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humeur et disponible. C’est tellement agréable de travailler avec toi ! 

Olivier: Tu n’as jamais été mon chef mais tu m’as toujours aidée ! Je n’oublierai pas la tradition rhum du vendredi soir 
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A Dan et Nassim mes chefs de l’USIC. Merci pour votre aide permanente durant ce semestre difficile. Grâce à vous j’ai 

beaucoup appris dans la joie et la bonne humeur !  

Julien L. : merci pour tout ce que tu m’as appris. Je suis ravie de continuer mon parcours de médecin à tes côtés.  
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A Fabien, David, Guillaume, Pamela G., Michel merci pour votre aide et votre disponibilité tout au long de mon internat.  
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Aux équipes paramédicales que j'ai côtoyées pendant mon internat. Aux secrétaires Carole, Coco, Boyé, Patricia. J’ai été 

ravie de travailler avec vous. Toujours efficaces !  
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Vous m’avez accueilli dans le monde de la cardiologie, j’ai appris les bases de mon métier parmi vous.  

Je pense notamment à Julien; je ne pourrai jamais te remercier suffisamment pour tout ce que tu m’as appris : la 

cardiologie, l’amour de ce métier et la rigueur nécessaire. Tu restes l’une des plus belles rencontres de mon internat.  

A Nathaniel ; merci pour ton aide lors de mon semestre de réanimation; j’avais beaucoup entendu parler de toi et j’ai été 

ravie de travailler avec toi! A Folco merci pour ta bonne humeur permanente! A Maria merci pour ton aide et surtout ta 

solidarité féminine! A Ahmed merci pour ta bienveillance. 

Aux Docteurs Anne Bellemain, Laurent Jacq, Alain Proton et François Bernasconi ; merci pour la confiance que vous 

m’avez accordée et pour tout ce que vous m’avez appris.  

A l’équipe paramédicale (vous êtes les meilleures!!!): notamment ma petite Lisa, Cyrielle, Laure, Charlotte, Julie, Claire 

(et j’en oublie…) mais également les filles des consultations Ma Josiane, Caroline et Stéphanie. Je ne me suis jamais 

sentie aussi bien accueillie que chez vous. Et aux secrétaires Patricia et Hafida ! 

 

 

A L’EQUIPE DU SERVICE DE CARDIOLOGIE DE CANNES 

Au Dr Tibi, vous êtes le médecin le plus respectable qu’il m’ait été donné de rencontrer durant mon internat. Merci pour 

tout ce que vous nous apportez. Le stage à Cannes a été de loin mon meilleur stage. Votre équipe tant médicale que 

paramédicale est exceptionnelle. Vous êtes un excellent médecin tout en restant un exemple d’humilité. 

A Nathalie Berkane ; notre Mère spirituelle à tous ! Merci pour tout ce que tu m’as appris mais également merci pour ta 

gentillesse et ta bienveillance à toute épreuve. A Anne Talbodec, j’ai beaucoup appris à tes côtés durant ces 6 mois. 

Merci. A Greg, merci pour tout ce que tu m’as appris et surtout ton aide sur les gardes ! C’était top ! 

Aux plus cools des cathétériseurs : Laurent B., Gilles, et Edouard. Merci pour votre accueil au bloc. Merci pour ces 

moments de rigolade pendant ce semestre à Cannes !   

Merci également à Laurent L., Andrei et Dr Durero. 

 

 

A L’EQUIPE DU SERVICE DE REANIMATION D’ANTIBES 

Même si cela a été dur de recommencer à zéro ; ce stage à vos côtés a été extrêmement enrichissant. Je ne me suis pas 

découvert une grande âme de réanimatrice mais quand même… les chefs étaient très sympas, les co-internes au top, 

l’équipe paramédicale toujours de bonne humeur et Marie une secrétaire en or. De plus c’était l’été et nos petits cafés 

après le self en plein soleil étaient plutôt sympas ! J’ai passé un très bon été grâce à vous. 

