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 Pulmonary hypertension is characterized by significant remodeling of the pulmo-
nary vasculature, leading to raised pulmonary vascular resistance. Despite advances 
in medical therapy, decreased exercise tolerance remains a predominant symptom 
experienced by patients. Reduced exercise capacity has been shown to have impli-
cations on quality of life and prognosis. There is growing acknowledgment that the 
etiology of exercise tolerance is multifactorial with cardiac, respiratory, and skeletal 
muscle contributors. There has been a shift in management approach with exercise 
training now included as a Class 1 recommendation indication in recent guide-
lines. In this review, we summarize the literature on the pathophysiology of exercise 
intolerance in pulmonary hypertension and then describe the literature assessing the 
safety and efficacy of inspiratory muscle and exercise training in patients with pul-
monary arterial hypertension or chronic thromboembolic pulmonary hypertension.  
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          Pulmonary hypertension (PH) is charac-
terized by significant remodeling of the 
pulmonary vasculature, leading to raised 
pulmonary vascular resistance and even-
tually right heart failure. 1  It is defined 
hemodynamically as a mean pulmonary 
arterial pressure of ≥20 mmHg when 
measured invasively on right heart 
catheterization. 1  Despite numerous 

advances in medical therapy in treating 
group 1 pulmonary arterial hypertension 
(PAH) and chronic thromboembolic PH 
(CTEPH; group 4), decreased exercise 
tolerance remains a predominant symp-
tom experienced by patients. 2   -﻿ 4  Reduced 
exercise capacity has been shown to have 
implications on quality of life (QoL), 
prognosis, and mortality 2 .

 Although traditionally the main drivers 
of reduced exercise tolerance in this 
population were thought to be cardiopul-
monary factors such as increased afterload 
and ventriculoarterial uncoupling, there is 
growing acknowledgment that this is actu-
ally multifactorial with cardiac, respiratory, 
and skeletal muscle contributors. 2﻿,﻿ 5﻿,﻿ 6  Respi-
ratory muscle dysfunction and weakness 
are 2 such factors that have been shown to 
correlate with exercise intolerance. 2﻿,﻿ 6﻿,﻿ 7﻿

  Exercise training was previously 
discouraged in patients with PH due to 
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concerns about safety and potential wors-
ening of cardiac function. 8  However, with 
increased understanding of the multifac-
torial nature of exercise intolerance, there 
has been a shift in management approach 
reflected by a Class 1 indication in inter-
national guidelines that emphasize the 
importance of supervised exercise train-
ing in PH cohorts in addition to optimal 
medical therapy. 1﻿,﻿ 9  It has been proposed 
that inspiratory muscle training (IMT) 
may ameliorate respiratory muscle weak-
ness, while exercise training may improve 
skeletal muscle structure and function in 
PAH patients, thereby improving exercise 
capacity and QoL similar to heart failure 
and chronic obstructive pulmonary dis-
ease cohorts. 10   -﻿ 12﻿

  In this review, we summarize the lit-
erature on exercise intolerance in PAH, 
with a particular focus on respiratory 
muscle weakness and inspiratory muscle 
and exercise training in these patients.  

 PATHOPHYSIOLOGY OF 
EXERCISE INTOLERANCE 
IN PH 
 Cardiac Factors
 Right ventricular (RV) dysfunction is 
a major factor that limits exercise in 
patients with PH. In the early stag-
es of disease, a progressive rise in the 

pulmonary vasculature load leads to 
increased RV afterload. 2  The RV adapts 
by becoming hypertrophied to maintain 
stroke volume at rest. During exercise, 
the RV may not be able to meet in-
creased metabolic demands, leading to a 
subsequent decrease in stroke volume 13  
( Figure 1 ). 

 As the disease progresses, RV mal-
adaptation occurs in response to the 
chronic, pressure-overloaded state. 14  
This results in RV dilatation, eccentric 
hypertrophy, and decreased systolic 
function. Associated cellular changes 
include a decrease in α-myosin heavy 
chain filaments and an increase in 
β-myosin heavy chain filaments. 15﻿,﻿ 16  
Ventriculoarterial uncoupling is the 
physiologic consequence of RV malad-
aptation and occurs when the increase in 
RV contractility is inadequate to meet 
the demands of high afterload. 17   -﻿ 19  In 
PAH patients, RV-PA coupling is often 
preserved at rest, but a deterioration is 
noted during exercise.

