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Abstract
Background There is growing interest in a “treatable traits” approach to pulmonary rehabilitation in
chronic airways disease. The frequency with which pulmonary rehabilitation programmes address treatable
traits is unknown.
Methods Randomised controlled trials of pulmonary rehabilitation compared to usual care in patients with
stable chronic airways disease were included. The components of pulmonary rehabilitation delivered were
extracted and mapped to treatable traits in pulmonary, extrapulmonary and behavioural/lifestyle domains.
Meta-analysis was used to evaluate the impact of addressing >1 treatable trait on exercise capacity and
health-related quality of life (HRQoL).
Results 116 trials were included (6893 participants). Almost all pulmonary rehabilitation programmes
addressed deconditioning (97% of trials). The most commonly addressed extrapulmonary traits were
nutritional status (obesity and cachexia, 18% each) and mood disturbance (anxiety and depression, 10%
each). Behavioural/lifestyle traits most frequently addressed were nonadherence (46%), poor inhalation
technique (24%) and poor family/social support (19%). Exercise capacity and HRQoL outcomes did not
differ between studies that addressed deconditioning alone and those that targeted additional traits, but
heterogeneity was high.
Conclusion Aside from deconditioning, treatable traits are infrequently addressed in existing trials of
pulmonary rehabilitation. The potential of the treatable traits approach to improve pulmonary rehabilitation
outcomes remains to be explored.

Background
Pulmonary rehabilitation is a highly effective intervention to enhance exercise capacity, improve symptoms
and reduce hospitalisations in people with chronic airways disease [1–4]. Pulmonary rehabilitation is
defined as the delivery of “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 behaviours” [5]. This definition is not restricted to a particular patient group, and is
consistent with a personalised, treatable traits approach to patient management [6]. The treatable traits
approach is a precision medicine model that does not apply diagnostic labels such as asthma or chronic
obstructive pulmonary disease (COPD). Rather, it involves identifying the treatable traits in an individual
based on established biomarkers, and targeting these traits with treatments of known efficacy [6]. There is
growing interest in a treatable traits approach to pulmonary rehabilitation, comprising a thorough
assessment to identify relevant treatable traits and an individually tailored rehabilitation programme [7].

Treatable traits have been classified into three domains: pulmonary, extrapulmonary and behavioural/
lifestyle traits [6]. Although some pulmonary treatable traits may be infrequently addressed in pulmonary
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rehabilitation (e.g. emphysema, eosinophilic airway inflammation, pulmonary hypertension), interventions
that target extrapulmonary and behavioural/lifestyle traits are perceived to be key components of a
comprehensive pulmonary rehabilitation model [5]. This includes the extrapulmonary trait of
deconditioning, addressed through the provision of an individualised exercise training programme, an
essential component of all pulmonary rehabilitation programmes [5]. However, the frequency with which
pulmonary rehabilitation programmes assess and specifically address treatable traits, and any gaps in the
treatable traits approach in its application within pulmonary rehabilitation, have not been established. The
aim of this systematic review was to understand the frequency with which treatable traits are addressed in
pulmonary rehabilitation clinical trials, in order to inform future model development.

Methods
The protocol was registered prospectively on 4 March 2021 on Open Science Framework (https://osf.io/
9rq3f).

Participants
We included studies of patients with chronic airways disease of any severity. As we expected that most
studies used a diagnosis-based approach, for the purposes of this review we examined studies that included
patients with COPD, asthma and bronchiectasis. We excluded studies of patients with fibrotic lung disease
or pulmonary hypertension as, to date, the treatable traits approach has not been applied to these groups.

Types of studies
We included clinical trials of pulmonary rehabilitation compared to usual care in patients with stable
chronic airways disease, identified from published systematic reviews [1, 4, 8]. Systematic reviews were
identified from Medline (Ovid) searches using keywords for diagnosis (COPD, asthma or bronchiectasis)
and rehabilitation or exercise training, limited to “review articles” or “topic reviews (Cochrane)”. We
selected Cochrane reviews when these were available because of their robust methodological approach.
Where a Cochrane review was not available, we selected the most recently published review where the
methodology (inclusion and exclusion criteria, definition of pulmonary rehabilitation) aligned with our
registered protocol. Where the search strategy had been executed more than 12 months ago, we repeated
the search using the original strategy, to identify new clinical trials.

Types of interventions
For the purposes of this review, we identified pulmonary rehabilitation as “any inpatient, outpatient,
community-based or home-based rehabilitation programme of at least 4 weeks’ duration that included
exercise therapy with or without any form of education and/or psychological support” [1]. Usual care was
defined as conventional care, which could include verbal advice or medical review.

