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Exercise training as treatment has become well established in many cardiorespirato-
ry conditions. This is also increasingly the case in pulmonary arterial hypertension, 
where several studies have demonstrated improvements in symptoms, exercise ca-
pacity and quality of life. There remains, however, much potential for development. 
Current research is focused on clarifying the mechanism of benefit in pulmonary 
hypertension and exploring strategies for both optimizing the treatment effect and 
widening access to this intervention.

HISTORICAL BACKGROUND
Compared with practice in other 
cardiorespiratory conditions such as 
chronic obstructive pulmonary disease 
(COPD) or left heart failure,1,2 pulmo-
nary hypertension (PH) specialists have 
arrived relatively recently to the reali-
zation of the benefits of rehabilitation 
for their patients. For many years advice 
given was to the contrary—that patients 
with pulmonary arterial hypertension 
(PAH) should avoid exercise.3 There are 
plausible physiological reasons for this 
cautious position. Increased flow and 
pressure within the pulmonary arteries 
might accelerate the disease. The right 
ventricle is already overworked, dilated 
and often failing. Patients with PAH can 
experience exertional presyncope or syn-
cope and even sudden death. Increased 
exertion would surely only aggravate 
these problems. However, these views 
were unsubstantiated and have now 
largely been superseded by evidence to 
the contrary.

The benefits of regular exercise 
training are seen in several domains 
of human wellbeing and have been 
demonstrated in many chronic condi-
tions. Not only is there improvement 
in cardiorespiratory and peripheral 
muscle function but there are beneficial 
effects on metabolism, weight manage-
ment, bone density, mental health, and 

cognitive function.4 Greater peak oxygen 
consumption, the “gold standard” mea-
surement of aerobic exercise capacity, 
has been repeatedly linked to improved 
survival in both health and disease.5

The first randomized controlled trial 
to show the benefits of exercise training 
in PAH was performed in Heidelberg 
and published in 2006.6 With only 30 
patients divided between the control and 
treatment arms, this study showed an 
improvement in functional class, exercise 
capacity, and quality of life. Over 19 
studies investigating rehabilitation in 
PH have now been published, usually 
but not always with similar results.7 This 
body of work has provided much data 
on the efficacy and safety of exercise 
training in PAH and led to a Class IIa 
recommendation for this as a useful in-
tervention in the 2015 European Society 
of Cardiology–European Respiratory 
Society guidelines.8

RATIONALE FOR 
REHABILITATION IN PAH
There is a logical argument for the 
utility of exercise training in PAH. Using 
disease-targeted therapy, we can improve 
pulmonary artery hemodynamics and 
right heart function.9 Exercise training is 
then needed to reverse the concomitant 
deconditioning and maximize the benefit 
to be derived from the pharmacotherapy.

Although it is debatable whether 
exercise training will improve the right 
ventricle, it can have a definite, benefi-
cial effect on other muscle function. It 
increases the strength and efficiency of 
skeletal muscles in PAH.10 It also im-
proves left ventricular function in both 
health11 and disease, even when the pri-
mary problem affects the left ventricle.12 
It can also increase respiratory muscle 
function13 and may enhance breathing 
control.14 From a wider perspective, 
there can be improvement in perception 
of symptoms during exercise. Exercise 
training delivered by a rehabilitation 
program therefore optimizes the effi-
ciency of training, educates the patients 
on safe limits, and improves their con-
fidence that exercise is safe, all of which 
can be significant barriers to exercise. 
Lastly there are benefits from outside 
the cardiovascular system such as weight 
control, improved mental health, and 
metabolic effects.4

OUTCOMES FOR 
REHABILITATION IN PAH
The benefit of rehabilitation in PH 
has been tested predominantly in 
mixed populations of PAH and chronic 
thromboembolic PH patients, in settings 
varying from residential to home-based 
and using a range of outcome measures 
summarized in Table 1.

Exercise Capacity
There is strong evidence from a Co-
chrane meta-analysis of randomized 
controlled trials and from many other 
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Table 1. Outcome Measures Used in Pulmonary Hypertension Rehabilitation Studies

