.4 

4.7 (2.0) 
90.3 
77.4 

4.1 (1.6) 
95.0 
47.5 

3.5 (1.7)* 
79.5 
38.5* 

1.7 (1.7)*†¶ 
44.0*†¶ 
8.0*†¶ 

�'  HADS-A, points 
   �H-1.5 points or more, % pts 
   �H-3.0 points or more, % pts 

-1.9 (3.8) 
46.2 
39.2 

-3.7 (4.1) 
66.7 
66.7 

-2.4 (4.2) 
48.8 
41.5 

-1.3 (2.8)* 
42.9 
28.6* 

0.2 (2.6)*† 
20.8* 
16.7* 

�'  HADS-D, points 
   �H-1.5 points or more, % pts 
   �H-3.0 points or more, % pts 

-2.1 (3.9) 
51.5 
40.8 

-4.4 (4.0) 
80.0 
73.3 

-2.8 (3.7) 
65.9 
48.8 

-1.3 (2.7)* 
34.3*† 
22.9* 

-1.0 (3.0)*†¶ 
16.7*† 
12.5*† 

�'  SGRQ-T, points 
   �H-4 points or more, % pts 
   �H-8 points or more, % pts 

-6.6 (14.4) 
50.9 
41.7 

-22.0 (12.8) 
95.5 
90.9 

-8.8 (9.7)* 
62.5* 
50.0* 

-3.4 (6.1)*† 
39.4* 
24.2* 

8.0 (14.7)*†¶ 
4.8*†¶ 
4.8*† 

�K�µ�š���}�u���� �u�����•�µ�Œ���•�� �Á�]�š�Z�� �H�í�Æ��
MCID, % outcomes 

56.4 (28.2) 88.5 (11.6) 67.5 (16.6)* 41.4 (16.9)*† 24.7 (19.6)*†¶ 

�K�µ�š���}�u���� �u�����•�µ�Œ���•�� �Á�]�š�Z�� �H�î�Æ��
MCID, % outcomes 

33.6 (29.4) 75.6 (22.7) 34.3 (15.7)* 17.3 (13.4)*† 8.1 (12.1)*†¶ 

Negative outcomes, % 
outcomes 

16.7 (19.8) 4.4 (7.6) 7.0 (9.3) 19.7 (17.8)*† 41.3 (20.6)*†¶ 

Data are presented as means (SD), un�o���•�•�� �}�š�Z���Œ�Á�]�•���� �•�š���š�����X�� �P�U�� ���Z���v�P���V��MRC, Medical Research Council 
dyspnea grade; 6MWD, 6-min walk distance; CWRT, constant work-rate test; COPM-P, Canadian Occupational 
Performance Measure, performance score; COPM-S, Canadian Occupational Performance Measure, 
satisfaction score; HADS-A, Hospital Anxiety and Depression Scale, anxiety scores; HADS-D, Hospital Anxiety 
and Depression Scale, depression scores; SGRQ-T, St. George’s Respiratory Questionnaire, total score; MCID, 
Minimal Clinically Important Difference. * , p<0.01 versus cluster ‘Very good responder’; †, p<0.01 versus 
cluster ‘Good responder’; ¶, p<0.01 versus cluster ‘Moderate responder’. 
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Table S5.6 Baseline characteristics of 1,012 male COPD patients without long-term oxygen therapy. 

Baseline Very good 
responder 

Good  
responder 

Moderate 
responder 

Poor 
responder 

Patients n (%) 276 (27.3) 299 (29.6) 185 (18.3) 252 (24.9) 
Age, years 64.6 (9.3) 65.5 (8.77) 66.5 (8.4) 65.7 (8.2) 
FEV1, l 1.57 (0.64) 1.52 (0.55) 1.49 (0.59) 1.53 (0.63) 
FEV1, % predicted 50.9 (19.7) 49.7 (16.2) 48.9 (17.7) 50.2 (19.4) 
KCO, % predicted 73.9 (24.0) 73.1 (23.6) 65.7 (21.5)*† 69.6 (24.3) 
PaO2, kPa 9.63 (1.35) 9.61 (1.27) 9.65 (1.30) 9.63 (1.26) 
PaCO2, kPa 5.15 (0.63) 5.19 (0.62) 5.18 (0.53) 5.13 (0.58) 
SaO2, % 94.9 (2.3) 94.9 (2.2) 95.1 (1.9) 95.0 (2.1) 
MRC, grade 3.34 (1.12) 2.45 (0.93)* 3.04 (0.98)* 3.10 (1.09) 
Exacerb. <12 m, n 1.96 (2.53) 1.66 (2.30) 1.94 (2.68) 1.88 (2.15) 
Admission <12 m, n 0.61 (1.29) 0.40 (0.95) 0.36 (0.80) 0.57 (1.33) 
CC index, points 1.47 (1.17) 1.60 (1.31) 1.57 (1.27) 1.48 (1.20) 
BMI, kg/m2 26.5 (5.3) 26.2 (5.0) 24.6 (4.0)*† 25.6 (5.1) 
FFMI, kg/m2 18.1 (2.4) 17.8 (2.2) 17.2 (1.8)*† 17.7 (2.3) 
6MWD, m 457 (122) 484 (104)* 491 (108) * 469 (106) 
6MWD, % predicted 67.9 (16.6) 72.5 (13.8)* 72.9 (15.2)* 70.3 (15.6) 
PWR, watts 82.8 (35.8) 85.9 (35.5) 81.1 (32.4) 81.2 (32.4) 
PWR, % predicted 50.1 (21.5) 54.0 (21.5) 51.1 (20.8) 51.8 (20.9) 
CWRT, s 329 (194) 379 (267) 341 (269) 361 (287) 
COPM-P, points 4.08 (1.31) 4.53 (1.29)* 4.57 (1.18)* 4.67 (1.22)* 
COPM-S, points 3.59 (1.68) 3.91 (1.71) 4.07 (1.58)* 4.43 (1.72)*† 
HADS-A, points 
   �H�ô���‰�}�]�v�š�•�U���9���‰���š�]���v�š�• 

7.33 (3.87) 
48.0 

5.67 (3.83)* 
27.8* 

6.02 (4.03)* 
26.1* 

6.05 (4.08)* 
31.4* 

HADS-D, points 
   �H�ô���‰�}�]�v�š�•�U���9���‰���š�]���v�š�• 

7.20 (3.66) 
45.0 

5.72 (3.58)* 
30.0* 

6.38 (3.94) 
36.5 

5.97 (3.80)* 
31.5* 

SGRQ-T, points 57.6 (16.8) 48.4 (16.5)* 51.2 (16.3)* 50.0 (16.4)* 
BODE index, points 3.3 (2.1) 2.9 (1.8) 3.1 (1.8) 3.1 (1.9) 
ADO index, points 4.4 (1.8) 4.2 (1.6) 4.4 (1.6) 4.3 (1.6) 
Inpatient/outpatient, % patients 44 / 56 27 / 73* 23 / 77* 18 / 82* 

Data are presented as mean (SD), unless otherwise stated. FEV1, forced expiratory volume in 1 s; KCO, transfer 
factor of the lung for carbon monoxide; PaO2, arterial oxygen tension; PaCO2, arterial carbon dioxide tension; 
SaO2, arterial oxygen saturation; MRC, Medical Research Council dyspnea grade; CC index, Charlson 
Comorbidity Index; BMI, body mass index; FFMI, fat-free Mass Index; 6MWD, 6-min walk distance; PWR, peak 
work rate; CWRT, constant work-rate test; COPM-P, Canadian Occupational Performance Measure, 
performance score; COPM-S, Canadian Occupational Performance Measure, satisfaction score; HADS-A, 
Hospital Anxiety and Depression Scale, anxiety scores; HADS-D Hospital Anxiety and Depression Scale, 
depression scores; SGRQ-T, St. George’s Respiratory Questionnaire, total score; BODE, body mass index, 
airflow obstruction, dyspnoea, exercise capacity; ADO, age, dyspnoea, airflow obstruction. *, p<0.01 versus 
cluster ‘Very good responder’; †, p<0.01 versus cluster ‘Good responder’.  
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Table S5.7 Baseline characteristics of 740 female COPD patients without long-term oxygen.  
Baseline Very good 