 Myocardial ischemia may also con-
tribute; perfusion is dependent on the 
gradient between aortic root pressure 
and intramural pressure. 20  In PAH, an 
increase in systolic RV pressure leads to 
biphasic right coronary flow. This leads 
to decreased systolic function, which is 

most pronounced in exercise. 20  Further-
more, external compression of the left 
main coronary artery by dilated main 
pulmonary arteries has been shown to be 
a cause of angina and decreased exercise 
tolerance in PAH patients. 21﻿

    Pulmonary Factors
 Pulmonary vasculopathy is central to 
the pathophysiology of PH and contrib-
utes to exercise limitation. Endothelial 
dysfunction leads to vascular remodeling 
via vasoconstriction, cellular hyperplasia, 
and sclerosis. 2﻿,﻿ 22   -﻿ 24  During exercise, there 
is an increase in blood flow to the lungs, 
and the pulmonary vasculature must 
distend to accommodate this. These 
mechanisms are impaired in PAH due 
to a decrease in pulmonary vasculature 
distensibility; this causes an increase in 
mean pulmonary arterial pressure and 
RV afterload on exertion (Figure  1 ). 25﻿

  In the absence of concomitant lung 
disease or obesity, most PAH patients 
have preserved gas exchange at rest. 
During exercise, however, arterial desat-
uration can occur from reduced mixed 
venous oxygen content from a widening 
of the systemic arterial-venous oxygen 
difference from a low cardiac output 
state. 2  Hyperventilation and ventilatory 
insufficiency also contribute to dyspnea 

﻿ ﻿
 Figure 1:    Multifactorial etiology of exercise intolerance in pulmonary hypertension. Abbreviations: L, left; LV, left ventricular; R, right; RV, right ventricular.    
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likely secondary to enhanced chemo-
sensitivity and increased physiologic 
dead space from vascular obliteration. 26  
Mechanical ventilatory limitations from 
dynamic hyperinflation and peripheral 
muscle dysfunction also contribute to 
dyspnea and exercise intolerance. 27﻿

  Respiratory muscle dysfunction is now 
increasingly recognized as a key factor 
contributing to exercise limitation in 
PAH patients. Approximately 15% of 
cardiac output is directed to respiratory 
muscles during maximal exercise and 
thus may be affected by reduced blood 
flow in PAH and CTEPH. 28  PAH 
patients have been documented to have 
a >50% reduction in force-generating 
capacity and atrophy of the diaphragm. 29  
This reduction in diaphragmatic 
strength likely contributes to exercise 
limitation and dyspnea. Furthermore, 
an association has been documented 
between peripheral muscle strength and 
maximal inspiratory pressure (MIP), 
suggesting that respiratory muscles may 
influence exercise intolerance. 30﻿,﻿ 31﻿

  Weak respiratory muscle may impair 
the function of the respiratory muscle 
pump, which helps to increase RV stroke 
volume. In the setting of increased pul-
monary vascular resistance, augmenta-
tion of the respiratory muscle pump may 
help enhance pulmonary blood flow. 2﻿

    Skeletal Muscle Factors
 Skeletal muscle abnormalities are now 
recognized as important factors con-
tributing to reduced exercise capacity in 
PH. 5﻿,﻿ 31  Abnormalities include muscle 
atrophy, impaired oxygen extraction, 
reduced angiogenesis, and contractili-
ty. 5﻿,﻿ 31  These findings are similar to those 
observed in systemic myopathy seen in 
heart failure patients. 2﻿,﻿ 5  Unfortunately, 
while physical inactivity is known to 
lead to muscle atrophy and a myocyte 
fiber transition, PH patients often avoid 
physical activity to avoid precipitating 
symptoms, leading to an atrophy spiral 
(Figure  1 ). 2﻿

  Skeletal muscle density correlates with 
exercise capacity and muscle strength. 
Diminished amounts of CD31+  cells,  
which promote revascularization, and 
miR-26, which is proangiogenic, are 
seen in the skeletal muscle of PAH 
patients. 32﻿,﻿ 33  Furthermore, low cardiac 

output leads to a hypoxic state during 
increased metabolic demand, which, 
combined with impaired skeletal oxygen 
extraction, leads to reduced exercise ca-
pacity. In addition, systemic inflamma-
tion, seen in chronic diseases, is known 
to have a catabolic effect on skeletal 
muscle and is seen in PAH. 34﻿

     IMT
 IMT is a feasible and well-tolerated 
physical therapy that aims to induce 
adaptive changes in respiratory muscle 
structures, thereby increasing inspiratory 
muscle strength and in turn reducing ex-
ercise intolerance. 35﻿,﻿ 36  Prior studies have 
objectively documented that MIP and 
maximal expiratory pressure are signifi-
cantly lower in PAH patients, indepen-
dent of ventilation efficiency or reduced 
pulmonary hemodynamics. 6﻿,﻿ 7  Respi-
ratory muscle weakness has also been 
documented in the CTEPH population, 
with reduced diaphragmatic contractility 
noted within slow-contracting muscle 
fibers and reduced calcium sensitivity 
of fast-contracting fibers. 34  It is postu-
lated that IMT may improve exercise 
capacity by increasing the strength, 
fatigue resistance, and endurance of 
diaphragm-based inspiratory muscles, 
thereby allowing patients to maintain 
higher ventilation volumes, increase gas 
exchange, and have a lesser sensation of 
dyspnoea. 15﻿,﻿ 35﻿,﻿ 37﻿