Au Dr Tiger, merci pour vos enseignements, à Cecilia merci pour ta gentillesse et ton aide, à Jordan merci pour ton 

énergie communicative et ton envie d’enseigner, à Xavier le plus cool des réanimateurs toujours calme et de bonne 

humeur et à Anne j’ai été ravie de travailler avec toi, merci pour tout ce que tu m’as apporté durant ce stage.  



A L’EQUIPE DE CARDIOLOGIE, DE REANIMATION CARDIAQUE ET CHIRURGIE CARDIAQUE DE 

L’INSTITUT ARNAULT TZANCK (ST LAURENT DU VAR):  

Aux Dr Mihoubi et Elbèze, merci pour tout ce que vous m’avez appris durant ce stage. C’était une expérience très 

enrichissante à vos côtés. Votre dévouement dans le travail et votre rigueur sont une source d’inspiration.  

A Laurent, même si nous ne sommes pas trop venus en KT avec Momo merci pour ces moments passés ensemble à 

Tzanck et pour ton aide. On aura bien rigolé !! C’était très agréable de travailler avec toi. 

Aux Dr Claude Jean Mariottini, Philippe Durand et Pierre Meyer ; merci pour ce semestre à vos côtés. J’ai participé à de 

nombreuses procédures que je n’avais jamais eu l’occasion de voir auparavant. Ce stage a été très enrichissant pour moi 

surtout en fin d’internat.  

Aux anesthésistes et réanimateurs cardiaques : Dr Macario, Diane Lena, Julien Cady, Philippe Camarasa, Arnaud 

Causeret et Arnaud De La Chapelle. Merci pour tout ce que vous m’avez appris durant ces 6 mois de stage. Les visites en 

réa étaient très enrichissantes. Cette facette de la cardiologie est indispensable pour notre pratique future. Ps : 

l’hémodynamique cardiaque est beaucoup plus claire maintenant (j’ai compris que l’on pouvait remplir et diurétiquer en 

même temps !!) 

Merci également aux chirurgiens de m’avoir fait découvrir ce monde passionnant qu’est la chirurgie cardiaque et merci 

notamment pour leurs explications précieuses durant les interventions : Dr Stéphane Lopez, Dr Tapia et Dr Teboul.  

A toute l’équipe paramédicale du KT 10 lits, de la réanimation cardiaque et surtout les filles du 4ème (sans oublier 

Michèle!!). 

 

 

A L’EQUIPE DE LA MAISON DU MINEUR A VENCE:  

Merci de m’avoir accordé votre confiance et de m’avoir fait découvrir le monde de la rééducation cardiaque.  

Merci à Mme Vidal, Mme Thuraine et aux Médecins Lamya Drissi, Najib Zoubir, Hélène Lescault et Françoise Nahon. 

Merci également aux équipes paramédicales c’est toujours un plaisir de travailler avec vous.  

 

 

Merci à l’ACCA pour ces réunions très enrichissantes et le soutien que vous apportez aux internes. 

 

Au Dr Ré : Merci pour tout ce que vous avez fait pour nous cette année. Vous êtes un médecin remarquable. Je 

n’oublierai jamais votre disponibilité dans les moments difficiles. Vous avoir rencontré m’a ouvert les yeux sur le rôle du 

médecin dans l’écoute du patient et la prise en charge de sa famille ce qui est primordial dans notre métier et que nous 

avons tendance à oublier en cardiologie. Vous êtes un exemple d’humilité et de bienveillance.  

 

NT : MERCI POUR TOUT. 

 



SERMENT D’HIPPOCRATE 

En présence des Maîtres de cette Faculté, de mes chers condisciples, et devant 
l’effigie d’Hippocrate : 

 

Je promets et je jure d'être fidèle aux lois de l'honneur et de la probité ́, dans 
l'exercice de la Médecine. 

 

Je donnerai mes soins gratuits a ̀ l'indigent, et n'exigerai jamais un salaire au-
dessus de mon travail. 

 

Je ne permettrai pas que des considérations de religion, de nation et de race 
viennent s’interposer entre mon devoir et mon patient. 
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ABSTRACT 

 

BACKGROUND: Pulmonary arterial hypertension (PAH) is a life-threatening condition. 