Outcomes
The primary outcome of interest was the delivery of an intervention component to address treatable traits.
For the purposes of this review, treatable traits and their treatments were defined according to the original
list of traits proposed by AGUSTI et al. [6], with minor adaptations to operationalise the identification of
treatments and to ensure treatments delivered in pulmonary rehabilitation were included (table S1). For
example, airway clearance techniques were included for treatment of chronic sputum production, and
smoking cessation was included only under treatment of the trait of smoking (not under chronic sputum
production) to aid operationalisation.

For each treatable trait, the intervention component was coded as definitely delivered, probably delivered
or not delivered. A treatment for a trait was considered to be “definitely delivered” if it was specifically
mentioned in the text and was congruent with our definition (table S1). In cases where the study methods
indicated it was likely that the trait had been treated, but the specific treatment was not named in the text,
we classified it as “probably delivered”. An example is where studies indicated that respiratory medications
were optimised according to best practice guidelines, but specific medications (e.g. bronchodilators) were not
mentioned. Evidence to support the delivery of the treatment was extracted from each paper as a direct quote.

Where there were sufficient data available, we compared effects across programmes that addressed different
combinations of treatable traits (deconditioning only or deconditioning plus other treatable traits) for the
outcomes of exercise capacity and health-related quality of life (HRQoL). Consistent with the treatable
traits approach, which does not employ diagnostic labels [6], data for the three diagnostic groups were
pooled, and we did not perform subgroup analyses for COPD, asthma and bronchiectasis.
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Identification of systematic reviews and conducting of updated searches
Relevant systematic reviews [1, 4, 8] were identified through a Medline search by one author (A.H.).
Cochrane systematic reviews were used where available. All included studies from the original systematic
reviews were obtained as full text and included in this review. Updated searches for each of the reviews
were performed in May 2021 to identify any new studies, using the original search strategy (table S2).
Two reviewers (A.H. and B.W.) screened titles and abstracts from the updated search independently. Those
identified as “include” or “unsure” were obtained as full text. Full-text review was conducted by two
reviewers independently (A.H. and B.W.) to determine eligibility for inclusion. A record of reasons for
exclusion was kept for full-text reviews.

Assessment of risk of bias
Risk of bias was assessed by two reviewers independently (B.W., A.J., M.H. and A.L.). For individual
studies identified from the original systematic reviews [1, 4, 8], we retrieved the risk of bias assessments
that had been made in the reviews. In order to support this decision, methodological quality of the
systematic reviews was assessed using the AMSTAR-II checklist [9]. For individual studies in the updated
search, risk of bias was assessed using the Cochrane risk of bias tool [10], consistent with the approach
used in the original systematic reviews [1, 4, 8].

Data extraction
Two reviewers extracted data from the original papers independently (B.W., A.J., M.H. and A.L.) on a
custom-designed data collection form. The data extracted were study design, inclusion and exclusion
criteria for participants, demographic characteristics including age, gender, lung function, number of
participants, setting and characteristics of the rehabilitation programme (duration, inpatient/outpatient, etc.),
components of the rehabilitation programme, treatable traits addressed, characteristics of usual care,
outcomes assessed, outcome data for exercise capacity and HRQoL, and adverse events.

Data synthesis
The primary outcome was the number and proportion of studies that addressed each of the treatable traits.
Where sufficient data were available from trials that were clinically homogeneous (e.g. addressed the same
combination of treatable traits, either definitely or probably delivered) we performed meta-analysis to
derive pooled effects for the outcomes of exercise capacity (6-min walk distance (6MWD)) and HRQoL
(St George’s respiratory questionnaire total score), for comparison across models. Meta-analysis was
performed using Review Manager version 5.4.1 and used a random effects model. The I2 statistic was used
to measure heterogeneity among studies in each subgroup. Funnel plots were used to assess reporting bias.

Results
We included 79 studies from previous systematic reviews, including 65 studies from the COPD review
(70 reports), nine from the asthma review, one of which was also in the COPD review [11] (10 reports),
and six from the bronchiectasis review. An additional 37 studies were identified in the updated searches
(49 reports) including 32 from the COPD search (43 reports), five from the asthma search (six reports) and
none from the bronchiectasis search. A total of 116 studies (135 reports) were included in this review
(figure 1). There were 6893 participants, with 3821 randomised to pulmonary rehabilitation. Settings for
pulmonary rehabilitation included outpatient (n=69, 60%), inpatient (n=4, 3%) and home (n=23, 20%), a
combination of inpatient and home (n=2, 2%), and a combination of outpatient and home (n=5, 4%), with
no setting reported in 13 studies (11%). Across studies, average age ranged from 22 to 78 years (mean
63 (SD 10) years) and average forced expiratory volume in 1 s ranged from 26 to 90% predicted (mean 53
(SD 16) % pred). Characteristics of the included studies are shown in table S3.