Type Study
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Inpatient

Mereles et al (2006)6 7/10

Grünig et al (2011)15 7/8

Grünig et al (2012)16 5/8

Grünig et al (2012)17 2/8

Nagel et al (2012)18 2/8

Becker-Grünig et al (2013)19 1/8

Ley et al (2013)20

Ehlken et al (2014)21b 7/8

Kabitz et al (2014)13

Ehlken et al (2016)22 1/8

Fukui et al (2016)23 1/8 PHQ-9

Outpatient

de Man et al (2009)10

Martinez-Quintana et al 
(2010)24

SF-12: 
0/2

Mainguy et al (2010)25

Fox et al (2011)26

Chan et al (2013)27 6/8 5/6

Weinstein et al (2013)28 FAS, HAP

Raskin et al (2014)29 1/3

1/3

Zöller et al (2017)30 0/2

Gerhardt et al 2017 31 2/2

Talwar et al (2017)32

Bussotti et al (2017)33 HADS, EQ-5

González-Saiz et al (2017)34 2/8

Home
Inagaki et al (2014)35 SGRQ 1/3

Ihle et al (2014)36 0/8 1/3

Legend

Statistically significant improvement

No significant improvement

Statistically significant deterioration

Adapted from Table 7 from Grunig E, Eichstaedt C, Barberà J-A, et al ERS statement on exercise training and rehabilitation in patients with 
severe chronic pulmonary hypertension. Eur Respir J. 2019;53(2):1800332. Reproduced with permission of the © ERS 2019.

SF-36 indicates short-form health survey 36; CAMPHOR, Cambridge Pulmonary Hypertension Outcome Review; 6MWD, 6-minute walking 
distance; peak VO2, peak oxygen consumption; WHO, World Health Organisation; NT-proBNP, N-terminal pro B-type natriuretic peptide; PHQ-
9, patient health questionnaire 9; FAS, fatigue severity scale; HAP, human activity profile; HADS, hospital anxiety and depression scale; EQ-5, 
EuroQoL-5 dimensions; SGRQ, St George’s respiratory questionnaire.
aThe number of subscales with significant improvement/number of tested subscales is given. For detailed results of specific subscales of quality 
of life assessments please see Table 2.
bThis study refers to the same patients as Grünig et al (2011).15
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less rigorous studies7,37–39 that reha-
bilitation leads to improved exercise 
capacity in PAH. The most consistent 
outcome measure used as the measure 
of exercise capacity is the 6-minute 
walk test (6MWT). The estimate of 
the size of the treatment effect was an 
improvement in 6MWT distance of 60 
m.37 This is a strikingly positive result 
compared both with the minimum 
clinically important difference of 33 m40 
and the typical size of treatment effect 
seen in pharmacological studies of 30 to 
40 m.41 On incremental cardiopulmo-
nary exercise testing, an increase in peak 
oxygen consumption of 2.41 mL/kg/min 
was seen.37 Such an improvement, which 
represents a 10% to 20% change in this 
patient group, is impressive as incremen-
tal cardiopulmonary exercise testing is 
generally considered to be an insensitive 
test for an intervention.42 Even in a 
study where no increase of 6MWT dis-
tance or peak oxygen consumption were 
seen, such as de Man 2009,10 a more 
sensitive instrument (endurance exercise 
testing) was still able to show a benefit 
for the intervention.

Quality of Life
Quality of life (QoL) has principally 
been measured in the rehabilitation 
studies using a generic tool (the Short 
Form 36).7,37 The analysis reported in 
the Cochrane review showed an im-
provement in several domains, namely 
physical role, vitality, and social func-
tion. Physical and mental composite 
scores were also improved. It would 
be expected that disease-specific QoL 
questionnaires would be more sensitive 
to change. Despite data being available 
on very few subjects in the studies in-
cluded in the Cochrane review (n = 18), a 
significantly improved score was seen in 
the QoL domain of the Cambridge Pul-
monary Hypertension Outcome Review 
instrument.

Functional Class
Evidence of improvement in function-
al class is largely available from the 
earliest randomized controlled trial.6 
Here, of 15 subjects in the intervention 
group, 6 improved from functional class 
III to II and one from functional class 
IV to III.

Peripheral Muscle Function
Patients with PAH are known to have 
abnormalities of their peripheral muscles 
including reduced strength, muscle 
atrophy, impaired contractility, reduced 
oxidative capacity, and fewer muscle 
capillaries.43–45 Rehabilitation has been 
shown to ameliorate these problems. De 
Man et al10 demonstrated that exercise 
training could increase muscle capil-
larization, oxidative enzyme activity, 
quadriceps strength, and quadriceps 
endurance. Mainguy et al44 added to this 
by showing that training caused a reduc-
tion in type IIx fiber proportion in the 
muscles and hence a switch to improved 
aerobic muscle function.