Current ESC guidelines recommend exercise training and rehabilitation in clinically stable PAH 

patients. 

 

PURPOSE: To assess the beneficial effect of exercise training on exercise capacity, quality of 

life and cardiac function as assessed by echocardiography and cardio-pulmonary exercise test. 

 

METHODS: We prospectively included 12 clinically stable PAH patients over a 6-months 

period. Exercise stress echocardiography (ESE), cardio-pulmonary exercise test (CPET), SF-12 quality 

of life questionnaire, 6-minute walk distance (6MWD), BNP and clinical assessment were performed 

before and after cardio-pulmonary rehabilitation. Patients underwent 8-weeks of exercise training (3 

times a week of aerobic training and at home daily prescribed exercises). 

 

RESULTS: All patients underwent ESE and CPET without any complication. Seven patients 

experienced a reduction in WHO functional class whereas 5 remained stable. Patients significantly 

improved their physical quality of life (p=0.006). They also improved their exercise capacity 

according to the maximum workload during CPET (p=0.006), CPET duration (p=0.002) and 6MWD 

distance (+32.58m, p=0.02). Anaerobic threshold and peak VO2 (+1.60mL/kg/min) improved 

significantly (p=0.03 and 0.005). Regarding imaging data, at rest, peak strain improved after 

rehabilitation (p=0.03) whereas the RV became more dilated. RV contractile reserve, defined by the 

change in peak systolic longitudinal RV strain between rest and maximum exercise, significantly 

improved (-8.08±4.8%, p=0.02).  

 

CONCLUSION: In this preliminary study, cardio-pulmonary rehabilitation led to improved 

quality of life and exercise capacity in PAH. The increased RV contractile reserve post-rehabilitation 

might explain, in association with the peripheral muscular effects of exercise training, the clinical 

benefits of rehabilitation in PAH. 

 

 

 



ABBREVIATIONS 

 

ASE  American Society of Echocardiography 

BNP  Brain Natriuretic Peptid 

BPM Beats Per Minute 

EACVI  European Association for Cardio Vascular Imaging 

ESC European Society of Cardiology 

ESE Exercise Stress Echography 

CPET Cardiopulmonary exercise test 

LV Left Ventricle  

LVOT   Left Ventricular Outflow Tract  

mPAP mean Pulmonary Artery Pressure 

NYHA    New York Heart Association 

PAH    Pulmonary Arterial Hypertension 

PH       Pulmonary Hypertension 

pTVI    pulmonary Time Velocity Integral 

RV                     Right Ventricle 

RVEF    Right Ventricular Ejection Fraction 

RVOT    Right Ventricular Outflow Tract 

RV CR Right Ventricular Contractile Reserve 

RV ESV  Right Ventricular End Systolic Volume 

RV EDV Right Ventricular End Diastolic Volume 

sPAP systolic Pulmonary Artery Pressure 

TAPSE  Tricuspid Annular Plane Systolic Excursion  

WHO World Health Organization 

6MWD 6 Minute Walk Distance 

 

 



INTRODUCTION 

 

The health effect of exercise on cardiovascular and non-cardiovascular mortality is well 

known1. Main cardiovascular effects of exercise are; regulation of blood pressure2,3,4,5,6, benefits on 

dyslipidemias7,8 and improvement on the sensibility to insulin9. Exercise is also generally associated 

to a significant decrease in cardiovascular events as in coronary artery disease10.  

Right ventricular function 

At rest under normal circumstances, the right ventricular (RV) systolic function only plays a 

modest role in the cardiac output as the left ventricular (LV) contraction and respiratory work 

contribute to RV contraction. During exercise; even in healthy subjects with normal pulmonary 

circulation; the hemodynamic load on the RV increases and becomes more important as compared 

to the left ventricular loading conditions. This difference is even worse in patients with pulmonary 

hypertension (PH)1. The highly compliant pulmonary vascular bed at rest may be an explanation with 

a low resistance and limited compliance reserve. In PH, the pulmonary vascular compliance and 

resistance are both impaired at rest. During exercise, because of those 3 parameters there is an 

increase in vascular pressure (more than in the left ventricle), to increase the cardiac output required 

to adapt to exercise11. Recent studies demonstrate that exercise-induced pulmonary hypertension12 is 

an important clinical finding and we still don’t know the normal range for systolic pulmonary artery 

pressure (sPAP) elevation during exercise in a healthy population and how it physiologically 

increases with age. 