responder 
Good 

responder 
Moderate 
responder 

Poor 
responder 

Patients n (%) 169 (22.8) 260 (35.1) 182 (24.6) 129 (17.4) 
Age, years 60 (8) 61 (9) 62 (9) 61 (10) 
FEV1, l 1.2 (0.5) 1.2 (0.4) 1.2 (0.4) 1.2 (0.5) 
FEV1, % predicted 50.7 (18.3) 53.4 (17.6) 53.3 (17.3) 52.9 (18.8) 
KCO, % predicted 64.8 (21.4) 63.9 (21.3) 60.6 (19.9) 61.2 (18.9) 
PaO2, kPa 9.6 (1.4) 9.6 (1.3) 9.8 (1.4) 9.7 (1.3) 
PaCO2, kPa 5.7 (0.7) 5.2 (0.6) 5.1 (0.6) 5.2 (0.6) 
SaO2, % 94.8 (2.8) 95.1 (2.4) 95.3 (2.2) 95.1 (2.1) 
MRC, grade 3.5 (1.1) 3.2 (1.1)* 3.1 (1.1)* 3.1 (1.0)* 
Exacerb. <12 m, n 2.5 (2.3) 2.1 (2.3) 1.9 (2.1) 1.9 (1.9) 
Admission <12 m, n 0.9 (1.5) 0.6 (1.0) 0.5 (1.1) 0.4 (0.8) 
CC index, points 1.1 (1.0) 1.2 (1.0) 1.2 (0.8) 1.1 (0.9) 
BMI, kg/m2 25.4 (5.5) 25.3 (6.1) 24.7 (5.3) 24.4 (4.7) 
FFMI, kg/m2 15.5 (1.9) 15.3 (2.0) 15.3 (1.9) 15.2 (1.7) 
6MWD, m 433 (119) 443 (99) 464 (91)* 474 (93)*† 
6MWD, % predicted 69.9 (18.1) 73.9 (14.5) 77.4 (13.5)* 77.7 (13.8)* 
PWR, watts 63.7 (26.5) 64.8 (22.8) 64.1 (21.8) 66.6 (22.2) 
PWR, % predicted 63.0 (27.8) 70.4 (30.2) 70.0 (24.7) 69.1 (27.5) 
CWRT, s 291 (168) 294 (225) 298 (231) 315 (254) 
COPM-P, points 4.1 (1.2) 4.1 (1.3) 4.3 (1.3) 4.6 (1.4)*† 
COPM-S, points 3.2 (1.5) 3.4 (1.7) 3.7 (1.7) 3.9 (1.9)* 
HADS-A, points 
   �H�ô���‰�}�]�v�š�•�U���9���‰���š�]���v�š�• 

8.8 (4.2) 
58.5 

8.1 (4.4) 
53.8 

7.7 (4.3) 
47.7 

7.1 (4.2)* 
46.7 

HADS-D, points 
   �H�ô���‰�}�]�v�š�•�U���9���‰���š�]���v�š�• 

7.5 (4.4) 
46.3 

7.1 (4.1) 
44.9 

6.7 (4.1) 
39.8 

6.0 (4.0)* 
33.9 

SGRQ-T, points 57.5 (15.9) 52.2 (15.9)* 50.2 (16.8)* 46.8 (18.3)*† 
BODE index, points 3.7 (2.2) 3.0 (2.0)* 2.9 (1.9)* 2.9 (1.8)* 
ADO index, points 4.0 (1.7) 3.8 (1.8) 3.9 (1.5) 3.7 (1.6) 
Inpatients/outpatients, % patients 53 / 47 38 / 62* 28 / 72* 20 / 80*† 

Data are presented as mean (SD), unless otherwise stated. FEV1, forced expiratory volume in 1 s; KCO, transfer 
factor of the lung for carbon monoxide; PaO2, arterial oxygen tension; PaCO2, arterial carbon dioxide tension; 
SaO2, arterial oxygen saturation; MRC, Medical Research Council dyspnea grade; CC index, Charlson 
Comorbidity Index; BMI, body mass index; FFMI, fat-free Mass Index; 6MWD, 6-min walk distance; PWR, peak 
work rate; CWRT, constant work-rate test; COPM-P, Canadian Occupational Performance Measure, 
performance score; COPM-S, Canadian Occupational Performance Measure, satisfaction score; HADS-A, 
Hospital Anxiety and Depression Scale, anxiety scores; HADS-D Hospital Anxiety and Depression Scale, 
depression scores; SGRQ-T, St. George’s Respiratory Questionnaire, total score; BODE, body mass index, 
airflow obstruction, dyspnoea, exercise capacity; ADO, age, dyspnoea, airflow obstruction. *, p<0.01 versus 
cluster ‘Very good responder’; †, p<0.01 versus cluster ‘Good responder’.  
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Table S5.8 Baseline characteristics of 168 male COPD patients with long-term oxygen therapy. 
Baseline Very good 

responder 
Good 

responder 
Moderate 
responder 

Poor 
responder 

Patients n (%) 52 (31.0) 58 (34.5) 34 (20.2) 24 (14.3) 
Age, years 65 (8) 67 (8) 66 (7) 68 (7) 
FEV1, l 1.1 (0.5) 1.0 (0.3) 1.0 (0.4) 0.8 (0.2) 
FEV1, % predicted 35.6 (16) 32.9 (12.1) 32.0 (12.0) 28.1 (8.6) 
KCO, % predicted 58.8 (21.3) 61.7 (24.5) 62.3 (21.0) 62.3 (25.1) 
PaO2, kPa 9.7 (1.9) 10.0 (1.7) 9.5 (1.5) 9.5 (1.3) 
PaCO2, kPa 6.0 (1.4) 5.8 (1.0) 5.9 (1.1) 6.4 (1.3) 
SaO2, % 94.7 (2.4) 95.1 (2.6) 94.7 (2.1) 94.6 (2.4) 
MRC, grade 4.3 (1.1) 4.1 (1.0) 4.0 (1.0) 4.2 (1.0) 
Exacerb. <12 m, n 3.1 (2.2) 3.2 (3.3) 2.5 (2.6) 3.4 (1.8) 
Admission <12 m, n 2.5 (2.6) 2.2 (2.2) 1.6 (2.0) 1.8 (1.8) 
CC index, points 1.7 (1.4) 1.7 (1.6) 1.5 (1.4) 1.5 (0.8) 
BMI, kg/m2 27.3 (6.2) 26.5 (5.3) 26.5 (4.7) 22.9 (3.4)*†¶ 
FFMI, kg/m2 18.5 (2.8) 17.6 (2.0) 18.0 (2.2) 16.0 (1.9)*†¶ 
6MWD, m 334 (92) 362 (113) 368 (124) 381 (95) 
6MWD, % pred 50.7 (14.8) 55.9 (16.3) 56.7 (18.5) 59.3 (11.6) 
PWR, watts 57.4 (19.7) 56.3 (16.6) 58.6 (19.8) 53.5 (15.5) 
PWR, % pred 35.7 (14.2) 38.0 (15.5) 36.9 (11.9) 36.8 (14.1) 
CWRT, s 237 (115) 245 (198) 231 (110) 237 (232) 
COPM-P, points 3.5 (1.5) 3.7 (1.5) 4.0 (1.4) 3.6 (1.0) 
COPM-S, points 3.4 (1.5) 3.3 (1.5) 3.8 (1.7) 3.5 (1.8) 
HADS-A, points 
   �H�ô���‰�}�]�v�š�•�U���9���‰���š�]���v�š�• 

8.5 (4.9) 
57.4 

8.1 (4.8) 
46.4 

6.7 (4.5) 
31.3 

6.3 (4.4) 
40.9 

HADS-D, points 
   �H�ô���‰�}�]�v�š�•�U���9���‰���š�]���v�š�• 

8.6 (4.1) 
61.7 

8.0 (4.5) 
50.0 

6.9 (4.1) 
50.0 

7.3 (4.5) 
54.5 

SGRQ-T, points 69.2 (12.3) 64.5 (15.6) 57.8 (16.5)* 60.0 (12.5)* 
BODE index, points 5.6 (1.9) 5.4 (1.9) 5.2 (1.9) 5.7 (1.6) 
ADO index, points 5.8 (1.2) 6.0 (1.6) 5.9 (1.2) 6.4 (1.3) 
Inpatients/outpatients, % patients 96 / 4 88 / 12 65 / 35*† 83 / 17 

Data are presented as mean (SD), unless otherwise stated. FEV1, forced expiratory volume in 1 s; KCO, transfer 
factor of the lung for carbon monoxide; PaO2, arterial oxygen tension; PaCO2, arterial carbon dioxide tension; 
SaO2, arterial oxygen saturation; MRC, Medical Research Council dyspnea grade; CC index, Charlson 
Comorbidity Index; BMI, body mass index; FFMI, fat-free Mass Index; 6MWD, 6-min walk distance; PWR, peak 
work rate; CWRT, constant work-rate test; COPM-P, Canadian Occupational Performance Measure, 
performance score; COPM-S, Canadian Occupational Performance Measure, satisfaction score; HADS-A, 
Hospital Anxiety and Depression Scale, anxiety scores; HADS-D Hospital Anxiety and Depression Scale, 
depression scores; SGRQ-T, St. George’s Respiratory Questionnaire, total score; BODE, body mass index, 
airflow obstruction, dyspnoea, exercise capacity; ADO, age, dyspnoea, airflow obstruction. *, p<0.01 versus 
cluster ‘Very good responder’; †, p<0.01 versus cluster ‘Good responder’; ¶, p<0.01 versus ‘Moderate 
responder’. 
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Table S5.9 Baseline characteristics of 148 female COPD patients with long-term oxygen therapy. 