N-Terminal Pro B-Type Natriuretic 
Peptide
The N-terminal pro B-type natriuret-
ic peptide (NT-proBNP) assay is a 
straightforward and widely available 
assay for detecting impaired cardiac 
function and hence has been extensively 
measured in rehabilitation studies in 
PAH.7 Reassuringly, exercise training 
does not appear to lead to an increase in 
NT-proBNP. On the other hand, unlike 
other outcome measures such as 6MWT 
distance and QoL, there does not appear 
to be an improvement (ie, a reduction) 
in this biomarker with exercise training. 
This is at odds with what is seen in 
several recent pharmacotherapy studies 
where a reduction in NT-proBNP can be 
seen in the active intervention arm.46,47

Hemodynamics
In a randomized controlled trial (n = 79), 
Ehlken et al in 201648 performed right 
heart catheterization at rest and exercise 
pre- and postexercise training in a subset 
of patients in the trial. At rest (n = 59) 
they found in the treatment group a fall 
in mean pulmonary artery pressure of 4 
mm Hg and increase in cardiac index of 
0.2 L/min/m2. There was greater change 
in these values in the adverse direction 
in the control arm (5 mm Hg and 0.3 L/
min/m2, respectively). The pressures on 
exercise were unchanged but this repre-
sented an improvement as it was in the 
context of a larger cardiac index in the 
treatment group (n = 49) where there was 
an increase of 1.0 L/min/m2. In support 
of these findings, there is evidence of 

reduced pressures seen on transthoracic 
echocardiogram.38

This apparent improvement in func-
tion by lowering of cardiac work is in 
direct contrast with the failure to show 
a fall in NT-proBNP following exercise 
training and remains to be explained. 
It is also unclear why exercise training 
should improve resting hemodynamics. 
Such an unsuspected result requires con-
firmation. A further small, uncontrolled 
study published only in abstract form so 
far performed multiple cardiac output 
measurements during exercise right heart 
catheterization. They found no change in 
resting pulmonary artery hemodynamics 
but did see the same pattern of response 
as Ehlken et al during exercise.

Survival
There are no reliable data on the impact 
of exercise training on survival. It is 
unlikely that this will ever be a useful 
outcome measure for this intervention 
because of the size of the study required 
and the difficulty in controlling for the 
active intervention which is freely avail-
able throughout the patient’s lifetime. 
Some of the other outcome measures 
that have been used are surrogate mark-
ers of survival including, for example, 
6MWT distance, functional class, 
cardiac index, and NT-proBNP.8 Whilst 
there is a clear improvement in 6MWT 
distance, this is counterbalanced by the 
lack of fall in NT-proBNP.7 The data 
on functional class and cardiac index are 
currently limited. It may be possible in 
the future to use one of the emerging 
risk scores9 linked to survival to provide 
further information here.

An early animal study did provide 
some potential concerns regarding 
survival.49 A monocrotaline rat model 
was used to generate 2 subsets of PH, 
one stable, one progressive and in right 
ventricular failure. The latter group ap-
peared to show accelerated deterioration 
when exposed to exercise training.

In summary, exercise training im-
proves symptoms, quality of life, and 
functional capacity but cannot at this 
point be claimed to improve survival.

Adverse Effects
The issue of safety in PAH rehabilita-
tion has recently been reviewed in detail 
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by a European Respiratory Society task 
force.7 The amalgamated study data 
suggest exercise-related safety issues in 
4.6% of study participants. However, 
half of these (2.4%) were due to desat-
uration, which is a predictable conse-
quence of the disease pathophysiology 
rather than an adverse effect of exercise 
training. Of more concern, dizziness, 
hypotension, or syncope were described 
in 1.9% of cases and required a change 
in exercise prescription. Unsustained 
supraventricular dysrhythmias were seen 
in 0.4% of participants.

Adverse events not related to exercise 
were seen in 4.9% of participants, the 
largest contributor coming from respi-
ratory infection in the group trained 
in an inpatient setting and leading in 
some cases to a short interruption to the 
training program. This finding could 
simply reflect the background incidence 
of this common ailment in a more 
closely scrutinized patient group. How-
ever, it is also recognized that exercise 
can sometimes lead to a suppression of 
immune function.50

Cost Effectiveness
Given that exercise training and PAH 
therapy can produce similar outcomes in 
randomized controlled trials, it could be 
postulated that exercise training could 
replace PAH therapy in some cases and 
reduce the cost of treatment. However, 
this would probably be unacceptable on 
several fronts. Firstly, there is no direct 
comparison of exercise training and 
PAH treatment and unlikely ever to be 
one for cost and ethical reasons. Second-
ly, the safety of exercise training without 
concomitant PAH therapy has not been 
tested. As discussed earlier, there re-
mains some doubt as to whether exercise 
training will improve survival in PAH, 
unlike the case for PAH therapy, where 
a survival benefit is largely accepted.51 
Consequently, any cost saving attribut-
able to exercise training in PAH patients 
will be due to reduced escalation of 
PAH therapy rather than replacement.