  Broadly speaking, IMT is performed 
using a handheld device that applies 
resistance to inspiration. 38  Patients can 
participate in training at home or in a 
supervised setting. Training protocols 
include cycles of resistive breathing (ei-
ther a certain number of repetitions or a 
certain amount of time) multiple times 
a week over a 6- to 10-week period. 
The feasibility and effectiveness of this 
training has been well established in 
chronic obstructive pulmonary disorder 
and heart failure populations, but the 
utility in PAH and CTEPH populations 
remains less clear. 10   -﻿ 12﻿

  The literature on IMT in the PAH 
and CTEPH populations is limited 
to 6 small, randomized control trials 
(n = 10-31). 15﻿,﻿ 35﻿,﻿ 37﻿,﻿ 39   -﻿ 41  Table  1  summa-
rizes these 6 studies; the interventional 
groups undertook IMT of varying 
resistance 3 to 7 times per week over a 

6- to 10-week period. At baseline, respi-
ratory muscle strength was reduced, with 
pooled data from a recent meta-analysis 
showing a mean MIP of 61 cmH2 O 
in included studies (normal MIP is 
≥80 cmH2 O). 15﻿,﻿ 36﻿,﻿ 37  The MIP increased 
significantly in the intervention group of 
all studies, with pooled results showing a 
mean increase of 19 cmH2 O (P  < .001) 
compared with control groups. 15﻿,﻿ 36﻿,﻿ 37﻿,﻿ 39  
After intervention, the mean MIP 
reached normal thresholds, highlighting 
that IMT can potentially help PAH 
patients reach normal levels of resting 
respiratory muscle function. 36  Several 
studies reported a concomitant improve-
ment in maximal expiratory pressure, 
suggesting that expiratory muscles 
also become retrained through forced 
ventilation. 15  However, this was not a 
consistent finding across studies. 35﻿,﻿ 37﻿

   Prior studies have sought to deter-
mine whether these improvements in 
respiratory muscle strength translate 
into improved functional capacity and 
outcomes. Six-minute walking dis-
tance (6MWD) is generally accepted 
as a surrogate endpoint for long-term 
clinical outcomes in PAH patients. 42  
Another recent meta-analysis report-
ed the pooled data from 4 studies and 
reported a mean increase in 6MWD of 
39 m compared with control groups. 43  
This improvement, while likely clinically 
significant, 44﻿,﻿ 45  does not quite meet the 
reported threshold of 42 m, which has 
been associated with reduced incidence 
of clinical events. 46  Furthermore, me-
ta-analytic studies show that the lower 
limit of the 95% confidence interval is 
less than 33 m, which is generally con-
sidered to be the lower limit of clinical 
significance for 6MWD. 43  These modest 
improvements in 6MWD suggest that 
IMT is an adjunct form of exercise 
training rather than a replacement for 
exercise training. 

 The attenuation of the inspiratory 
muscle metaboreflex through IMT is 
likely to explain functional improve-
ment. 35  During exercise, sympathoex-
citation leads to vasoconstriction and 
decreased vascular conductance. Blood is 
redirected from exercising muscles toward 
respiratory muscles to sustain ventilation 
and is further accentuated when the dia-
phragm fatigues. 28﻿,﻿ 47   -﻿ 49  Increased work of 

D
ow

nloaded from
 http://m

eridian.allenpress.com
/aph/article-pdf/23/1/11/3396850/i1933-0898-23-1-11.pdf by guest on 18 July 2024



14	 Advances in Pulmonary Hypertension	 Volume 23,  Number 1; 2024	

 Table 1.    Summary of Studies Looking at Inspiratory Muscle Training in Pulmonary Hypertension Cohorts 

﻿Reference﻿ ﻿Design﻿ ﻿Participants﻿ ﻿Intervention﻿ ﻿Outcomes﻿a﻿﻿﻿

﻿Intervention﻿ ﻿Control﻿

Saglam et al  
(2015) 15﻿

RCT n = 14  
Female: 78.6%  
Age: 46.8 ± 15.6  
PH group: group 1 = 
14 (100%)  
WHO FC I/II/III/IV = 
0/7/7/0

n = 17  
Female: 82.4%  
Age: 52.2 ± 8.8  
PH group: group 1 = 
17 (100%)  
WHO FC I/II/III/IV = 
0/9/8/0

Intervention: IMT  
Resistance: 30% MIP  
Regimen: 30 min × 7 
times/wk for 6 wks  
Location: home  
Monitoring: wkly MIP 
assessment  
Control: IMT, 10% of 
MIP

Dyspnea: mMRC 
dyspnea score ▲﻿ 
Resp muscle strength: 
MIP ▲, MEP ▲﻿ 
Pulm function: FEV1 ▲, 
FVC ◊, FEV1/FVC ◊  
Functional capacity: 
6MWD ▲﻿ 
QoL: emotional 
reaction ▲, nil else

Laoutaris et al  
(2016) 39﻿

RCT (pilot 
study)

n = 5  
Female: 80%  
Age: 48.6 ± 12.7  
PH group: group 1 = 
5 (100%)  
WHO FC I/II/III/IV = 
NR

n = 5  
Female: 40%  
Age: 60.6 ± 12.4  
PH group: group 1 = 
2 (40%), group 4 = 3 
(60%)  
WHO FC I/II/III/IV = NR