Pulmonary hypertension 

Pulmonary hypertension (PH) is a severe cardiopulmonary disorder determined by a 

progressive increase in vascular pressure leading to endothelial impairment, RV failure and death13.  

Outcomes are mostly related to right ventricular (RV) function and remodeling. 

There are 5 different types of pulmonary hypertension: pulmonary arterial hypertension PAH 

(group 1), associated with left heart failure (group 2), chronic respiratory insufficiency (group 3), post 

embolic PH (group 4), unknown origin (group 5)14,15. In PAH symptoms and survival are closely 

related to RV function rather than an abnormal elevated pulmonary artery pressure (PAP)16. The RV 

function is the main determinant of the evolution in PAH. Thus, the prognosis clearly depends on the 

ability of the RV to adapt to elevated pulmonary artery pressure17,18,19 

PAH causes dyspnea, impaired exercise performance and is associated with reduced quality 

of life and survival20. Symptoms and exercise limitation are mainly related to an excessive ventilatory 



response to exercise; peripheral muscles structural changes (decreased in muscle fibers)21 and a poor 

increase in cardiac output. This low cardiac output causes lactic acidosis with early production of 

CO2 and lower venous oxygen saturation that can lead to severe arterial hypoxemia during 

exercise20. Besides, it is known that impairment in exercise capacity influences directly the quality of 

life and could lead to anxiety and depression disorders21. 

PAH therapy has evolved over the last decade. ESC guidelines22 suggest a supportive therapy 

(oxygen, oral anticoagulant, diuretics, digoxin) associated to specific drug therapy: vasodilatators 

(calcium channel blockers) and antiproliferative agents (endothelin receptor antagonists, 

phosphodiesterase type 5 inhibitors, guanylate cyclase stimulators, prostacyclin analogues and 

prostacyclin receptor agonists). Combination of 2 or 3 different types of drugs can be used according 

to the clinical situation.  

Rehabilitation in PAH 

Studies about rehabilitation in PAH patients are very recent but led to new guidelines in 2015. 

In 2006, Mereles et al.23 performed the first prospective randomized study to evaluate the effect of 

cardiopulmonary rehabilitation in PAH. They demonstrated an improvement of the 6-minute walk  

distance, quality of life (both physical and mental scales), WHO functional class and peak oxygen 

consumption. Before this study common belief was that physical training had negative impact on 

PAH patients and may contribute to the progression of the disease23 and to increase the risk of 

sudden cardiac death. Most physicians didn’t authorize their PAH patients to perform physical 

training. 2009 ESC guidelines about PAH suggested; mainly after Mereles et al. study that physically 

deconditioned PAH patients should be considered for supervised exercise rehabilitation (Class IIa 

level of evidence B) but stated that more data were required before appropriate recommendations 

could be made.24 Since then, additional randomized control trials (De Man et al.25, Grunig et 

al.26,27,28, Weinstein et al.29 and Chan et al.30) have been published and demonstrated for most the 

same results than Mereles’ study. 

Nowadays, current ESC guidelines (2015)22 recommend physical activity and supervised 

rehabilitation in clinically stable PAH patients (Class IIa, level of evidence B). This rehabilitation has 

to be performed in proper conditions, closely monitored and supervised by nurses and physicians 

specialized in PAH. The rehabilitation has to be added to a medication therapy 22,31. 

 

 

 



Right ventricular contractile reserve 

Right ventricular contractile reserve (RV CR) is a new notion that remains unclear. It is the 

ability of the RV to adapt to elevated afterload. In a previous work (unpublished data – Mémoire de 

DES cardiologie Aude Missana présenté le 07 juin 2019), we established, comparing PAH patients 

and healthy volunteers with exercise stress echocardiography, that changes in pulmonary output, 

pulmonary time velocity integral (pTVI), RV peak systolic strain as well as changes in TAPSE/sPAP 

but mainly RV peak strain/sPAP and 3D RV ejection fraction/sPAP represent consistent and feasible 

tools to assess RV contractile reserve. 