One study21 (n = 106) has performed 
an economic evaluation of exercise train-
ing in PH. As control, this study used an 
age- and gender-matched patient group 
not proceeding to rehabilitation. This 
suggested benefit in the active interven-

tion arm, where there was longer time 
to clinical worsening, higher quality-ad-
justed life years, and lower medication 
costs. However, this was not a random-
ized controlled trial and the possibility 
of bias cannot be excluded. In addition, 
medication for PAH is increasingly 
available in more economical, generic 
formulations and any cost effectiveness 
benefit relying on medication cost may 
disappear.

Predictors of Response
In the large case series described by 
Grünig et al,17 it was possible to identify 
patterns of poorer response. These were 
largely non-PAH characteristics includ-
ing recurrent respiratory tract infections, 
musculoskeletal problems, and issues 
with mental health. The other major 
cause of poor treatment response was 
in those entering the study with a high 
6MWT distance (> 550 m). Whilst this 
may reflect the reduced sensitivity of 
this outcome measure at higher walk 
distances (ceiling effect),52 it may also 
indicate an absence of deconditioning in 
this patient subset, which is likely to be 
necessary for a positive treatment effect.

A surprising outcome from this case 
series was that functional class IV pa-
tients fared as well as those in functional 
class II or III. This may be explained by 
the subjective nature of the functional 
class descriptor. The baseline 6MWT 
distance in the functional class IV sub-
group was 239 ± 95 m. In other settings 
these patients would probably have been 
assessed as in functional class III.

In short, it is likely that there are 3 
prerequisites for a response to exercise 
training:

• stable condition,
• presence of deconditioning, and
• ability to perform exercise.

HOW TO DESIGN A 
REHABILITATION PROGRAM 
FOR PATIENTS WITH PAH
Whilst the concept that rehabilitation 
works in PAH is generally accepted, 
little of the research data so far have 
focused on the optimal model of deliv-
ery. Features of design of that must be 
considered in setting up a service are 
shown in Figure 1.

Most of the data available to guide 
on the establishment of a service come 
from the Heidelberg model.7 The 
program that they have implemented 
consists of a 3-week inpatient stay in a 
rehabilitation hospital followed by 12 
weeks of remotely supervised exercise 
at home. The remaining approaches 
have largely been outpatient based, both 
specialized for and restricted to PH 
patients or enrolled into a generic reha-
bilitation service. These would typically 
run over a few months with several short 
visits to the service each week. There is 
a small amount of data from patients 
rehabilitated in a home setting. There 
is a suggestion from the data in the 
Cochrane review37 and elsewhere10 that 
outpatient services may be less success-
ful. When the Cochrane review analyzed 
trials by setting, the Heidelberg-based 
studies achieved a 6MWT distance of 
73 m compared with 34 m in the outpa-
tient studies. There is also an unproven 
concern that outpatient services, espe-
cially those run by generic services, may 
be less safe. Such statements are largely 
speculative as there is no head-to-head 
comparison. On the other hand, outpa-
tient services are undoubtedly cheaper. 
One problem with outpatient rehabilita-
tion services specific to PH patients that 
may prove insuperable is the fact that 
PAH is a rare condition. Hence, achiev-
ing a sufficiently large local cohort of 
patients to make PH-specific outpatient 
rehabilitation a viable practical option 
requires a high population density. This 
will not be true for most patients with 
PAH who are geographically dispersed. 
Table 2 contrasts the relative merits of 
different settings for a PH rehab service.

One striking pattern seen in the Hei-
delberg model is that all of the benefit 
is generally achieved by the end of the 
3-week stay.6,17 This raises the possibility 
of designing a short, intensive, 3-week 
model that uses a hybrid residen-
tial-home format to try to achieve the 
same results with shorter inpatient stays.

The modalities of exercise training 
have been generally consistent although 
different in detail. Aerobic training has 
been delivered by walking (outdoors or 
treadmill) or cycle ergometry.7 Some 
features used may enhance the effective-
ness of the training. In the Heidelberg 
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model, exercise training workloads start 
low and are continually reassessed and 
increased during the program. This 
gives patients an impression of prog-
ress and reinforces compliance. Several 
of the rehabilitation programs used 
interval training rather than continu-
ous training models, an approach that 
tends to optimize the efficiency of the 
training process.53 Attention was paid to 
the maintenance of minimum oxy-
gen saturations and the use of oxygen 
supplementation where required.7 This 
is an approach recognized to increase 
exercise capacity and thereby improve 
the intensity of training and hence the 
training effect.54