Intervention: IMT  
Resistance: 60% SMIP  
Regimen: 30 min × 3 
times/wk for 10 wks  
Location: hospital  
Monitoring: NR  
Control: none

Resp muscle strength: 
MIP ▲﻿ 
Functional capacity: 
6MWD ▲﻿ 
QoL: IMT group ▲, 
CG ◊

Tran et al  
(2020) 35﻿

RCT (pilot 
study)

n = 6  
Female: 83.3%  
Age: 55 ± 17  
PH group: group 1 = 
5 (83.3%), group 4 = 
1 (16.7%)  
WHO FC I/II/III/IV = 
0/6/0/0

n = 6  
Female: 83.3%  
Age: 66 ± 10  
PH group: group 1 = 5 
(83.3%), group 4 = 1 
(16.7%)  
WHO FC I/II/III/IV = 
0/5/1/0

Intervention: IMT  
Resistance: 30 to 40% 
of SMIP  
Regimen: 30 rep × 5 
times/wk for 8 wks  
Location: home  
Monitoring: wkly MIP 
assessment  
Control: none

Resp muscle strength: 
PImax ▲, PEmax  
Pulm function: ◊  
Functional capacity: 
6MWD ▲﻿ 
CPET: peak VO2  ◊  
NT-ProBNP: ◊

Aslan et al  
(2020) 37﻿

RCT n = 15  
Female: 86.7%  
Age: 47.2 ± 13.3  
PH group: group 1 = 
10 (66.7%), group 4 
= 5 (33.3%)  
WHO FC I/II/III/IV = 
7/5/3/0

n = 12  
Female: 83.3%  
Age: 50.6 ± 16.9  
PH group: group 1 = 
10 (83.3%), group 4 = 
2 (16.7%)  
WHO FC I/II/III/IV = 
1/7/4/0

Intervention: IMT  
Resistance: 30% of MIP  
Regimen: 30 min BD × 
5 times/wk for 8 wks  
Location: home  
Monitoring: wkly MIP 
assessment  
Control: IMT at 9 cmH2 O 
without change in 
threshold pressure

Resp muscle strength: 
MIP ▲, MEP ◊  
Pulm function: ◊  
Functional capacity: 
6MWD ◊  
QoL: ◊

Fontoura et al  
(2021) 40﻿

RCT (full 
paper 
not yet 
published)

n = 17  
Female: 100%  
Age: 38.8 ± 6.8  
PH group: group 1 = 
16 (94.1%), group 4 
= 1 (5.9%)  
WHO FC I/II/III/IV = 
0/14/3/0

n = 14  
Female: 100%  
Age: 41.5 ± 10.6  
PH group: group 1 = 
13 (92.9%), group 4 = 
1 (7.1%)  
WHO FC I/II/III/IV = 
0/8/6/0

Intervention: IMT  
Resistance: 50 to 60% 
of MIP  
Regimen: 30 rep × 2 BD 
× 7 times/wk for 8 wks  
Location: home  
Monitoring: wkly MIP 
assessment  
Control: IMT at 3 cmH2 O 
without change in 
threshold pressure

Resp muscle strength: 
MIP ▲, MEP ▲﻿ 
Pulm function: ◊  
Functional capacity: 
6MWD ▲﻿ 
QoL: IMT group ◊

Kahraman et al  
(2023) 41﻿

RCT n = 12  
Female: 91.7%  
Age: 49.2 ± 17.1  
PH group: group 1 = 
10 (83.3%), group 4 = 
2 (16.7%)  
WHO FC I/II/III/IV = 
0/9/3/0

n = 12  
Female: 91.7%  
Age: 55.5 ± 19.2  
PH group: group 1 = 11 
(91.7%), group 4 = 1 
(8.3%)  
WHO FC I/II/III/IV = 
0/7/5/0

Intervention: IMT  
Resistance: 40 to 60% 
of MIP  
Regimen: 30 min × 7 
times/wk for 8 wks  
Location: home/
supervised 1 time/wk  
Monitoring: wkly MIP 
assessment  
Control: none

Resp muscle strength: 
MIP ▲, MEP ◊  
Pulm function: ◊  
Functional capacity: 
6MWD ▲﻿ 
Blood pressure: brachial 
SBP ▲, central SBP ▲﻿ 
Peripheral muscle 
strength: IMT grip 
p = 0.16, quadriceps 
p = 0.01; no significant 
difference in CG   
QoL: ▲

  6MWD, 6-minute walking distance; BD, bi-daily; CG, control group; CPET, cardiopulmonary exercise test; FEV1, forced expiratory volume; FVC, 
forced vital capacity; IMT, inspiratory muscle training; MEP, mean expiratory pressure; MIP, mean inspiratory pressure; mMRC, modified medical 
research council; NR, not recorded; NT-proBNP, N-terminal pro B-type natriuretic peptide; PEmax, maximum expiratory pressure; PH, pulmonary 
hypertension; PImax, maximum inspiratory pressure; Pulm, pulmonary; QoL, quality of life; RCT, randomized control trial; Rep, repetition; Resp, 
respiratory; SBP, systolic blood pressure; SMIP, sm; WHO FC, World Health Organization Functional Class.  