 

Objectives of the study 

A clinical improvement in PAH patients has been demonstrated after cardiopulmonary 

rehabilitation. However, many gaps in knowledge about PAH rehabilitation persist. For example the 

best method for rehabilitation (duration, intensity, type of exercise) is still unknown. In addition the 

underlying mechanism for the clinical improvement is debatable. Is it related to an improvement in 

RV contractile reserve / function or to the increased capacity of peripheral muscular fibers following 

rehabilitation ?  

 

Thus, we aimed to assess the beneficial effect of exercise training on exercise capacity, 

quality of life and cardiac function in a cohort of PAH patients.  



METHODS 

Study design 

This is a monocentric interventional cross-over study.  

We included consecutive patients with PAH from our center at the university hospital in Nice 

FRANCE (CHU de NICE). This study was named REHAB-HTP (clinical trials NCT03404492). PAH 

patients included underwent ambulatory cardio-pulmonary rehabilitation between January 2018 

and February 2019. This study was approved by the research Ethics committees, and complied with 

the ethical guidelines of the Helsinki Declaration (Avis du CPP du CHU Nice en date du 

13/01/2018). 

Each patient underwent a resting echocardiography and an exercise stress echocardiography 

(ESE) on the same day, a cardiopulmonary exercise test (CPET), a 6-minute walk distance (6MWD), 

and a survey about quality of life (SF-12) before and after rehabilitation. 

Patients underwent 8-weeks of exercise training: 3 times a week of aerobic training in our 

rehabilitation center in the department of cardiology of the university hospital in Nice (Pasteur) 

(mainly cycling and initial workload was adjusted to peak VO2 at baseline); and at home daily 

prescribed exercises. This rehabilitation was supervised by a dedicated nurse and a physiotherapist 

specialized in rehabilitation and a physician was always available if needed. 

 

Population of the study 

PAH patients were recruited from our reference center of pulmonary vascular diseases at the 

university hospital in Nice France. Between January 2018 and March 2019, 40 consecutive patients 

with known PAH were screened for enrolment. 

Pre-capillary PH was considered when mean pulmonary artery pressure at rest was ≥25 

mmHg and pulmonary capillary wedge pressure was ≤15 mmHg (using right heart catheterization 

data)32,22. PAH patients were eligible if PAH was diagnosed by right heart catheterization, if they 

were stable for at least one month with no evidence of right heart failure, and if their WHO 

functional class was about II or III. They also had to be older than 18 years old and able to give their 

consent. Patients with significant left heart disease (systolic or diastolic dysfunction; left ventricular 

dilatation or hypertrophy, mitral or aortic valvar disease), arrhythmias or poor acoustic windows 

were excluded. No patient had severe tricuspid regurgitation. 



Demographics and clinical evaluation (age, gender, diagnosis and etiology, baseline WHO 

functional class, PAH targeted advanced therapy, Brain Natriuretic Peptid (BNP) were performed at 

baseline. All participants were provided with written and oral information on the study. They all gave 

their written informed consent. 

 

2D Echocardiographic acquisitions and measurements at rest and during stress exercise  

We performed a 2D echocardiographic examination using an EPIQ-7 ultrasound system and 

an X5-1 transducer (Philips Medical system, Andover, MA). It included Doppler echocardiography 

complying with the recommendations of the American Society of Echocardiography (ASE)/ European 

Association for Cardiovascular Imaging (EACVI)33,34. A complete echocardiography, including RV 

strain analysis was performed in each patient35,36. RV myocardial strain was studied using speckle-

tracking echocardiography of the apical long axis, obtained from the apical four chamber view 

during a quiet breath hold with a frame rate of 55-75/s. Two consecutive heart cycles were recorded 

and averaged (excluding premature beats). The offline analysis was performed using commercially 

available semi-automated two dimensional (2D) strain software: Tomtec Cardiac Performance 

Analysis (Tomtec Imaging Systems GmbH Germany37) for longitudinal strain analysis. The peak RV 

free-wall longitudinal strain was defined as the peak negative value on the strain curve. After 

segmental tracking, the RV longitudinal curves were generated and the average value of longitudinal 

strain calculated38,39,40,41.  