The systematic reviews used to identify studies [1, 4, 8] scored well in almost all domains of the
AMSTAR-2 checklist, except for those related to reporting source of funding for included studies and
investigation of publication bias (table S2). Risk of bias for individual studies in the updated search is
provided in table S3. Similar to the individual studies included in the systematic reviews [1, 4, 8], risk of
bias was generally low for sequence generation and allocation concealment, but high for performance and
detection bias due to lack of blinding.

Delivery of interventions to address treatable traits varied across domains (tables 1–3, table S3). Pulmonary
treatable traits were rarely addressed, with individual pulmonary treatable traits not addressed in 78–100%
of studies. Airway smooth muscle contraction was the most frequently addressed pulmonary treatable trait
(definitely delivered 7%, probably delivered 15%), usually through interventions to optimise bronchodilator
therapy, followed by chronic sputum production (definitely delivered 11%, probably delivered 6%),
predominantly in studies where participants were trained in use of airway clearance techniques.
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The extrapulmonary treatable trait of deconditioning was addressed in 97% of included studies through
exercise training (table 2). Other extrapulmonary treatable traits were infrequently addressed, including
cachexia (definitely delivered 9%, probably delivered 9%), obesity (definitely delivered 7%, probably
delivered 11%), depression (definitely delivered 1%, probably delivered 9%) and anxiety (definitely
delivered 2%, probably delivered 8%). There was marked variation across behavioural and lifestyle
treatable traits (table 3), with nonadherence to treatment addressed most frequently (definitely delivered
23%, probably delivered 23%) followed by poor inhalation technique (definitely delivered 6%, probably
delivered 18%), poor family and social support (definitely delivered 5%, probably delivered 14%), and
smoking (definitely delivered 6%, probably delivered 10%).

One quarter of studies (n=29) addressed the trait of deconditioning only. The most common combinations
of treatable traits addressed in pulmonary rehabilitation programmes were deconditioning plus airway
smooth muscle contraction (n=26, 22%, commonly optimisation of inhalation technique), deconditioning
plus nutritional status (n=24, 21%, addressing cachexia and/or obesity) and deconditioning and mood

TABLE 1 Pulmonary treatable traits addressed in pulmonary rehabilitation trials

Trait Definitely delivered (%) Probably delivered (%) Not delivered (%)

Airway smooth muscle contraction 7 15 78
Eosinophilic airway inflammation 2 4 94
Chronic sputum production 11 6 83
Bacterial colonisation 0 6 94
Bronchiectasis 2 2 96
Cough reflex hypersensitivity 0 0 100
Chronic respiratory failure 1 2 97
Pulmonary hypertension 0 0 100
Emphysema 0 0 100
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FIGURE 1 PRISMA flow diagram for study selection.
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(n=15, 13%, addressing anxiety and/or depression). A total of 63 studies (54%) addressed deconditioning
as well as at least one lifestyle/behavioural treatable trait. This included nonadherence to treatment (n=52),
but this was frequently limited to encouragement with independent (home) exercise, rather than a broader
approach to nonadherence. The other behavioural trait commonly addressed was assessment of inhalation
technique (n=28 studies, overlapping with those addressing airway smooth muscle contraction). Subgroup
analyses for common combinations of treatable traits are shown in table 4 and figures S1 and S2.
Clinically important effects of pulmonary rehabilitation on exercise capacity and HRQoL were seen across
all subgroups, with no evidence of larger effects in studies that addressed a greater number of treatable
traits; however, statistical heterogeneity was moderate to high (I2 range 41–93%, table 4). There was
asymmetry in the funnel plot for the 6MWD (figure S3), particularly for studies that addressed only the
trait of deconditioning, but this was not evident for the outcome of St George’s respiratory questionnaire
(figure S4).

Discussion
This systematic review examined whether the current model of pulmonary rehabilitation, as described in
116 randomised controlled trials including 6893 participants, addressed treatable traits proposed to be
important in patients with chronic airways disease [6]. As expected, almost all studies (97%) addressed
deconditioning through the provision of exercise training. Extrapulmonary treatable traits were addressed
less commonly than expected, including nutritional status (obesity and cachexia, 18% of studies each) and
mood disturbance (anxiety and depression, 10% each). The behavioural and lifestyle traits most frequently
addressed were nonadherence, primarily to encourage independent exercise (46%), poor inhalation
technique (24%), and poor family and social support (19%). There was no evidence that addressing
specific combinations of treatable traits in pulmonary rehabilitation resulted in better outcomes; however,
there was considerable variation in outcomes across studies.