  a The symbol ▲ indicates a significant result, and the symbol ◊ indicates a nonsignificant result.  
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 Table 2.    Summary of Studies Looking at Exercise Training in Pulmonary Hypertension Cohorts 

﻿Reference﻿ ﻿Design﻿ ﻿Participants﻿ ﻿Intervention﻿ ﻿Outcomes﻿

﻿Intervention﻿ ﻿Control﻿

Atef and Abdeen 
(2021) 56﻿

RCT n = 14  
Female: NR  
Age: 48 ± 7  
PH group: group 1 = 
14 (100%)  
WHO FC I/II/III/IV = 
NR

n = 15  
Female: NR  
Age: 47 ± 8  
PH group: group 1 =  
15 (100%)  
WHO FC I/II/III/IV 
= NR

Intervention: exercise, 
aerobic bike  
Target: 60-80% target 
HR  
Regimen: 15-30 min × 
3 times/wk for 12 wks  
Location: outpatient 
supervised  
Control: no exercise 
intervention, usual 
care

Exercise capacity:  
VO2  max ▲﻿ 
PASP ▲

Butāne (2021) 57﻿ RCT n = 9  
Female: 88.9%  
Age: 61.6 ± 18.5  
PH group: NR  
WHO FC I/II/III/IV = 
0/4/5/0

n = 7  
Female: 100%  
Age: 68.3 ± 16.6  
PH group: NR  
WHO FC I/II/III/IV = 
1/2/5/0

Intervention: exercise, 
aerobic (walk/bike), 
resistance, respiratory, 
education  
Regimen: 2-40 min, 
aerobic 3 times/wk, 
resistance 2 times/wk, 
respiratory 5 times/wk 
for 12 wks  
Location: home-based 
with supervision  
Control: no exercise 
intervention, usual 
care

Exercise capacity:  
6MWD ▲

Chan et al (2013) 58﻿ RCT n = 10  
Female: 100%  
Age: 53 ± 13  
PH group: group 1 = 
100%  
WHO FC I/II/III/IV = 
1/4/4/1

n = 13  
Female: 100%  
Age: 55.5 ± 8.5  
PH group: group 1 
= 100%  
WHO FC I/II/III/IV = 
0/8/5/0

Intervention: exercise, 
aerobic (walk), 
education  
Target: 70-80%  
Regimen: 30-45 min  
× 2-3 times/wk for  
10 wks  
Location: outpatient  
Control: education, 
usual care

Exercise capacity:  
6MWD exercise 
group ▲﻿ 
VO2  max ▲﻿ 
QoL ▲

Ehlken et al (2016) 53﻿ RCT n = 46  
Female: 56.5%  
Age: 55 ± 15  
PH group: group 1 = 
35 (76.1%), group 4 
= 11 (23.9%)  
WHO FC I/II/III/IV = 
0/8/36/0

n = 41  
Female: 51.2%  
Age: 57 ± 15  
PH group: group 1 
= 26 (63.4%), group 
4 = 15 (36.4%)  
WHO FC I/II/III/IV = 
0/6/30/4

Intervention: exercise, 
aerobic, resistance, 
respiratory  
Target: 60-80% target 
HR  
Regimen: 10- to  
25-min cycle,  
60-min walk, 30 min 
resistance, 30 min 
respiratory × 3-5 
times/wk for 15 wks  
Location: inpatient  
3 wks, unsupervised 
outpatient 12 wks  
Control: no exercise 
intervention, usual 
care

Exercise capacity:  
6MWD ▲﻿ 
VO2  max ▲﻿ 
QoL ▲

Ertan et al (2022) 59﻿ RCT n = 12  
Female: 83.3%  
Age: 49.6 ± 9.9  
PH group: group 1/ 
group 4  
WHO FC I/II/III/IV = 
0/10/2/0

n = 12  
Female: 75%  
Age: 44.3 ± 9.4  
PH group: group 1/
group 4  
WHO FC I/II/III/IV = 
0/9/3/0

Intervention: exercise-
aerobic (walk)  
Regimen: 30-45 min × 
≥3 times/wk for 8 wks  
Location: outpatient 
and home  
Control: no exercise 
intervention, usual 
care

Exercise capacity:  
6MWD ◊  
QoL ◊

(Continued)
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Ganderton et al 
(2013) 60﻿

RCT n = 5  
Female: 100%  
Age: 51, range 40-53  
PH group: group 1 = 
100%  
WHO FC I/II/III/IV = 
0/3/2/0

n = 5  
Female: 80%  
Age: 53, range 
42-57  
PH group: group 1 =  
100%  
WHO FC I/II/III/IV = 
0/3/2/0

Intervention: exercise 
(walk, cycle)  
Target: 60-70% of 
target HR  
Regimen: 60 min × 3 
times/wk for 12 wks  
Location: outpatient 
supervised  
Control: no exercise 
intervention, usual 
care