Baseline Very good 
responder 

Good 
responder 

Moderate 
responder 

Poor 
responder 

Patients n (%) 33 (22.3) 44 (29.7) 42 (28.4) 29 (19.6) 
Age, years 63 (7) 65 (8) 65 (7) 65 (8) 
FEV1, l 0.8 (0.4) 0.8 (0.3) 0.7 (0.2) 0.7 (0.2) 
FEV1, % predicted 36 (18) 36 (13) 34 (12) 36 (12) 
KCO, % predicted 53 (15) 54 (20) 50 (17) 53 (17) 
PaO2, kPa 9.0 (1.2) 9.5 (1.3) 9.5 (1.4) 9.6 (2.3) 
PaCO2, kPa 6.6 (1.4) 6.2 (1.0) 6.4 (1.0) 6.2 (0.8) 
SaO2, % 93.9 (2.9) 94.5 (2.7) 94.7 (2.7) 94.4 (3.0) 
MRC, grade 4.7 (0.6) 3.8 (1.1)* 4.2 (1.1) 4.0 (1.1)* 
Exacerb. <12 m, n 2.9 (1.7) 3.5 (3.6) 2.9 (2.6) 2.5 (2.2) 
Admission <12 m, n 2.0 (1.6) 1.5 (1.5) 1.6 (1.5) 1.3 (1.5) 
CC index, points 1.2 (0.9) 1.1 (0.9) 1.6 (1.2) 1.4 (0.9) 
BMI, kg/m2 26.3 (6.9) 25.3 (5.9) 25.7 (4.8) 27.1 (6.7) 
FFMI, kg/m2 15.8 (2.6) 15.5 (2.3) 15.5 (1.7) 16.3 (2.9) 
6MWD, m 279 (92) 366 (104)* 353 (97)* 353 (109)* 
6MWD, % pred 50.0 (15.5) 67.2 (13.9)* 64.4 (14.9)* 61.8 (18.8) 
PWR, watts 41 (17) 49 (16) 47 (14) 46 (14) 
PWR, % pred 50.2 (22.4) 59.1 (17.9) 55.4 (22.8) 56.7 (24.8) 
CWRT, s 202 (130) 239 (95) 178 (71) † 233 (140) 
COPM-P, points 3.1 (1.4) 3.8 (1.3) 3.6 (1.3) 4.3 (1.6)* 
COPM-S, points 2.6 (1.5) 3.1 (1.5) 3.0 (1.4) 4.2 (1.4)*†¶ 
HADS-A, points 
   �H�ô���‰�}�]�v�š�•�U���9���‰���š�]���v�š�• 

9.8 (4.5) 
68.0 

9.0 (4.4) 
67.0 

8.5 (5.3) 
54.0 

8.3 (4.6) 
67.0 

HADS-D, points 
   �H�ô���‰�}�]�v�š�•�U���9���‰���š�]���v�š�• 

9.0 (4.8) 
68.7 

8.0 (4.4) 
55.0 

7.7 (4.1) 
49.0 

6.9 (4.9) 
46.0 

SGRQ-T, points 68.7 (10.9) 62.9 (14.9) 61.3 (12.5) 56.1 (14.5)*  
BODE index, points 6.4 (2.2) 4.9 (2.1)* 5.6 (1.9) 5.3 (2.1) 
ADO index, points 6.1 (1.2) 5.3 (1.6) 5.9 (1.2) 5.5 (1.3) 
Inpatients/outpatients, % patients 91 / 9 88 / 12 85 / 15 89 / 11 

Data are presented as mean (SD), unless otherwise stated. FEV1, forced expiratory volume in 1 s; KCO, transfer 
factor of the lung for carbon monoxide; PaO2, arterial oxygen tension; PaCO2, arterial carbon dioxide tension; 
SaO2, arterial oxygen saturation; MRC, Medical Research Council dyspnea grade; CC index, Charlson 
Comorbidity Index; BMI, body mass index; FFMI, fat-free Mass Index; 6MWD, 6-min walk distance; PWR, peak 
work rate; CWRT, constant work-rate test; COPM-P, Canadian Occupational Performance Measure, 
performance score; COPM-S, Canadian Occupational Performance Measure, satisfaction score; HADS-A, 
Hospital Anxiety and Depression Scale, anxiety scores; HADS-D Hospital Anxiety and Depression Scale, 
depression scores; SGRQ-T, St. George’s Respiratory Questionnaire, total score; BODE, body mass index, 
airflow obstruction, dyspnoea, exercise capacity; ADO, age, dyspnoea, airflow obstruction. *, p<0.01 versus 
cluster ‘Very good responder’; †, p<0.01 versus cluster ‘Good responder’; ¶, p<0.01 versus ‘Moderate 
responder’. 
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Legend Figure S5.1 to S5.4 
Panels on next pages were generated using Viscovery software. The Viscovery program placed all patients on a 
specific position on the map based on their multidimensional response profile. The more subjects resemble in 
terms of their response to pulmonary rehabilitation the closer they are on the map. Contrarily, the more they 
differ the further they are away from each other. When looking at an outcome measure of pulmonary 
rehabilitation, patients “raise a red flag” if they had a very good response, “a green flag” when the response 
was good to moderate, and “a blue flag” when the response was absent.  In this way the maps can be 
interpreted. Using the topology of the, the Viscovery program could identify four different clusters of patients 
with COPD with a significantly different multidimensional response profile: C1: cluster 1 ‘Very good responder’; 
C2: cluster 2 ‘Good responder’; C3: cluster 3 ‘Moderate responder’; C4: cluster 4 ‘Poor responder’. Figure S5.1: 
1,012 male COPD patients without long-term oxygen therapy; Figure S5.2: 740 female COPD patients without 
long-term oxygen therapy; Figure S5.3: 168 male COPD patients with long-term oxygen therapy; and Figure 
S5.4: 148 female COPD patients with long-term oxygen therapy. 
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Figure S5.1 Multidimensional response clusters in 1,012 male COPD patients without long-term oxygen 

therapy. 
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therapy. 
 
 
Figure S5.2 Multidimensional response clusters in 740 female COPD patients without long-term oxygen. 
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Figure S5.3 Multidimensional response clusters in 168 male COPD patients with long-term oxygen therapy. 
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Figure S5.4 Multidimensional response clusters in 148 female COPD patients with long-term oxygen therapy. 
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Abstract 

The degree of lung function is frequently used as referral criterion for pulmonary 
rehabilitation. The efficacy of pulmonary rehabilitation was assessed in 518 chronic 
obstructive pulmonary disease (COPD) patients, after clustering based on a 
comprehensive pre-rehabilitation lung function assessment. Mean improvements in 
dyspnea, exercise performance, health status, mood status and problematic activities of 
daily life after pulmonary rehabilitation were mostly comparable between the seven 
clusters, despite significant differences in the degree of lung function. The current study 
demonstrates no significant relationship between the seven lung-function-based clusters 
and response to pulmonary rehabilitation. Therefore, baseline lung function cannot be 
used to identify those who will respond well to pulmonary rehabilitation, and moreover, 
cannot be used as a criterion for referral to pulmonary rehabilitation in patients with 
COPD. 
 