The following parameters of RV function at rest and at peak exercise were measured: 

1. Systolic pulmonary artery pressure (sPAP) was estimated using the peak tricuspid 

regurgitation (TR) gradient (mmHg), 

2. Tricuspid annular plane systolic excursion (TAPSE) (mm),  

3. Tissue doppler systolic excursion velocity of tricuspid annulus S’ (S’wave) (cm/s), 

4. Isovolumic acceleration (IVA) (m/s2), 

5. Tissue doppler index mitral E/e’ (RV filling pressure)  

6. End-diastolic right ventricular diameter (cm), 

7. Right ventricular outflow tract (RVOT) (mm),  

8. Pulmonary time velocity integral (pTVI) (cm),  

9. RV fractional area change (FAC) (%), 

10. RV free wall peak systolic strain (%) 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 1: Example of 2D-strain / right ventricular speckle-tracking analysis using TomTec 

(TomTec Imaging Systems GmbH, Germany) 

 

3D Echocardiographic acquisitions and measurements at rest and during stress exercise and 

3D deformation analysis  

We also performed a 3D trans-thoracic echocardiography using an EPIQ-7 ultrasound system 

and a matrix-array X5-1 transducer (Philips Medical system, Andover, MA). 

At least four 3D cine-loops of the RV were acquired from an apical 4-chamber view focused 

on the RV. This focused view was not an RV-focused 4-chamber view (the probe was tilted anteriorly 

to include the entire RV within the image). Loops were stored from full-volume acquisition over 

2 heart beats, which required EKG-gating over 4 cardiac cycles during a quiet breath-hold. To allow 

post-processing with the dedicated software (TomTec 4D RV Function 2.0), care was taken to 

maximize the frame rate (≥ 20 frames per second) and to include the entire RV within the images. 

Offline analysis was performed via commercial software dedicated to the RV (4D RV Function 

2.0, TomTec Imaging Systems GmbH, DE). This software tracked the RV endocardial surface along 

the cardiac cycle using 3D speckle-tracking. It estimated the RV end-diastolic, end-systolic volumes 

and ejection fraction. Trabeculations and papillary muscles were included as part of the RV cavity, as 

recommended42,43,19,44,45. 



Parameters of RV contractile reserve  

In the following chapter Δ represents the difference between peak exercise and rest for each 

parameter studied. 

We chose to study ΔTAPSE, Δpeak systolic strain, Δpulmonary TVI and several ratios: 

TAPSE/sPAP,  strain/sPAP and 3D RVEF/sPAP both at rest and at peak.  

 

 

 

 

 

 

 

 

 

 

 

FIGURE 2: summary of the study 

 

 



 

 

FIGURE 3: Tomtec software : 

illustration during acquisition 

of 3D volumes 

 

4 STEPS :  

A : Determination of LV and 

RV points of interest 

B : Adjustment (if needed) of 

the end-diastolic RV 

endocardial border 

C : Adjustment (if needed) of 

the end-systolic RV 

endocardial border 

D : Final result with the RV 

endocardial mesh, time-

volume curve, RV volumes 

and ejection fraction 

 

 



Exercise stress echocardiography (ESE) 

Exercise Stress Echocardiography with continuous monitoring of the electrocardiogram was 

performed on a semi recumbent cycle ergometer with lateral left inclination on a tilt table ergometer 

(General Electric). Measurements of RV function were performed at rest and peak exercise to quantify 

the RV contractile reserve. The exercise protocol was a 10 Watt (W) minimum workload with a 10W 

increase in workload every minute.  