Exercise capacity:  
6MWD ▲﻿ 
VO2  max ▲﻿ 
QoL ▲﻿

González-Saiz et al 
(2017) 61﻿

RCT n = 19  
Female: 60%  
Age: 46 ± 11  
PH group: group 1 = 
17 (89.5%), group 4 =  
2 (10.5%)  
WHO FC I/I-II/II-III/IV 
= 3/2/11/4/0

n = 16  
Female: 60%  
Age: 45 ± 12  
PH group: group 1 =  
14 (87.5%), group 4 
= 2 (12.5%)  
WHO FC I/I-II/II-III/
IV = 6/2/10/0/2/0

Intervention: exercise, 
aerobic bike, 
resistance, respiratory  
Regimen: 20-40 min 
aerobic × 5 times/wk, 
resistance × 3 times/
wk, respiratory BD × 6 
times/wk for 8 wks  
Location: outpatient 
supervised  
Control: no exercise 
intervention, regular 
scheduled visits with 
clinicians

Exercise capacity:  
6MWD ▲﻿ 
VO2  max ▲﻿ 
QoL ▲

Grünig et al (2020) 54﻿ RCT n = 58  
Female: 58.8%  
Age: 52 ± 12  
PH group: group 1 = 
51 (87.9%), group IV 
= 7 (12.1%)  
WHO FC I/II/III/IV = 
12/24/21/1

n = 58  
Female: 77.6%  
Age: 55 ± 13  
PH group: group 1 
= 47 (81%), group 
4 = 11 (19%)  
WHO FC I/II/III/IV = 
0/34/24/0

Intervention: exercise 
(walk/cycle), 
respiratory  
Target: 40-60% HR  
Regimen: 10- to  
25-min cycle,  
60-min walk, 30 min 
resistance, 30 min 
resp 3-7 times/wk for 
12 wks  
Location: inpatient 
10-30 days, 12 wks 
home  
Control: no exercise 
intervention, usual 
care

Exercise capacity:  
6MWD ▲﻿ 
VO2  max ▲﻿ 
QoL ▲

Kagioglou et al 
(2021) 62﻿

RCT n = 12  
Female: 50%  
Age: 54.7 ± 15.6  
PH group: group 1/
group 4  
WHO FC I/II/III/IV = 
0/10/2/0

n = 10  
Female: 70%  
Age: 53.1 ± 12.1  
PH group: group 1/
group 4  
WHO FC I/II/III/IV = 
0/10/0/0

Intervention: exercise, 
aerobic (walk, cycle)  
Target: 60-80% target 
HR  
Regimen: 45-60 min 
× 3 times/wk for 6 
months  
Location: outpatient 
and home  
Control: no exercise 
intervention, usual 
care

Exercise capacity:  
6MWD ▲﻿ 
VO2  max ▲﻿ 
QoL ▲

Ley et al (2013) 63﻿ RCT n = 10  
Female: 80%  
Age: 47 ± 8  
PH group: group 1 = 
9 (90%), group 4 = 1 
(10%)  
WHO FC I/II/III/IV = 
0/3/7/0

n = 10  
Female: 60%  
Age: 54 ± 14  
PH group: group 1 
= 7 (70%), group 4 
= 3 (30%)  
WHO FC I/II/III/IV = 
0/1/9/4

Intervention: exercise, 
aerobic, resistance, 
respiratory  
Target: 60-80% target 
HR  
Regimen: 10- to 
25-min cycle, 60-
min walk, 30 min 
respiratory × 5 times/
wk for 3 wks  
Location: inpatient  
Control: no exercise 
intervention, usual 
care

Exercise capacity:  
6MWD▲

Table 2. Summary of Studies Looking at Exercise Training in Pulmonary Hypertension Cohorts (Continued)

(Continued)
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breathing therefore increases the cardiac 
output required to maintain ventilation. 
In PAH, this is particularly significant 
as cardiac output is often limited; thus, 
the redirection of blood flow comes at 
the expense of premature exercise muscle 
fatigue. 35  Increased ventilatory load 
and weak respiratory muscle capacity 
augment neural respiratory drive, while 
the recruitment of accessory respiratory 
muscles to facilitate ventilation during 
diaphragmatic fatigue provides further 
sensory feedback to the central nervous 
system. 48﻿,﻿ 50  These further compound the 

sensation of breathlessness. Increasing 
inspiratory muscle strength through IMT 
increases the ventilatory load needed for 
the onset of the metaboreflex and may 
thus improve exercise capacity. 35﻿

  Interestingly, despite objective 
improvements in respiratory muscle 
strength and functional capacity, only 
Saglam et al 15  reported significant im-
provements in forced expiratory volume 
in the first second , with no other studies 
reporting significant improvements in 
lung function as measured by spirom-
etry. 15﻿,﻿ 35﻿,﻿ 37﻿,﻿ 39   -﻿ 41  This was reflected in the 

pooled data reported in both recent 
 meta-analyses. 36﻿,﻿ 43  The sensation of 
dyspnea during daily activities was only 
reported in 2 studies (modifiec medical 
research council scale).  Pooled analysis 
showed a small but significant decrease 
of 0.5 points in the IMT group com-
pared with the control group. 15﻿,﻿ 40  QoL 
scores were assessed in 4 studies; pooled 
analysis of 3 studies showed no signifi-
cant difference in emotional or physical 
measures of QOL. 15﻿,﻿ 37﻿,﻿ 40  One of the 
remaining studies showed that the IMT 
group had significant improvements in 