 Comprehensive lung function assessment does not allow to infer 

135 

Introduction 

Pulmonary rehabilitation, defined as a comprehensive non-pharmacological 
intervention, is generally very effective in patients with chronic obstructive pulmonary 
disease (COPD).1 Indeed, statistically significant and clinically relevant improvements can 
be obtained for dyspnea, exercise capacity and health status compared to standard 
care.2–4 

In daily practice and in clinical trials, the degree of airflow limitation is frequently used as 
an indicator for referral for pulmonary rehabilitation.2 However, not all patients with 
COPD with severe to very severe airflow limitation are symptomatic or limited in their 
daily functioning.5 Conversely, a proportion of COPD patients with mild to moderate 
airflow limitation may suffer from severe dyspnea and experience everyday limitations.3 
The degree of airflow limitation, therefore, is a poor determinant of the physical and 
psychological status of a patient with COPD.6,7 It has been shown that mean 
improvements following exercise-based pulmonary rehabilitation are comparable after 
stratification for baseline airflow limitation.8,9 Moreover, there is no difference in 
baseline forced expiratory volume in 1 s (FEV1) between very good and poor responders 
to pulmonary rehabilitation.3 Thus, the degree of airflow limitation is a poor selection 
criterion for pulmonary rehabilitation. The same is true for the degree of static lung 
hyperinflation.10 

Recently, the heterogeneity of respiratory impairment in patients with COPD has been 
illustrated by the respiratory physiome, in which patients are clustered on multiple lung 
function attributes.11 Whether and to what extent the respiratory physiome can be used 
as an indicator for referral for pulmonary rehabilitation remains currently unknown. A 
priori, we hypothesize that the respiratory physiome clusters are unable to infer 
response to pulmonary rehabilitation in patients with COPD. 

Methods 

Study design 

This is an observational, prospective, single-center study about COPD, health status and 
cardiovascular comorbidities in relation to the outcomes of pulmonary rehabilitation 
(the CHANCE study).12 This study was approved by the Medical Ethical Committee of the 
Maastricht University Medical Centre+ (METC 11-3-070) and is registered as “Clinical, 
physiological and psychosocial determinants of the COPD Assessment Test (CAT)”, NTR 
3416.13 
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Study sample 

Patients with COPD referred by chest physicians for a comprehensive pulmonary 
rehabilitation program at Ciro (Horn, the Netherlands) were included. Ciro is a third line 
rehabilitation center in Southern Netherlands. It specializes in offering individualized and 
multidimensional rehabilitation programs to patients with complex respiratory diseases. 
Only patients with COPD were included, and all patients gave written informed consent. 

Measurements 

In total, 518 COPD patients (44% women; mean FEV1 48.6 [20% predicted]; 72% 
stratified into group D of the Global initiative for Chronic Obstructive Lung Disease 
[GOLD D]; mean body mass index [BMI] 26.2 [5.8 kg/m2]) were included. Before and 
after a 40-session comprehensive multidimensional pulmonary rehabilitation program, 
patients underwent an assessment of lung function and health status characteristics11,12 
(Figure 6.1). Analysis of the respiratory physiome was based on the pre-rehabilitation 
comprehensive lung function testing. It included post-bronchodilator spirometry to 
assess forced expiratory volume in 1 s (FEV1) and forced vital capacity (FVC); body-
plethysmography to determine total lung capacity (TLC), residual volume (RV) and intra 
thoracic gas volume (ITGV); single-breath determination of carbon monoxide (TLCO); 
maximal static inspiratory (MIP) and expiratory mouth pressures (MEP); resting arterial 
partial pressure of oxygen (PaO2), carbon dioxide (PaCO2) and oxygen saturation (SO2). 
Seven different clusters of lung function impairment could be identified as described in a 
previous paper11 (Figure 6.2). In brief, Cluster 1 had a significantly lower degree of 
airflow limitation, absence of static hyperinflation, and a higher diffusing capacity 
compared to the other clusters. Clusters 2 to 4 had similar degree of airflow limitation, 
but showed significant differences in static lung volumes (Cluster 3 > Cluster 4 > Cluster 
2, all p<0.01). Cluster 5 had a significantly lower degree of airflow limitation compared to 
Clusters 6 and 7 (p<0.01). Static lung volumes were significantly different between 
Clusters 5 to 7 (Cluster 7 > Cluster 6 > Cluster 5, all p<0.01). Diffusing capacity of the lung 
for carbon monoxide (DLCO) was higher in Clusters 1, 4 and 5; lower in Clusters 3, 6, and 
7, p<0.01 and mouth pressures were higher in Clusters 1, 3, 4, and 6; lower in Clusters 2, 
5, and 7, p<0.01. Arterial blood gas values were within normal range in Clusters 1–6.11 

The efficacy of pulmonary rehabilitation3 was measured by the degree of dyspnea. 
Dyspnea was measured using the modified Medical Research Council (mMRC) scale, 
ranging from grade 0 (no troubles with breathlessness) to grade 4 (too breathless to 
leave the house). The COPD-specific version of the St George�•s Respiratory 
Questionnaire (SGRQ-C) was also used, ranging from 0 (optimal) to 100 points (worst). A 
6-min walk test (6MWT) was used to assess exercise performance. In addition, a 
submaximal exercise test (CWRT) was performed at 75% of the pre-determined peak 
work rate using an electrically braked cycle ergometer (Carefusion, Houten, the 
Netherlands). The Canadian Occupational Performance Measure (COPM) was used to 
identify specific problematic activities of daily life. Patients scored how well they were 
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performing the problematic activities of daily life (performance score; COPM-P) and how 
satisfied they were with this level of performance (satisfaction score; COPM-S). Scores 
range between 1 (“not able to do it” or “not at all satisfied”, respectively) to 10 points 
(“able to do it extremely well” or “extremely satisfied”). Symptoms of anxiety and 
depression were measured by the Hospital Anxiety and Depression Scale (HADS) with a 
total score ranging from 0 (optimal) to 21 (worst) points. A score of 11 or higher 
indicates a severe mood disturbance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1 Patients before and after a 40-session comprehensive pulmonary rehabilitation program. 
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Figure 6.2 Seven different clusters of patients with COPD based on differing respiratory physiome. This 

figure was published in Augustin et al.11 The seven lung function clusters in chronic obstructive 
pulmonary disease (COPD) using Viscovery (Viscovery Software GmbH, Vienna, Austria). 
Viscovery program placed all subjects on a specific position on the map based on their profile of 
a comprehensive lung function assessment. Subjects with similar lung function are closer 
together on the map and vice versa. By drawing lines on the map, the Viscovery program could 
identify seven different clusters of patients with COPD with a significantly different respiratory 
physiome (95% confidence interval). 

Regular intervention 

The pulmonary rehabilitation program was provided in accordance with the 2013 
American Thoracic Society/European Respiratory Society Statement on pulmonary 
rehabilitation1, meeting the individual needs of patients with COPD.14 The program 
���}�v�•�]�•�š�•�� �}�(�� �ð�ì�� �•���•�•�]�}�v�•�� ���v���� �����v�������� �]�v�‰���š�]���v�š�� �~�ô���Á�����l�•�U�� �ñ�������Ç�•�|�Á�����l�>�í�•�� �}�Œ���}�µ�š�‰���š�]���v�š���~�ô��
�Á�����l�•�U���ï���Z���o�(�������Ç�•�|�Á�����l�>�í�U���(�}�o�o�}�Á��������y �ô���Á�����l�•���î���Z���o�(�������Ç�•�|�Á�����l�>�í�•�X���d�Z�����‰�Œ�}�P�Œ���u���•�š���Œ�š�•��
with a careful characterization of pulmonary and extra-pulmonary treatable traits in 
patients with COPD. From this, a patient-tailored program consisting of different 
treatment modules is composed. Each module consists of different interventions; 
physical exercise training, occupational therapy, nutritional counselling, psychosocial 
counselling, education and exacerbation management. Each module has a specific goal, 
which once achieved, contributes to the patients’ overall goal(s) of the treatment.14 
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Statistics 

All statistical analyses were performed using Viscovery Profiler 7.1 by Viscovery Software 
GmbH, Vienna, Austria. Information available online.15 Self-organizing maps (SOMs, also 
referred to as Kohonen maps) were used to create an ordered representation of the 
selected attributes. The SOM method can be viewed as a non-parametric regression 
technique that converts multidimensional data spaces into lower dimensional 
abstractions. A SOM generates a non-linear representation of the data distribution and 
allows the user to identify homogeneous data groups visually. Patients have been 
ordered by their overall similarity concerning the lung function variables measured 
during pre-rehabilitation assessment.11 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, the seven lung function clusters have been generated.11 
Viscovery automatically identified patient characteristics that differ significantly from the 
average of the whole study sample using the integrated two-sided t test, with a 
confidence of 95%.11 