Low-level resistance training was 
also widely used7. However, the use 
of relaxation therapy and respiratory 
muscle training were less widespread.7 
Respiratory muscle weakness is an 
unexpected feature of PAH which has 
been convincingly demonstrated.55 A 
small uncontrolled study of 7 patients13 
received inspiratory muscle training as a 

part of their exercise training program. 
Inspiratory muscle strength increased 
when tested in a nonvolitional manner. 
Inspiratory muscle training has also 
been used as the sole intervention in 2 
studies.56,57 Respiratory muscle strength 
assessed by mouth pressure was in-
creased but improvements were also seen 
in exercise capacity and quality of life. 
A similar effect in a larger patient group 
has been demonstrated in patients with 
left heart disease.58,59

Monitoring of exercise training is 
described in most studies and typically 

employed a combination of Borg score, 
heart rate, and oxygen saturation. These 
are useful both for monitoring safety 
and assessing intensity of training. The 
precise limits used in the studies are 
summarised in the recent European 
Res pi ratory Society task force state-
ment.7 Lastly, rehabilitation services 
generally utilize the skills of a wide 
range of specialists. In the PH rehabil-
itation studies, there has been involve-
ment of PH physicians, physiothera-
pists, physiatrists, psychologists, fitness 
instructors, dietitians, and pharmacists.7

Figure 1: Design features to be considered in setting up a pulmonary hypertension rehabilitation service.

Table 2. Relative Merits of Different Settings for a Pulmonary Hypertension (PH) 
Rehabilitation Service

Inpatient then 
home

Outpatient: PH 
specific

Outpatient: 
generic Home

Efficacy +++ ++ + +

Cost High Moderate Moderate Low

Safety and 
monitoring

++++ +++ ++ +

Accessibility + − ++ +++
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THE FUTURE OF 
REHABILITATION IN PAH
Attitudes to activity and exercise for 
PAH patients have been completely 
reversed over the last 15 years. PH phy-
sicians are convinced that physical reha-
bilitation helps their patients. The focus 
now is on the optimal model for delivery 
of the intervention, which inevitably is a 
compromise between efficacy, cost, and 
accessibility.

The most effective approach may well 
vary country to country or even between 
PH clinics and there are a number of 
variables yet to be fully explored. Exam-
ples include the setting of the program. 
Would short-burst inpatient training 
with several stays of 1 to 2 days spread 
over 3 weeks be as effective as a 3-week 
continuous inpatient stay? Alterna-
tively, would local, generic outpatient 
rehabilitation delivered alongside other 
cardiopulmonary patients be as effective 
as PH-specific programs? The advantage 
of both these approaches would be an 
improvement in cost and accessibility. 
Another variable is the form of exer-
cise training and standardization of the 
exercise prescription together with use of 
adjuncts such as oxygen supplementation. 
Should respiratory muscle training be 
universally adopted bearing in mind that 
its role in rehabilitation in COPD has 
been much more intensively investigated 
and is currently out of favour?60 Are there 
mechanisms of improving peripheral 
muscle training without overstressing the 
cardiopulmonary system such as the con-
cept of single-leg exercise that has been 
used in COPD and heart failure?61

Some questions have yet to receive 
any attention, such as the timing of the 
rehabilitation in the disease process—at 
diagnosis or after pharmacotherapy has 
been optimized? Also what is the poten-
tial role for widely available motivational 
aids such as internet-based videos and 
“fitness watches,” which represent an as 
yet untapped resource?

In consequence, there is a clear role 
for rehabilitation in PAH and this area 
of therapy is currently in an early phase 
of development for our patients. We 
should expect many changes in this area 
in the coming years.

References
1. Bolton CE, Bevan-Smith EF, Blakey JD, 

et al. British Thoracic Society guideline on 
pulmonary rehabilitation in adults. Thorax. 
2013;68(suppl 2):ii1-30.

2. Dalal HM, Doherty P, Taylor RS. Cardiac 
rehabilitation. BMJ. 2015;351:h5000.

3. Gaine SP, Rubin LJ. Primary pulmonary hy-
pertension. Lancet. 1998;352(9129):719-725.

4. Garber CE, Blissmer B, Deschenes MR, et 
al. American College of Sports Medicine po-
sition stand. Quantity and quality of exercise 
for developing and maintaining cardiores-
piratory, musculoskeletal, and neuromotor 
fitness in apparently healthy adults: guidance 
for prescribing exercise. Med Sci Sports Exerc. 
2011;43(7):1334-1359.

5. Myers J, Prakash M, Froelicher V, Do D, 
Partington S, Atwood JE. Exercise capacity 
and mortality among men referred for exercise 
testing. N Engl J Med. 2002;346(11):793-801.