Pulmonary rehabilitation is considered a highly effective treatment for people with chronic airways disease
and is recommended in clinical practice guidelines around the world. A key feature of pulmonary
rehabilitation is a comprehensive assessment to identify an individual’s needs and goals, and many
suggested assessment items address the treatable traits examined in this study [6, 12]. It was therefore
surprising that, aside from deconditioning, treatable traits appeared to be infrequently addressed in the
clinical trials that form the evidence base on which modern pulmonary rehabilitation practice is based. It is
possible that this reflects the limited description of programme components in the methods sections of
included studies, rather than the absence of this individualised approach. A more comprehensive and

TABLE 3 Behavioural/lifestyle treatable traits addressed in pulmonary rehabilitation trials

Trait Definitely delivered (%) Probably delivered (%) Not delivered (%)

Poor inhalation technique 6 18 76
Nonadherence to treatment 23 23 54
Smoking 6 10 84
Exposure to sensitising agents 1 3 96
Side effects of treatment 3 8 89
Polypharmacy 1 2 97
Poor family and social support 5 14 81

TABLE 2 Extrapulmonary treatable traits addressed in pulmonary rehabilitation trials

Trait Definitely delivered (%) Probably delivered (%) Not delivered (%)

Rhinosinusitis 0 1 99
Deconditioning 97 1 2
Cachexia 9 9 82
Obesity 7 11 82
Cardiovascular disease 0 2 98
Vocal cord dysfunction 0 0 100
Depression 1 9 90
Anxiety 2 8 90
Systemic inflammation 1 1 98
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systematic reporting of intervention components would be helpful in future pulmonary rehabilitation
trials [13]. However, it is also possible that many pulmonary rehabilitation programmes do not directly
address many of the proposed treatable traits. Although an approach consistent with treatable traits is
certainly applied in some centres [7], substantial variation in the content and organisational structure of
pulmonary rehabilitation programmes has been well documented [14]. Pulmonary rehabilitation
programmes frequently focus on nonpharmacological treatment strategies, such that some pulmonary
treatable traits (e.g emphysema, eosinophilic airway inflammation, pulmonary hypertension) might be
better addressed in other clinical contexts. However, the strong emphasis of pulmonary rehabilitation on
addressing the extrapulmonary features of chronic airways disease, and facilitating health behaviour
change, makes it surprising that traits in these domains appeared to be infrequently addressed.

The most relevant treatable traits to apply in the pulmonary rehabilitation context have not yet been
established. The approach to treatable traits was primarily developed in patients with asthma [6], and whilst
a “label-free”, diagnosis-agnostic approach has been proposed, it is unclear whether the traits applied in
this review are optimal for patients with other respiratory conditions. A recent study has proposed a
slightly different list of treatable traits in patients with COPD, including shortness of breath, anaemia,
disability and arthritis [15]. Importantly, the traits that predicted decline in lung function were not the same
as those predicting decline in HRQoL, indicating that the most important traits vary according to the
outcome under consideration [15]. In pulmonary rehabilitation, the important outcomes include exercise
capacity, HRQoL and future hospitalisations, so the traits addressed should be relevant to these outcomes.
In COPD, nine treatable traits which point towards nonpharmacological interventions (such as pulmonary
rehabilitation) have been identified, with an outcome of health status [16]. Whilst some of these proposed
traits are similar to previous approaches (e.g. depression, nutritional status) others are new (frequent
exacerbations, severe fatigue, low physical activity, patient activation for self-management). If pulmonary
rehabilitation programmes are to adopt a treatable traits approach, there is a need for consensus on the most
relevant traits to address in the pulmonary rehabilitation context.

On average, people with severe asthma and COPD present with 10 treatable traits [17, 18]. It is likely that
many pulmonary rehabilitation programmes do not have the resources to comprehensively address all traits.
It has been suggested that traits could be prioritised based on their clinical impact (severity, prevalence or
impact on disease-important outcomes) and patient impact (traits rated as a high priority by patients).
Whilst the clinical impact of treatable traits is becoming clearer [15], we do not yet know very much about
which traits matter the most to patients. It may be important to identify traits that are nodal points in a
disease network that may impact other traits, thus providing broader benefits [19]. An example might be
targeting deconditioning with exercise training, which is also known to impact other important traits
including anxiety and depression [20]. Similarly, targeting obesity with weight loss and resistance training
improved depression and cardiovascular risk [21]. A deeper understanding of which treatable traits are
most likely to enhance pulmonary rehabilitation outcomes may enhance translation of this approach into
clinical practice.