Simultaneously, the efficacy of the pulmonary rehabilitation program was evaluated for 
each cluster based on the minimal clinically important difference (MCID). The following 
MCIDs were used: �>�í���P�Œ���������}�v���D�Z����dyspnea scale16; +30 m on 6-minute walk distance 
(6MWD)17,18; +100 s on cycle endurance time (CWRT)19; +2 points on Canadian 
Occupational Performance Measure, performance (COPM-P)20; +2 points on Canadian 
Occupational Performance Measure, satisfaction (COPM-S)20�V�� �>�í�X�ñ�� �‰�}�]�v�š�•�� �}�v��Hospital 
Anxiety and Depression Scale, anxiety (HADS-A)21�V�� �>�í�X�ñ�� �‰�}�]�v�š�•�� �}�v�� �,�}�•�‰�]�š���o�� ���v�Æ�]���š�Ç�� ���v����
Depression Scale, depression (HADS-D)21�V�� ���v���� �>�ð�� �‰�}�]�v�š�•�� �}�v St George's Respiratory 
Questionnaire-Total score (SGRQ-T).22 For comparing outcomes of the clusters, a p-value 
�}�(���G�ì�X�ì�í���Á���•���•���š�����•���š�Z�����o���À���o���}�(���•�]�P�v�]�(�]�����v�����X 

Results 

A total of 419 of the 518 patients (80.9%) completed the rehabilitation program. 
Patients in Cluster 2 showed a significantly higher dropout rate compared to the whole 
sample (Figure 6.3). In all clusters, clinically relevant outcomes exceeding a MCID at least 
once were achieved. The mean improvements in the degree of breathlessness, 6-min 
walk distance, performance of activities of daily life, symptoms of anxiety and 
depression, and mean improvement in disease specific quality of life were comparable 
between clusters. Significant differences were only found in Cluster 2, with lower mean 
improvement in satisfaction with the performance of activities of daily life, and in Cluster 
7, with a lower mean improvement in cycle endurance time (Table 6.1). Figure 6.3 
illustrates the changes of these different outcomes per lung function cluster. Changes 
following pulmonary rehabilitation could not be clustered to specific physiomics profiles. 
Compared to the whole sample, Cluster 7 demonstrated a lower proportion of outcomes 
exceeding a MCID at least once. 
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Figure 6.3 Changes following pulmonary rehabilitation. Different panels illustrating the absolute change in 
Medical Research Council (MRC) dyspnea grade, 6-min walk distance (6MWD), cycle endurance 
time (constant work-rate test; CWRT), Canadian Occupational Performance Measure, 
performance (COPM-P), Canadian Occupational Performance Measure, satisfaction (COPM-S), 
Hospital Anxiety and Depression Scale, anxiety (HADS-A), Hospital Anxiety and Depression Scale, 
depression (HADS-D), and St. George’s Respiratory Questionnaire total score (SGRQ-T) for the 
seven lung function clusters. The other three panels demonstrate the proportion of patients not 
completing the pulmonary rehabilitation program, the proportion of clinically relevant outcomes 
(exceeding at least one minimal clinically important difference (MCID) and the proportion of 
clinically relevant outcomes (exceeding at least two MCID) for each lung function cluster. 
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Discussion 

This is the first report on the efficacy of pulmonary rehabilitation in patients with COPD 
after clustering for a comprehensive lung function assessment. The results demonstrate 
that the degree of baseline lung function poorly predicts individual improvements in 
breathlessness, exercise performance, problematic activities of daily living, mood status 
and disease-specific health status following pulmonary rehabilitation. Even in those with 
the most severe respiratory impairment (i.e., Clusters 6 and 7), clinically relevant 
improvements were achieved. Nevertheless, one-third of the patients in Cluster 2 did 
not complete the program. Why patients within this cluster seem more at risk for drop-
out is currently unknown and needs further evaluation. 

Based on 65 randomized clinical trials involving 3822 patients for inclusion in the meta-
analysis, McCarthy and colleagues concluded that pulmonary rehabilitation relieves 
dyspnea and fatigue, improves emotional function and enhances the sense of control 
that individuals have over their condition. Moreover, pulmonary rehabilitation is 
beneficial in improving health status and exercise capacity.2 Our study confirms that 
improvements following pulmonary rehabilitation are clinically relevant and statistically 
significant.2,3 According to McCarthy and colleagues, additional RCTs comparing 
pulmonary rehabilitation with standard COPD care are no longer warranted.2 In order to 
improve outcomes, identification of markers predicting outcomes in individual patients 
could be very interesting. At the very least, our study illustrates that even a 
comprehensive lung function assessment is unhelpful in achieving this goal. 
Alternatively, cluster analysis could be helpful to implement specific interventions such 
as inspiratory muscle training in those COPD patients with respiratory muscle 
dysfunction but without static hyperinflation.11 

Since quality of life is determined by the degree of dyspnea, depression, anxiety and 
exercise performance23, these factors should be taken into consideration in 
personalizing the intervention. Furthermore, as pulmonary rehabilitation programs 
change their emphasis towards the ability to adapt and self-manage in the face of social, 
physical and emotional challenges, traditional disease-related characteristics of disease 
severity are no longer dominant.24 The importance of understanding the unique 
circumstances of the individual is now widely accepted but still neglected in pulmonary 
rehabilitation. The patient’s health beliefs, the way illness is approached, as well as the 
interactions of the patient with the medical system are affected by social, psychological, 
cultural, behavioral and economic factors. These unique circumstances or personomics 
should be considered in order to understand the patient’s preferences, values and 
goals.25 

Our study confirms that a comprehensive pulmonary rehabilitation program results in a 
heterogeneous and differential pattern of patient-related outcomes. This confirms our 
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previous study, that a multidimensional response needs to be considered to evaluate the 
efficacy of pulmonary rehabilitation services.3 Furthermore, the differential response 
pattern, the non-linear responses as well as the absent or poor response illustrate that a 
“one size fits all
;
; approach is no longer applicable in pulmonary rehabilitation. In 
addition, non-linear responses as well as unpredictability in response must be 
considered as a reflection of the intrinsic complexity of the patient themselves.26 

Pulmonary rehabilitation requires multidimensional profiling of patients, not restricted 
to pathophysiological respiratory system involvement. Future identification of essential 
components of pulmonary rehabilitation should be based on a personomic 
perspective.25 Comprehensive intervention can no longer be based on restoration of 
impairments, it needs to become person-centered. 

Conclusion 

The current study demonstrates no relationship between the seven lung-function-based 
clusters and response to pulmonary rehabilitation in patients with COPD. Therefore, 
baseline lung function cannot be used to identify good responders to pulmonary 
rehabilitation, and therefore, cannot be used as a criterion for referral to pulmonary 
rehabilitation in patients with COPD. 
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Abstract 

Objectives 
The current management of chronic obstructive pulmonary disease (COPD) largely 
ignores its heterogeneous pulmonary and extra-pulmonary manifestations in the 
individual patient. This study aimed to identify clusters of patients with COPD based on a 
thorough traits assessment. 
 
Design 
An observational, prospective, single-center study. 
 
Setting and participants 
Patients with COPD referred by chest physicians for a comprehensive pulmonary 
rehabilitation program to Ciro (Horn, the Netherlands) were eligible to participate. Ciro 
is a specialized pulmonary rehabilitation center in the southern part of the Netherlands 
for patients suffering from complex underlying respiratory diseases. 
 
Methods 
Clinically stable patients with COPD underwent a comprehensive assessment including 
pulmonary traits (airflow limitation, static hyperinflation, gas transfer, respiratory 
pressures and arterial blood gases), extra-pulmonary functional traits and health status 
(quadriceps muscle strength, physical functioning, body composition, comorbidities, 
symptoms perception, and social and emotional functioning). Clusters were generated 
using the SOM-Ward Cluster algorithm, a hybrid algorithm that applies the classical 
hierarchical method of Ward on top of the SOM topology. 
 
Results 
Based on the abovementioned attributes of 518 patients with mild to very severe COPD 
(44% women, age 64.1 ± 9.1 years, forced expiratory volume in the first second 
48.6% ± 20.0% of predicted), 7 clusters were identified. Clusters had unique patterns 
differing in demographics, pulmonary, extra-pulmonary functional and behavioral traits 
and/or health status.  
 