6. Mereles D, Ehlken N, Kreuscher S, et al. 
Exercise and respiratory training improve 
exercise capacity and quality of life in patients 
with severe chronic pulmonary hypertension. 
Circulation. 2006;114(14):1482-1489.

7. Grünig E, Eichstaedt C, Barberà JA, et al. 
ERS statement on exercise training and 
rehabilitation in patients with severe chronic 
pulmonary hypertension. Eur Respir J. 
2019;53(2). DOI: 10.1183/13993003.00332-
2018

8. Galiè N, Humbert M, Vachiery JL, et al. 
2015 ESC/ERS guidelines for the diagnosis 
and treatment of pulmonary hypertension: 
the Joint Task Force for the Diagnosis and 
Treatment of Pulmonary Hypertension of 
the European Society of Cardiology (ESC) 
and the European Respiratory Society (ERS): 
endorsed by: Association for European Pae-
diatric and Congenital Cardiology (AEPC), 
International Society for Heart and Lung 
Transplantation (ISHLT). Eur Heart J. 
2016;37(1):67-119.

9. Galiè N, Channick RN, Frantz RP, et al. 
Risk stratification and medical therapy of 
pulmonary arterial hypertension. Eur Respir J. 
2019;53(1). DOI: 10.1183/13993003.01889-
2018

10. de Man FS, Handoko ML, Groepenhoff H, et 
al. Effects of exercise training in patients with 
idiopathic pulmonary arterial hypertension. 
Eur Respir J. 2009;34(3):669-675.

11. Bhella PS, Hastings JL, Fujimoto N, et al. 
Impact of lifelong exercise “dose” on left 
ventricular compliance and distensibility. J Am 
Coll Cardiol. 2014;64(12):1257-1266.

12. Hambrecht R, Gielen S, Linke A, et al. 
Effects of exercise training on left ventricular 
function and peripheral resistance in patients 
with chronic heart failure: a randomized trial. 
JAMA. 2000;283(23):3095-3101.

13. Kabitz HJ, Bremer HC, Schwoerer A, et al. 
The combination of exercise and respira-
tory training improves respiratory muscle 
function in pulmonary hypertension. Lung. 
2014;192(2):321-328.

14. MacKenzie A, Irvine V, McCaughey P, et al. 
Efficacy and feasibility of pulmonary hyper-
tension specific exercise rehabilitation in a UK 
setting. Thorax. 2018;73:A74-A75.

15. Grünig E, Ehlken N, Ghofrani A, et al. 
Effect of exercise and respiratory training on 
clinical progression and survival in patients 
with severe chronic pulmonary hypertension. 
Respiration. 2011;81(5):394-401.

16. Grünig E, Maier F, Ehlken N, et al. Exercise 
training in pulmonary arterial hypertension 
associated with connective tissue diseases. 
Arthritis Res Ther. 2012;14(3):R148.

17. Grünig E, Lichtblau M, Ehlken N, et al. Safe-
ty and efficacy of exercise training in various 
forms of pulmonary hypertension. Eur Respir 
J. 2012;40(1):84-92.

18. Nagel C, Prange F, Guth S, et al. Exercise 
training improves exercise capacity and quality 
of life in patients with inoperable or residual 
chronic thromboembolic pulmonary hyperten-
sion. PLoS One. 2012;7(7):e41603.

19. Becker-Grünig T, Klose H, Ehlken N, et al. 
Efficacy of exercise training in pulmonary ar-
terial hypertension associated with congenital 
heart disease. Int J Cardiol. 2013;168(1):375-
381.

20. Ley S, Fink C, Risse F, et al. Magnetic reso-
nance imaging to assess the effect of exercise 
training on pulmonary perfusion and blood 
flow in patients with pulmonary hypertension. 
Eur Radiol. 2013;23(2):324-331.

21. Ehlken N, Verduyn C, Tiede H, et al. 
Economic evaluation of exercise training in 
patients with pulmonary hypertension. Lung. 
2014;192(3):359-366.

22. Ehlken N, Lichtblau M, Klose H, et al. Exer-
cise training improves peak oxygen consump-
tion and haemodynamics in patients with 
severe pulmonary arterial hypertension and 
inoperable chronic thrombo-embolic pulmo-
nary hypertension: a prospective, randomized, 
controlled trial. Eur Heart J. 2016;37(1):35-44.

23. Fukui S, Ogo T, Takaki H, et al. Effica-
cy of cardiac rehabilitation after balloon 
pulmonary angioplasty for chronic throm-
boembolic pulmonary hypertension. Heart. 
2016;102(17):1403-1409.