Mereles et al 
(2006) 64﻿

RCT n = 15  
Female: 66.7%  
Age: 47 ± 12  
PH group: group 1 = 
13 (86.7%)/group 4 = 
2 (13.3%)  
WHO FC I/II/III/IV = 
0/2/12/1

n = 15  
Female: 66.7%  
Age: 53 ± 14  
PH group: group 1 
= 11 (73.3%)/group 
IV = 4 (26.7%)  
WHO FC I/II/III/IV = 
0/4/10/1

Intervention: exercise, 
aerobic (walk/cycle), 
resistance, respiratory  
Target: 60-80% target 
HR  
Regimen: 10- to  
25-min cycle,  
60-min walk, 30 min 
resistance, 30 min 
respiratory × 5 times/
wk for 15 wks  
Location: inpatient  
(3 wks) and outpatient 
(12 wks)  
Control: common 
rehabilitation

Exercise capacity:  
6MWD ▲﻿ 
QoL ▲

Rakhmawati et al 
(2020) 65﻿

RCT n = 20  
Female: 95%  
Age: 37.5 ± 8.8  
PH group: group 1, 
ASD-PH = 100%  
WHO FC I/II/III/IV = 
4/16/0/0

n = 18  
Female: 88.9%  
Age: 35.5 ± 10.4  
PH group: group 1, 
ASD-PH = 100%  
WHO FC I/II/III/IV = 
4/14/0/0

Intervention: exercise 
(walk)  
Target: 60-70% of 
target HR  
Regimen: 30 min × 3 
times/wk for 12 wks  
Location: outpatient  
Control: no 
information

Exercise capacity:  
6MWD▲﻿ 
QoL▲

Wilkinson et al 
(2007) 66﻿

RCT n = 18  
Female: NR  
Age: NR  
PH group: NR  
WHO FC I/II/III/IV = 
NR

n = 18  
Female: NR  
Age NR  
PH group: NR  
WHO FC I/II/III/IV 
= NR

Intervention: exercise  
Regimen: 3 months  
Location: outpatient, 
1 supervised, then 
unsupervised  
Control: no exercise 
intervention, usual 
care

Incremental shuttle 
walk  
Endurance shuttle 
walk

Wojciuk et al (2021) 67﻿ RCT n = 16  
Female: 43.7%  
Age: 48.9 ± 18.3  
PH group: group 1 = 
100%  
WHO FC I/II/III/IV = 
0/8/8/0

n = 23  
Female: 56.5%  
Age: 53.7 ± 12.8  
PH group: group 1 = 
100%  
WHO FC I/II/III/IV = 
0/2/5/0

Intervention: exercise 
(interval)  
Target: 60-70% of 
target HR  
Regimen: 45-60 min × 
5 times/wk for 24 wks  
Location: home based 
with supervision  
Control: no exercise 
intervention, usual care

Exercise capacity:  
6MWD▲﻿ 
QoL▲

  a The symbol ▲ indicates a significant result, and the symbol ◊ indicates a nonsignificant result. 

  6MWD, 6-minute walking distance; ASD-PH, atrial septal defect - pulmonary hypertension; CG, control group; HR, heart rate; NR, not recorded; 
PH, pulmonary hypertension; QoL, quality of life; RCT, randomized control trial; SBP, systolic blood pressure; WHO FC, World Health Organization 
Functional Class.   

Table 2. Summary of Studies Looking at Exercise Training in Pulmonary Hypertension Cohorts (Continued)
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physical QoL measures (P ﻿= .002) and 
some subcomponents of emotional QoL 
but had no significant differences be-
tween intervention and control groups. 39  
Safety of IMT has been reported in 2 
studies, with Aslan et al reporting no 
adverse outcomes and Saglam et al hav-
ing 1 patient self-report wrist pain. 15﻿,﻿ 37  
Compliance to IMT training programs 
was reported as ≥98% in the 3 studies 
that reported on completion rates. 15﻿,﻿ 35﻿,﻿ 37﻿

   Exercise Training
 Exercise training has been shown to be 
a feasible, safe, and efficacious treatment 
for PH patients. 51  It has been reported 
to improve skeletal muscle function by 
increasing capillarization and changing 
muscle fiber type. 29  Exercise training also 
influences the pulmonary vasculature 
through regulating pulmonary vascular 
remodeling and has recently been shown 
to improve pulmonary hemodynamics, 
with reductions in mean pulmonary 
arterial pressure noted on right heart 
catheterization following exercise-based 
rehabilitation. 52   -﻿ 54  It is important to note, 
however, that to achieve hemodynamic 
improvements, high volumes of exercise 
per patient (>220 hours) was needed, 
with a recent study unable to replicate 
this at lower levels. 55﻿