Conclusion and implications 
The tremendous heterogeneity in pulmonary, extra-pulmonary functional and 
behavioral traits, and health status in COPD patients supports the need for an individual 
comprehensive assessment and a goal-directed personalized management strategy. 
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Introduction 

The rise in life expectancy worldwide is accompanied by an increased incidence of age-
related diseases. The lungs normally ages with a progressive decline in pulmonary 
function after the age of about 25 years and this aging is associated with a progressive 
functional impairment and reduced capacity to respond to environmental stresses and 
injury.1 Chronic Obstructive Pulmonary Disease (COPD) shows striking age – associated 
features such as cellular senescence and evidence of accelerated ageing of the lungs.2,3 
In addition, premature cellular senescence and subsequent exhaustion of muscle 
regenerative potential seem related to the muscle abnormalities in these patients.4 
Mounting evidence supports that COPD is a clinical syndrome driven by different 
underlying processes as accelerated ageing.5 

Current management of COPD is largely based on results obtained from pharmacological 
trials.6 This one-size-fits-all approach largely ignores the heterogeneous clinical 
manifestation in the individual patient. As a consequence, a moderate-to-high disease 
burden still persists in a large group of COPD patients despite current pharmacological 
therapy.7 

Identification of pulmonary and extra-pulmonary treatable traits has been proposed as a 
way towards a more personalized treatment strategy for these patients.8 It is assumed 
that recognition of this clinical complexity in patients with COPD paves the way to a 
more precise and more effective individualized therapy.  

Such a patient-tailored targeted management program, based on a thorough patient 
assessment forms the cornerstone of a comprehensive pulmonary rehabilitation 
program.9,10 Indeed, extra-pulmonary functional traits commonly evaluated in geriatric 
medicine (i.e., mobility/balance testing using the Time Up and Go [TUG] test, quadriceps 
muscle strength, fat-free mass, osteoporosis, exercise capacity using the 6-min walk 
distance and problematic activities of daily living [ADL]), and behavioral or emotional 
traits (i.e., symptoms of anxiety and depression, activity-related dyspnea, care 
dependency and health status) are all assessed to characterize the patients beyond the 
lungs.11,12 

Clustering of various sets of clinical variables has been used to identify COPD 
subtypes.13,14 In a recent study, we reported the heterogeneity in respiratory physiomics 
and its poor relationship with functional performance, symptoms of anxiety and 
depression, and health status in patients with COPD.15 

As previous cluster analyses were based on limited sets of variables, this study aims to 
identify clusters of pulmonary and extra-pulmonary traits experienced by these disabled 
patients with COPD. We hypothesized that identification of specific clusters could help 
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guide the organizational structure and the interdisciplinary team composition of 
pulmonary rehabilitation programs and to help design, implement, and ensure 
adherence of long-term care in these patients. 

Materials and methods 

Study design  

The current analyses are based on the data from the Chance Study: an observational, 
prospective, single-center study about COPD, health status, and cardiovascular 
comorbidities in relation to the outcomes of pulmonary rehabilitation.16 This study was 
approved by the Medical Ethical Committee of the Maastricht University Medical 
Centre+ (METC 11-3-070) and is registered at http://www.trialregister.nl (NTR 3416).  

Study sample  

Patients with COPD referred by chest physicians from general and academic hospitals for 
a comprehensive pulmonary rehabilitation program to Ciro (Horn, the Netherlands) 
were eligible to participate. Ciro is a specialized pulmonary rehabilitation center in the 
southern part of the Netherlands for patients suffering from complex underlying 
respiratory diseases. All patients gave written informed consent. 

Measurements 

All patients underwent an integrated baseline assessment, reflecting the degree of 
complexity of COPD.16 Pulmonary and extra-pulmonary (functional, behavioral and 
health status) attributes were identified and categorized8,17 as illustrated in Table 7.1.  
Pulmonary traits were determined by a comprehensive lung function assessment as 
described previously15 and existed of airflow limitation, static hyperinflation, gas 
transfer, respiratory pressures and arterial blood gases. Post-bronchodilator forced 
expiratory volume in the first second (FEV1), forced vital capacity (FVC), FEV1/FVC, peak 
expiratory flow (PEF), total lung capacity (TLC), residual volume (RV), intra thoracic gas 
volume (ITGV), diffusing capacity of carbon monoxide (TLCO), TLCO per unit alveolar 
volume (KCO), maximal static inspiratory (MIP) and expiratory mouth pressures (MEP) 
were measured. Furthermore, resting arterial partial pressure of oxygen (PaO2), carbon 
dioxide (PaCO2) and oxygen saturation (SaO2) were determined. Patients with long term 
oxygen therapy (LTOT) continued oxygen supply during the procedure. All lung function 
measurements were performed by certified and experienced respiratory technicians. 
Measured functional extra-pulmonary traits (physical) were muscle strength, physical 
functioning, body composition and presence of comorbidities. Isokinetic quadriceps 
peak torque was measured using a Biodex (Biodex Medical Systems, Inc., New York, 
USA).18,19 Exercise performance was assessed by a 6-minute walk test (6MWT) 



Incorporating comprehensive assessment parameters to better characterize 

153 

performed according to international guidelines.20 The longest distance covered in 
2 separate tests was registered as the 6-minute walk distance (6MWD). Furthermore, a 
symptom-limited incremental cardiopulmonary exercise test (CPET) was performed 
using an electrically, braked cycle ergometer (Carefusion, Houten, the Netherlands) 
including the measurement of maximal oxygen uptake (Peak VO2, ml/min) and maximal 
work rate in Watts (peak work rate).21 Endurance exercise capacity was measured by a 
sub-maximal exercise test at 75% of the peak work rate (i.e., Constant work-rate test 
[CWRT]).22 Body mass index (BMI) was calculated by body weight (in kg) divided by 
squared height (in m). Fat-free mass (FFM) was assessed using dual-energy X-ray 
absorptiometry (DEXA) scan (Lunar Prodigy scan, GE Healthcare, Madison, WI, USA) and 
FFM (lean mass + bone mineral content) was divided by squared height (in m) to obtain 
the FFM-index (FFMI).23 Bone mineral density (BMD by DEXA scan) was measured at the 
hip, lumbar spine, and whole body.24 Self-reported comorbidities were assessed using 
the Charlson Comorbidity Index (CCI).25 

Extra-pulmonary behavioral traits reflected by social functioning and emotional function, 
symptom perception and health status were assessed. The Care Dependency Scale 
(CDS), consisting of 15 items regarding basic and instrumental activities of daily living, 
was used to assess the level of care dependency.26 The Canadian Occupational 
Performance Measure (COPM) was used to identify specific problematic activities of 
daily life.27 Patients scored how well they were performing the problematic activities of 
daily life (performance score; COPM-P) and how satisfied they were with this level of 
performance (satisfaction score; COPM-S). Timed Up and Go test (TUG) test was 
assessed to measure functional mobility.28 Emotional functioning has been measured 
using the Hospital Anxiety and Depression Scale (HADS)29, which is divided into an 
anxiety subscale (HADS-A) and a depression subscale (HADS-D). The degree of dyspnea 
was measured using the modified Medical Research Council (mMRC) scale.30 The 
disease-specific health status was assessed using the COPD Assessment Test (CAT)31, a 
simple questionnaire to measure the impact of COPD on a person’s life, and using the 
COPD-specific version of the St George's Respiratory Questionnaire (SGRQ-C)32 that 
consists of 3 domains scores (symptoms, activity and impact) and a total score. 
Furthermore, the Clinical COPD Questionnaire (CCQ), a self-administered questionnaire 
consisting of 3 domains specially developed to measure clinical control in patients with 
COPD, was used.33 

In addition the assessment included demographics, medical history, the number of 
exacerbations and hospitalizations for COPD in the last 12 months, and the use of long-
term oxygen (LTOT). Patients with COPD were classified as GOLD I to IV, and GOLD A to 
D, according the latest GOLD strategy.6 
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Table 7.1 Treatable traits. 