24. Martínez-Quintana E, Miranda-Calderín G, 
Ugarte-Lopetegui A, Rodríguez-González F. 
Rehabilitation program in adult congenital 
heart disease patients with pulmonary hyper-
tension. Congenit Heart Dis. 2010;5(1):44-50.

25. Mainguy V, Maltais F, Saey D, et al. Effects 
of a rehabilitation program on skeletal muscle 
function in idiopathic pulmonary arterial 
hypertension. J Cardiopulm Rehabil Prev. 
2010;30(5):319-323.

26. Fox BD, Kassirer M, Weiss I, et al. Ambulato-
ry rehabilitation improves exercise capacity in 
patients with pulmonary hypertension. J Card 
Fail. 2011;17(3):196-200.

27. Chan L, Chin LM, Kennedy M, et al. Benefits 
of intensive treadmill exercise training on 
cardiorespiratory function and quality of life in 
patients with pulmonary hypertension. Chest. 
2013;143(2):333-343.

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-06-24 via free access



adph-18-02-05  Page 62  PDF Created: 2019-7-23: 3:31:PM

62 Advances in Pulmonary Hypertension Volume 18, Number 2; 2019 

28. Weinstein AA, Chin LM, Keyser RE, et 
al. Effect of aerobic exercise training on 
fatigue and physical activity in patients with 
pulmonary arterial hypertension. Respir Med. 
2013;107(5):778-784.

29. Raskin J, Qua D, Marks T, Sulica R. A ret-
rospective study on the effects of pulmonary 
rehabilitation in patients with pulmonary hy-
pertension. Chron Respir Dis. 2014;11(3):153-
162.

30. Zöller D, Siaplaouras J, Apitz A, et al. Home 
exercise training in children and adolescents 
with pulmonary arterial hypertension: a pilot 
study. Pediatr Cardiol. 2017;38(1):191-198.

31. Gerhardt F, Dumitrescu D, Gartner C, et al. 
Oscillatory whole-body vibration improves 
exercise capacity and physical performance in 
pulmonary arterial hypertension: a randomised 
clinical study. Heart. 2017;103(8):592-598.

32. Talwar A, Sahni S, Verma S, Khan SZ, Dhar 
S, Kohn N. Exercise tolerance improves 
after pulmonary rehabilitation in pulmo-
nary hypertension patients. J Exerc Rehabil. 
2017;13(2):214-217.

33. Bussotti M, Gremigni P, Pedretti RFE, et al. 
Effects of an outpatient service rehabilitation 
programme in patients affected by pulmonary 
arterial hypertension: an observational study. 
Cardiovasc Hematol Disord Drug Targets. 
2017;17(1):3-10.

34. González-Saiz L, Fiuza-Luces C, San-
chis-Gomar F, et al. Benefits of skeletal-mus-
cle exercise training in pulmonary arterial 
hypertension: The WHOLEi + 12 trial. Int J 
Cardiol. 2017;231:277-283.

35. Inagaki T, Terada J, Tanabe N, et al. Home-
based pulmonary rehabilitation in patients 
with inoperable or residual chronic thrombo-
embolic pulmonary hypertension: a prelim-
inary study. Respir Investig. 2014;52(6):357-
364.

36. Ihle F, Weise S, Waelde A, et al. An integrated 
outpatient training program for patients with 
pulmonary hypertension—the Munich Pilot 
Project. Int J Phys Med Rehab. 2014;2:1-6.

37. Morris NR, Kermeen FD, Holland AE. 
Exercise-based rehabilitation programmes for 
pulmonary hypertension. Cochrane Database 
Syst Rev. 2017;1:CD011285.

38. Pandey A, Garg S, Khunger M, Kumbhani 
DJ, Chin KM, Berry JD. Efficacy and safety of 
exercise training in chronic pulmonary hyper-
tension: systematic review and meta-analysis. 
Circ Heart Fail. 2015;8(6):1032-1043.

39. Babu AS, Padmakumar R, Maiya AG, 
Mohapatra AK, Kamath RL. Effects of 
exercise training on exercise capacity in 
pulmonary arterial hypertension: a system-
atic review of clinical trials. Heart Lung Circ. 
2016;25(4):333-341.

40. Mathai SC, Puhan MA, Lam D, Wise RA. 
The minimal important difference in the 
6-minute walk test for patients with pulmo-
nary arterial hypertension. Am J Respir Crit 
Care Med. 2012;186(5):428-433.

41. Ryerson CJ, Nayar S, Swiston JR, Sin DD. 
Pharmacotherapy in pulmonary arterial hyper-
tension: a systematic review and meta-analysis. 
Respir Res. 2010;11:12.