  Exercise training in this setting refers 
to a combination of aerobic and low-
load resistance exercise training. Aerobic 
exercise involves activation of large skel-
etal muscle groups through walking or 
cycling for 20 to 40 minutes. Resistance 
training may also be used with upper 
and/or lower body muscle groups target-
ed through repetitions of set exercises. 
However, evidence on the safety and 
efficacy of isolated resistance training in 
PH remains limited. Exercise training 
is often supervised and can occur in an 
inpatient, outpatient, or remote setting. 
Sessions are generally 2 to 3 times per 
week over a minimum of 4 weeks. 51﻿

  A recent Cochrane review analyzed 
data from 14 parallel grouped ran-
domized control trials (n = 10-129) 
that looked at the impact of exercise 
rehabilitation on outcomes in patients 
with PH. 51  Included studies enrolled 
571 patients with PAH or CTEPH 
who were stable on medical therapy. All 
exercise training programs were similar 

to standardized recommended cardiac 
and pulmonary rehabilitation pro-
grams.  Programs were primarily aerobic, 
although some included additional resis-
tance training components. Table  2   
summarizes the studies and their 
 outcomes. 53﻿,﻿ 54﻿,﻿ 56                     -﻿ 67﻿

   Exercise capacity was the key outcome 
assessed across studies. A pooled analysis 
of 11 studies showed a mean difference 
in 6MWD of 49 m following exercise 
training when comparing the interven-
tion and control groups, 53﻿,﻿ 54﻿,﻿ 57               -﻿ 65  which 
exceeds both the minimal threshold for 
clinical significance and the threshold 
for reduced clinical events. Cardiopul-
monary exercise testing was also assessed 
in 7 studies and showed a significant 
increase in peak oxygen uptake (VO2  
max), the gold standard measure of 
cardiopulmonary fitness, following in-
tervention when comparing the exercise 
groups with the control groups (mean 
difference of 2.1 mL/kg/min, 95% con-
fidence interval of 1.57-2.57). 53﻿,﻿ 54﻿,﻿ 58﻿,﻿ 60   -﻿ 62﻿,﻿ 64  
A significant increase in peak power be-
tween groups was also noted. There was 
a large amount of heterogeneity between 
studies, and it remains unclear if these 
variations were due to disease severity, 
location of program (inpatient versus 
outpatient), or study population. 51﻿

  Aerobic exercise training in athletes has 
been shown to lead to an increase in skel-
etal muscle capillarization with elevated 
capillary density and capillary-to-fiber 
ratio. 68﻿,﻿ 69  This leads to enhanced transport 
and extraction of oxygen from skeletal 
muscles causing increased aerobic activity. 
In chronic heart failure patients, exer-
cise training has been shown to reverse 
skeletal muscle atrophy, improve venti-
latory efficacy, and attenuate endothelial 
dysfunction. 70   -﻿ 72  These mechanisms are 
also likely to play a role in increasing ex-
ercise capacity in PH patients. 51  Further 
research is needed to determine if there 
are PH-specific mechanisms.

 No increased risk of serious adverse 
events were seen in a recent metanaly-
sis when comparing exercise programs 
to usual care. 51  Only 5 serious adverse 
events were reported across 11 studies 
(439 patients). 51  Grünig et al reported 3 
events in the exercise group (stroke, gen-
eralized edema, and decompensated dia-
betes), whereas Ganderton et al reported 

that 1 patient experienced presyncope 
during 1 training session. 54﻿,﻿ 60﻿

  Exercise training programs have also 
been shown to significantly improve 
physical and emotional indicators 
of QoL in PH patients undergoing 
 training compared with controls using 
both general and PH-specific QoL  
scores. 56   -﻿ 58﻿,﻿ 65   -﻿ 67  This emphasizes the 
holistic approach adopted in such 
rehabilitation programs, which enables 
patients to not only improve in objective 
measures of functional capacity but also 
extend their individual spectrum of daily 
activity. 51  Future studies should inves-
tigate the optimal type, intensity, and 
volume of exercise required to improve 
physiological measures and clinical out-
comes. Major PH treatment centers are 
often located within major cities; thus, 
access to face-to-face exercise programs 
may be limited for patients who face 
geographic or socioeconomic barriers. 
More recently, entirely remote exercise 
programs have been evaluated and have 
been shown to be effective, suggesting 
that this may be suitable for stable pa-
tients as a more scalable intervention. 73﻿

     CONCLUSIONS
 Exercise intolerance is a predominant 
symptom in patients with both PAH 
and CTEPH, with complex patho-
physiology. IMT and exercise train-
ing target different pathophysiologic 
pathways and can feasibly be used as 
an adjunct to standard medical ther-
apy. Both exercise training programs 
and IMT have been shown to lead to 
significant objective improvements in 
functional capacity, although increas-
es with the former are more marked. 
Exercise training also consistently im-
proves QoL indicators and should be 
incorporated into standard care models 
for stable patients.    
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