Pulmonary  
Airflow limitation  Forced expiratory volume in 1 second (FEV1)  

Forced vital capacity (FVC)  
FEV1/FVC 
Peak expiratory flow (PEF) 

Gas transfer Single-breath transfer factor of the lung for carbon monoxide (TLCO) 
TLCO per unit alveolar volume (KCO) 

Hyperinflation Total lung capacity (TLC) 
Residual volume (RV) 
Intra thoracic gas volume (ITGV) 

Respiratory pressures Maxima static inspiratory mouth pressure (MIP) 
Maximal static expiratory mouth pressure (MEP) 

Arterial blood gases Arterial oxygen tension ( PaO2)  
Arterial carbon dioxide tension (PaCO2) 
Oxygen saturation (SaO2) 

Extra-pulmonary - functional 
Muscle strength Peak isokinetic quadriceps peak torque  
Physical functioning 6-minute walk distance 

Constant work-rate bicycle test and symptom limited cardiopulmonary 
exercise test  
Timed Up and Go (TUG) 
Use of rollator 

Body composition  
 

Body mass 
Fat-free mass 
Bone mineral density 

Comorbidities Self-reported comorbidities: Charlson Comorbidity Index (CCI) 
Extra-pulmonary - behavioral and health status 
Social functioning Self-reported care dependency: Care Dependency Scale (CDS)  

Problematic activities of daily life: Canadian Occupational Performance 
Measure (COPM) 

Emotional functioning Anxiety and depression (HADS-A and HADS-D)  
Symptom perception Dyspnea score: modified Medical Research Council (mMRC) 
Health status COPD Assessment Test (CAT)  

St George's Respiratory Questionnaire (SGRQ) 
Clinical COPD Questionnaire (CCQ)  

 

Statistics 

Self-organizing maps (SOMs, also referred to as Kohonen maps) were used to create an 
ordered representation of the selected attributes. The SOM method can be viewed as a 
non-parametric regression technique that simplifies complexity by converting 
multidimensional data spaces into lower dimensional abstractions. A SOM generates a 
non-linear representation of the data distribution and allows the user to identify 
homogeneous data groups visually to reveal meaningful relationships. All statistical 
analyses were performed using Viscovery SOMine 7.1 by Viscovery Software GmbH 
(http://www.viscovery.net, Vienna, Austria). 

Patients have been ordered by their overall similarity concerning the attributes in Table 
7.1, which are the following in descending order of priority: FEV1/FVC in %; FEV1, FVC, 
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PEF, ITGV, RV,TLC TLCO, KCO, MIP and  MEP (all in % predicted); mMRC dyspnea grade; 
CAT, total score; SGRQ, total score; CCQ, total score; CDS, item daily activities in points 
and CDS, total points; COPM-P in points; 6MWD in m; Peak work rate in Watts; 
Quadriceps peak torque in % predicted; TUG test in s; FEV1 in L; Airway resistance 
effective measured during bodyplethysmography in KPa*sec/L; COPD GOLD I-IV; HADS-D 
in points; Users of rollator in %; HADS-A in points; CAT score section impact on activities; 
CDS, item mobility; 6MWD in % predicted; LTOT users in %; CDS, item eating and 
drinking in points; CDS, item getting dressed and undressed in points; Quadriceps muscle 
endurance (Total Work in Joules); SGRQ score, section activity in points; SGRQ score, for 
section impact in points; COPD related hospital admissions last 12 months; SGRQ score, 
section symptom in points; arterial blood gases (PaCO2, cHCO3, PaO2, SaO2) and CCQ 
scores for functional state; and to a small extent absolute measures of FVC; PEF; ITGV; 
RV; TLC; TLCO; KCO; TLC by helium dilution technique; Inspiratory vital capacity (IC); 
breath holding time (TA); MIP; and MEP.  

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 clinical 
characteristics for the total sample and for each cluster are presented in all tables as 
mean ± standard deviation for quantitative variables, and percentage for discrete 
variables. Viscovery automatically identified for each cluster all patient characteristics 
that differ significantly from the average of the whole study sample using the integrated 
two-sided t-test with a confidence of 99%. 

Results 

Patient characteristics  

A total of 518 patients was analyzed (Table 7.2). The majority of patients had COPD 
GOLD D (72%). Patients had a substantial smoking history, and a high disease burden 
and medical resource use reflected by the mean number of exacerbations as well as 
hospitalizations in the last year (2.2 and 0.9, respectively). A quarter of them used LTOT. 
On average, patients had an impaired physical fitness, one or more comorbidities and 
experienced a high impact on activities in daily life.  

Patient profiles of the 7 clusters 

Seven clusters were identified (Figure 7.1). Demographics and clinical characteristics are 
summarized in Table 7.3. Cluster 3 (the multi-morbid cluster) included the oldest patient 
group; and the proportion of women was lowest in cluster 1 (the overall best functioning 
cluster). Exacerbations in the last 12 months and COPD related hospital admissions were 



Chapter 7 

156 

significantly lower in clusters 1 and 4 (the low burden cluster) and higher in cluster 6 (the 
overall worst-functioning cluster). The proportion of patients using LTOT was significant 
lower in clusters 1, 2 (the ADL most limited cluster) and 4, whereas it was higher in 
clusters 3 and 6. The number of medications and different kind of medications were 
most prominent in cluster 6.  

Clusters 1, 2 and 3 included patients with a significantly lower degree of airflow 
limitation than clusters 6 and 7 (the physically dysfunctioning cluster). Static 
hyperinflation was particularly present in clusters 4, 5 (the emotionally dysfunctioning 
cluster), 6 and 7. Clusters 3 to 7 demonstrated an impaired diffusion capacity: 
respiratory inspiratory muscle functioning was lower in clusters 3 and 6 with 
preservation of respiratory muscle strength in cluster 4 and 5 despite presence of static 
hyperinflation. PaO2 levels were well preserved in all patients, whereas only cluster 6 
demonstrated patients with alveolar hypoventilation. 

Patients with the highest values for quadriceps muscle function, 6-minute walk distance, 
maximal exercise test and constant work rate test were classified in cluster 1, whereas 
patients with the lowest quadriceps muscle function and very poor physical performance 
were found in cluster 6. Clusters 2, 4 and 5 had an intermediate impairment in physical 
performance, whereas cluster 3 had a manifested skeletal muscle weakness, as reflected 
in severe impairment in different exercise measurements and highest Timed Up and Go 
test. Remarkably, clusters 2 and 3 included patients with a high number of 
comorbidities. Compared with all the other clusters, patients in cluster 7 had the lowest 
body mass index and fat-free mass index, with poor physical performance and 
quadriceps muscle function.   

Care dependency was significantly high in cluster 6 and low in cluster 4. Patients in 
clusters 2 and 6 experienced the highest limitations in daily activities. Mood problems 
are particularly present in clusters 2, 5 and 6, with the highest scores for anxiety and 
depression in cluster 6. Dyspnea was significantly higher in clusters 3 and 6 and lower in 
clusters 1 and 4. Health status was significantly worse in clusters 2, 5, and 6, and better 
in clusters 1 and 4. 

Figure 7.2 illustrates the distribution of individual traits across the 7 clusters, reflecting 
the tremendous heterogeneity of individual traits in our COPD sample. 

 



Incorporating comprehensive assessment parameters to better characterize 

157 

Table 7.2 Demographics, clinical characteristics, pulmonary, extra-pulmonary, behavioral and health status 
of the whole sample.  

 
Whole sample 

n=518 
Demographics and clinical characteristics 
Women, % 44 
Age, years 64.1 (9.1) 
Smoking pack years 42.4 (23.6) 
Exacerbations <1 year, n 2.2 (1.8) 
Hospitalizations <1 year, n 0.9 (1.3) 
Patients with long-term oxygen therapy (LTOT) use, % 24.1 
Number of medications, n 7.2 (3.6) 
Number of different kind of medications, n 6.8 (3.2) 
Patients with GOLD I / II /III / IV , %  7 / 36 / 37 / 20 
Patients with GOLD A / B / C / D , %  3 / 20 / 5 / 72 
Pulmonary traits 
Forced expiratory volume in the first second (FEV1), % predicted  48.6 (20) 
FEV1/FVC, % 37.5 (12.2) 
Intra thoracic gas volume (ITGV), % of predicted 148.6 (35.9) 
Total lung capacity (TLC), % of predicted 117.1 (17.5) 
Transfer factor of the lung for carbon monoxide (TLCO), % of predicted 49.3 (17.2) 
Maximal inspiratory pressure (MIP), % of predicted 78.5 (23.3) 
Maximal expiratory pressure (MEP), % of predicted 63.2 (20.4) 
Partial arterial oxygen pressure (PaO2), kPa 5.3  (0.9) 
Partial arterial carbon dioxide (PaCO2), kPa 9.5 (1.5) 
Oxygen saturation (SaO2), % 93.9 (3.2) 
Extra-pulmonary traits - physical  
Quadriceps peak torque, % of predicted 66.2 (18.9) 
Six-minute walk distance (6MWD), meters 424 (124.4) 
Peak work rate, % predicted 55.5 (27.4) 
Peak aerobic capacity (VO2), % of predicted 66.2 (30.4) 
Constant work-rate test (CWRT), seconds 295.5 (218.7) 
Timed Up and Go (TUG) test, seconds 10.6 (3.4) 
Use of rollator, % 29 
Body mass index (BMI), kg/m2 26.2 (5.8) 
Fat-free mass index (FFMI), kg/m2 17.2 (2.6) 
Charlson’s Comorbidity Index (CCI), points 1.6 (1.0) 
Extra-pulmonary traits - behavioral and health status 
Care Dependency Scale (CDS), points 69 (7) 
Canadian Occupational Performance Measure (COPM) performance, points 3.9 (1.4) 
COPM satisfaction, points 3.3 (1.7) 
Hospital Anxiety and Depression Scale (HADS) anxiety, points  7.8 (4.5) 
HADS depression, points  7.5 (4.3) 
Modified Medical Research Council (mMRC) dyspnea grade 2.4 (1.0) 
COPD Assessment Test (CAT), total score, points 21.5 (6.6) 
St. George’s Respiratory Questionnaire (SGRQ), total score, points 61.1 (17.4) 
COPD Clinical Questionnaire (CCQ), total score, points 2.6 (1.0) 
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Figure 7.1 Seven different clusters. The Viscovery SOMine program placed all patients with COPD on a 
specific position of the map based on their baseline characteristics. Subjects located close to 
each other on the map resemble in terms of their baseline characteristics. Based on the SOM 
model created, seven SOM-Ward clusters with significantly different profiles have been 
generated: C1, ‘the overall best functioning’ cluster; C2, ‘the ADL-limited’ cluster; C3, ‘the multi-
morbid’ cluster; C4, ‘the low burden’ cluster; C5, ‘the emotionally dysfunctioning’ cluster; C6, 
‘the overall worst functioning’ cluster and C7, ‘the physically dysfunctioning’ cluster. 
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Discussion 