TABLE 4 Subgroup analyses for studies addressing common combinations of treatable traits

Subgroup Number of
studies

Number of
participants

Mean difference rehabilitation – control
(95% confidence interval)

I2 (%)

6-min walk distance (m)
Deconditioning only 18 847 50 (39–62) 50
Deconditioning and airway smooth muscle
contraction

13 766 48 (25–72) 81

Deconditioning and mood 7 684 37 (11–64) 76
Deconditioning and nutrition 15 1243 45 (29–62) 79
Deconditioning and at least one
behavioural/lifestyle trait

28 2041 40 (26–53) 80

Health-related quality of life – St George’s respiratory questionnaire total score (points)
Deconditioning only 8 328 −12.2 (−21.4–−3.0) 93
Deconditioning and airway smooth muscle
contraction

8 583 −9.7 (−13.3–−6.1) 41

Deconditioning and mood 4 626 −13.9 (−21.9–−6.0) 90
Deconditioning and nutrition 15 1349 −8.44 (−12.0–−4.9) 89
Deconditioning and at least one
behavioural/lifestyle trait

21 1761 −8.25 (−11.3–−5.2) 82
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At present, around half of the patients with COPD who undertake pulmonary rehabilitation do not achieve
improvements exceeding the minimal important difference for the key outcomes of exercise capacity or
HRQoL [22]. The treatable traits approach presents the possibility that outcomes for patients could be
optimised by applying precision medicine [6]. This hypothesis should be tested in future clinical trials.
Such trials would pose challenges related to both the intervention and the outcomes. A treatable traits
approach to pulmonary rehabilitation meets the definition of a complex intervention, as demonstrated by
the number of traits which would be targeted, a large number of intervention components, and significant
tailoring of intervention components to individuals [23]. Guidance on developing and evaluating complex
interventions is available and will be useful to inform the approach [23]. Both trait-specific and clinical
outcomes will be required, all of which must be valid and responsive to the treatments used [6]. A
comprehensive health economic analysis will also be needed, to ensure that the treatable traits approach
provides value for patients and the healthcare system.

Strengths of this study include a systematic approach to identifying clinical trials of pulmonary
rehabilitation across three disease groups and comprehensive data extraction from all studies to ensure that
interventions targeting treatable traits were identified. Two reviewers independently screened studies for
inclusion, assessed risk of bias and extracted data. Limitations include the reporting of intervention
components in the included studies and an absence of registered trial protocols, particularly for older
studies, such that some additional components may have been missed. We chose to use Cochrane reviews
where available, due to their robust methodological approach including pre-registration of a detailed
protocol, but it is possible that use of other systematic reviews might have identified a different group of
clinical trials. We evaluated the interventions delivered in pulmonary rehabilitation against an accepted
approach to treatable traits [6], but results may have differed if an alternative set of traits had been used.
We chose to combine data across the subgroups of COPD, asthma and bronchiectasis, which is consistent
with both the “label-free” treatable traits approach [6] and the individual tailoring of interventions in
pulmonary rehabilitation [5], but it is possible that there may be differences in response across diagnostic
groups. Most of the studies involved patients with COPD rather than other airways diseases, which may
have influenced both the range of treatable traits that were addressed and the results of the meta-analysis.
We restricted meta-analysis for the outcomes of 6MWD and St George’s respiratory questionnaire total
score, as insufficient data were available for other outcomes across diagnostic groups. Results may have
differed if it had been possible to examine other outcomes, such as cardiopulmonary exercise test
outcomes, which may be more commonly reported in asthma trials. Finally, we evaluated clinical trials of
pulmonary rehabilitation, as this is the evidence base that underpins delivery of pulmonary rehabilitation,
but this may not reflect the way that treatable traits are addressed in clinical practice.

In conclusion, this study has shown that the treatable trait of deconditioning is almost universally
addressed in clinical trials of pulmonary rehabilitation, through provision of exercise training. However,
other treatable traits were inconsistently addressed in clinical trials. The treatable traits approach has
potential to optimise pulmonary rehabilitation outcomes, particularly for those who do not currently have a
good response to this treatment. However, additional research will be required to understand the most
relevant traits to be addressed in the pulmonary rehabilitation context, the optimal outcomes that should be
assessed and the longer-term impact of this approach for patients and healthcare systems.
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