42. Puente-Maestu L, Palange P, Casaburi R, et 
al. Use of exercise testing in the evaluation of 
interventional efficacy: an official ERS state-
ment. Eur Respir J. 2016;47(2):429-460.

43. Bauer R, Dehnert C, Schoene P, et al. Skeletal 
muscle dysfunction in patients with idiopathic 
pulmonary arterial hypertension. Respir Med. 
2007;101(11):2366-2369.

44. Mainguy V, Maltais F, Saey D, et al. Peripheral 
muscle dysfunction in idiopathic pulmonary 
arterial hypertension. Thorax. 2010;65(2):113-
117.

45. Batt J, Ahmed SS, Correa J, Bain A, Granton 
J. Skeletal muscle dysfunction in idiopathic 
pulmonary arterial hypertension. Am J Respir 
Cell Mol Biol. 2014;50(1):74-86.

46. Galiè N, Barberà JA, Frost AE, et al. Initial 
use of ambrisentan plus tadalafil in pulmo-
nary arterial hypertension. N Engl J Med. 
2015;373(9):834-844.

47. Sitbon O, Channick R, Chin KM, et al. 
Selexipag for the treatment of pulmo-
nary arterial hypertension. N Engl J Med. 
2015;373(26):2522-2533.

48. Ehlken N, Lichtblau M, Klose H, et al. Exer-
cise training improves peak oxygen consump-
tion and haemodynamics in patients with 
severe pulmonary arterial hypertension and 
inoperable chronic thrombo-embolic pulmo-
nary hypertension: a prospective, randomized, 
controlled trial. Eur Heart J. 2016;37(1):35-44.

49. Handoko ML, de Man FS, Happé CM, et al. 
Opposite effects of training in rats with stable 
and progressive pulmonary hypertension. 
Circulation. 2009;120(1):42-49.

50. Walsh NP, Gleeson M, Shephard RJ, et al. 
Position statement. Part one: immune function 
and exercise. Exerc Immunol Rev. 2011;17:6-
63.

51. Galiè N, Manes A, Negro L, Palazzini M, 
Bacchi-Reggiani ML, Branzi A. A meta- 
analysis of randomized controlled trials in 
pulmonary arterial hypertension. Eur Heart J. 
2009;30(4):394-403.

52. Lipkin DP, Scriven AJ, Crake T, Poole-Wilson 
PA. Six minute walking test for assessing exer-
cise capacity in chronic heart failure. BMJ(Clin 
Res Ed). 1986;292(6521):653-655.

53. Guiraud T, Nigam A, Gremeaux V, Meyer P, 
Juneau M, Bosquet L. High-intensity interval 
training in cardiac rehabilitation. Sports Med. 
2012;42(7):587-605.

54. Ulrich S, Hasler ED, Saxer S, et al. Effect of 
breathing oxygen-enriched air on exercise 
performance in patients with precapillary 
pulmonary hypertension: randomized, 
sham-controlled cross-over trial. Eur Heart J. 
2017;38(15):1159-1168.

55. Panagiotou M, Peacock AJ, Johnson MK. 
Respiratory and limb muscle dysfunction in 
pulmonary arterial hypertension: a role for ex-
ercise training? Pulm Circ. 2015;5(3):424-434.

56. Saglam M, Arikan H, Vardar-Yagli N, et al. 
Inspiratory muscle training in pulmonary ar-
terial hypertension. J Cardiopulm Rehabil Prev. 
2015;35(3):198-206.

57. Laoutaris ID, Dritsas A, Kariofyllis P, Mangi-
nas A. Benefits of inspiratory muscle training 
in patients with pulmonary hypertension: a 
pilot study. Hellenic J Cardiol. 2016;57(4)289-
291.

58. Lin SJ, McElfresh J, Hall B, Bloom R, Farrell 
K. Inspiratory muscle training in patients with 
heart failure: a systematic review. Cardiopulm 
Phys Ther J. 2012;23(3):29-36.

59. Mello PR, Guerra GM, Borile S, et al. In-
spiratory muscle training reduces sympathetic 
nervous activity and improves inspiratory 
muscle weakness and quality of life in patients 
with chronic heart failure: a clinical trial. J 
Cardiopulm Rehabil Prev. 2012;32(5):255-261.

60. Polkey MI, Ambrosino N. Inspiratory muscle 
training in COPD: can data finally beat emo-
tion? Thorax. 2018;73(10):900-901.

61. Nyberg A, Lindström B, Wadell K. Assess-
ing the effect of high-repetitive single limb 
exercises (HRSLE) on exercise capacity 
and quality of life in patients with chronic 
obstructive pulmonary disease (COPD): study 
protocol for randomized controlled trial. 
Trials. 2012;13:114.

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-06-24 via free access