In a sample of patients with moderate to very severe COPD referred for pulmonary 
rehabilitation, clustering based on a thorough assessment of a broad set of pulmonary 
and extra-pulmonary (functional, behavioral) traits and health status, resulted in 
7 distinct clusters. However, heterogeneity within clusters and overlap regarding 
individual traits between clusters remain large. Our data suggest that a broad 
assessment of treatable traits might be useful in individual patients in order to offer 
personalized management.  

Our data clearly illustrate that current recommendations to assess and grade COPD on 
spirometry, dyspnea and/or health status and exacerbations and/or hospitalizations in 
the last 12 months largely underestimate the number and heterogeneity of traits 
involved in the functional and emotional disability as experienced by these frail chronic 
patients.6 To move the field of chronic airway diseases toward precision medicine, a 
strategy based on the presence and identification of treatable traits was suggested.8 The 
treatable traits approach builds on the concept that by recognizing the clinical 
complexity of airway diseases such as COPD, more precise and more effective therapies 
can be offered.8 At least, it is assumed that such a treatable traits approach can 
personalize treatment based on identification of disease characteristics in each 
individual.34 This theoretical framework is never analyzed in a real-life setting of very 
disabled patients with COPD; neither does it provide evidence on how to tackle the 
identified traits in different domains.8 As early as 1981, pulmonary rehabilitation had 
been introduced as an art of medical practice wherein an individually tailored, 
multidisciplinary program was formulated through accurate diagnosis, therapy, 
emotional support and education to stabilize or reverse both physiopathologic and 
psychopathologic manifestations of pulmonary diseases.35 Nowadays, pulmonary 
rehabilitation is defined as a comprehensive intervention based on a “thorough” patient 
assessment followed by patient-tailored therapies designed to improve the physical and 
psychological condition of patients with chronic respiratory disease and to promote the 
long-term adherence to health-enhancing behaviors.9 The “thorough” assessment as 
described offers the possibility to check in practice the clinical relevance and 
practicability of the treatable trait concept.  

Previously, we reported the heterogeneity and overlap in identifiable respiratory 
physiomic clusters and the limited predictability of clustering based on comprehensive 
lung function assessment for functional performance, health status and outcome of 
pulmonary rehabilitation.15,36 The present study, including extra-pulmonary and 
behavioral attributes, extends this observation. Despite a comparable respiratory and 
functional impairment, patients can still vary widely in behavioral traits, resulting in a 
worse health status (clusters 6 and 7) and even in case of preservation of lung function, 
significant extra-pulmonary trait involvement can be present (clusters 3 and 6). Referral 
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of patients by chest physicians as in this study does not result in any streamlining of 
patient cohorts. This is best illustrated by the contrasts in traits between clusters 1 and 6 
in our data. We assume that medical management of even disabled patients still relies 
on symptomatic pharmacologic therapy and the overwhelming focus of assumed risk 
reduction by prevention of exacerbations.6 Intriguingly, all clusters with high anxiety and 
depression scores (clusters 2, 3, 5, and 6) have a manifested lower health status, 
confirming the impact of psychologic functioning on health outcomes in COPD.37,38 
Previous cluster analyses also underscores not only the impact of behavior on 
experienced health status but also the specificity of these behavioral characteristics for 
COPD patients.12,39 

Our data illustrate that a cluster-based management approach is not a feasible option 
for these patients and that thorough assessment still has to be considered as the start of 
an individualized intervention. However, pulmonary rehabilitation is more than just 
problem-oriented care. Previous studies have reported that choosing a limited set of 
outcomes as key performance indicators ignores the clinical complexity of these 
rehabilitating patients and that a multidimensional response outcome needs to be 
considered to study the outcomes of these personalized interventions. The same studies 
showed the non-linear and differential response after such interventions varying from 
very good responders to poor responders.11,36 Otherwise, the cluster analysis seems very 
helpful to identify specific targets or topics to improve patient-related outcomes as part 
of pulmonary rehabilitation. As stated before, our cluster analysis underscores the 
impact of mood problems in certain COPD clusters. Untreated and under-recognized 
depression and anxiety symptoms in patients with COPD have effects on physical 
functioning and on social interaction, increasing fatigue and leading to higher health care 
utilization.40,41 More focused intervention strategies to overcome these mood problems 
will contribute to better outcomes of such intervention programs.38,42,43 At present, 
psychologists are only involved in one quarter of rehabilitation programs.44 Striking is the 
female predominance in those clusters that have a high disease burden and very severe 
problems regarding all identified traits. These data can contribute to the consideration 
of gender-specific issues at least as part of pulmonary rehabilitation. The influence of 
gender on the expression of COPD is still poorly evaluated. Previous data have reported 
that women, irrespective of the degree of airflow limitation, had more exacerbations, 
expressed more dyspnea and had worse scores in all domains of health status suggesting 
that women may be differentially affected by the disease. Furthermore, women 
manifested varying exercise capacity and nutritional status, with lower comorbidity 
scores.45 Our data illustrate not only the need to evaluate gender differences in COPD 
but also to consider gender-specific treatment strategies as well as gender-specific 
outcomes in personalized treatment strategies.46 Finally, our cluster analysis 
demonstrated that personalized treatment must include the management of the disease 
beyond the respiratory system.47 
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The current study has some limitations. First, the study was conducted in patients with 
COPD referred by chest physicians for pulmonary rehabilitation. Therefore, our findings 
are only applicable to this subgroup of highly symptomatic patients and cannot be 
generalized to the COPD population at large. Second, our study does not include an age- 
and gender-matched control population, which would have allowed us to better 
understand the specificity of certain extra-pulmonary and behavioral traits in particular. 
Third, our findings need to be reproduced in other pulmonary rehabilitation cohorts. 
Fourth, although the characterization of the patients was very extensive, several traits 
such as imaging and sleep-related breathing disorders were not included. Fifth, cluster 
analysis is conducted on cross-sectional data at the start of the rehabilitation program: 
reproducibility and variability over time is not evaluated. Sixth, the current cluster 
analysis aims to identify manageable targets in COPD and not underlying pathogenetic 
pathways. Finally, potential differences in long-term outcomes between clusters were 
not analyzed. Otherwise, some strengths of our study can also be put forward. First, all 
included patients underwent a thorough single-center assessment conducted by trained 
technicians according to state-of-the-art methodology. Second, the density of 
impairment in the different traits is very high, illustrating that the population is 
representative for the more complex COPD population. 

Conclusion and implications 

Based on respiratory, functional and emotional treatable traits, patients with COPD were 
divided in 7 clusters: the overall best functioning cluster; the ADL-limited cluster; the 
multi-morbid cluster; the low burden cluster; the emotionally dysfunctioning cluster; the 
overall worst-functioning cluster and the physically dysfunctioning cluster. Our data 
clearly illustrate the tremendous heterogeneity in manifested pulmonary, extra-
pulmonary functional and behavioral traits in patients with COPD, even persisting after 
management of the disease by chest physicians. These findings support the need for a 
thorough assessment to identify an integrated, personalized management in patients 
suffering from complex conditions as COPD.  
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