 

 

 

 

 

 

PICTURE 1: tilt table ergometer (CHU Nice) 

 

 



Cardiopulmonary exercise test (CPET) 

The cardiopulmonary exercise test was performed on a cycle ergometer (General Electric) 

with a continuous monitoring of the electrocardiogram and blood pressure. It wasn’t realized on the 

same day as the exercise stress echocardiography. CPET involves ventilatory measures during a 

gradually increase intensity exercise until limiting symptoms or exhaustion46,47,48: 

1. VO2 is the respiratory oxygen uptake  (in mL/min) it reflects the volume of oxygen 

consumption, 

2. Maximum VO2 (or peak VO2) is the maximum volume of oxygen during exercise (in 

mL/kg/min); it reflects the functional aerobic capacity, it’s the highest rate of oxygen 

consumption during exercise. Peak VO2 values must be above 85% of the predicted 

value48.  

3. VCO2: carbon dioxyde production (in ml/min),  

4. Respiratory quotient (RQ) or respiratory exchange ratio which represents gas 

exchange ratio between carbon dioxide output/ oxygen uptake (VCO2/VO2). The value 

above 1 reflects a maximal exercise intensity. 

5. Ventilatory anaerobic threshold (AT) or VT1 is the VO2 value measured in the first 

ventilatory threshold; it estimates the upper limit of exercise capacity which can be 

sustained over a prolonged period without increasing blood lactate. AT normal values 

are around 40 to 65% of Peak VO2
48. 

6. Pulmonary ventilation (VE) is the volume of air inhaled an exhaled during one minute 

(L/min). At rest the normal value is around 7 to 9 L/min48. 

7. The ventilatory equivalent for oxygen (O2) VE/VO2 is the ratio between pulmonary 

ventilation and O2 consumption. It represents the ventilatory needed to consume an 

amount of O2 during exercise. This ratio increases when there is an inefficiently 

ventilation (normal range between 25 and 30).  

8. The ventilatory equivalent for carbon dioxide (CO2) VE/VCO2 is the ratio between 

pulmonary ventilation and CO2 production. It represents the ventilatory needed to 

eliminate an amount of CO2 produced during exercise by tissues (normal range <30). 

 

 

 

 

 



The six-minute walk distance (6MWD) 

This test is the mostly used to evaluate functional capacity in PAH patients. It measures the 

distance an individual is able to walk during six minute on a hard, flat surface. The goal is to walk as 

far as possible in six minutes. Outcomes measured49,50:  

1. Distance covered during 6 minutes in meters 

2. Borg dyspnea scale at rest and at the end of the test (from 0 to 10; in which 10 is the 

worst) 

3. Oxygen saturation at rest and the worst value during exercise (NADIR) measured with 

pulse oximetry (in %). 

 

Short Form-12 Health survey (SF-12) 

The 12-item Short Form Health Survey (SF-12) is a quality of life assessment.  

It is a general health questionnaire that was first published in 1995 as part of the Medical 

Outcomes Study (MOS). The SF-12 was created using questions drawn from each of the 8 

dimensions subscales (physical functioning, role physical, bodily pain, general health, vitality, social 

functioning, role emotional, and mental health) of the MOS 36 item Short Form Survey (SF-36). It is 

designed to have similar performance than the SF-36, while taking less time to complete. 

The 8 subscales range from 0 to 100 (higher scores indicating better quality of life) and are 

summarized by 2 summation scales, the physical component scale (PCS-12) and the mental 

component scale (MCS-12).  

The correct calculation of SF-12 scores (PCS-12 and MCS-12) requires the use of special 

algorithms, which are controlled by a private company. 

The survey was submitted to each patients before and after rehabilitation and then we used a 

free online algorithm to assess those two components. The algorithm we used was Ortho ToolKit. 

The SF-12 version used was the SF-12 1.0. 



 

FIGURE 4: SF-12 survey  

 

 

 

 



Statistical Analysis 

Data were summarized as mean ± standard deviation for continuous variables and number of 

subjects (%) for categorical variables. The variables were tested by the paired data Student t-test for 

normally distributed variables. Otherwise, the Wilcoxon test was performed. Categorical variables 

were compared using Fisher’s exact test. These analyses were performed using MedCalc 17.5.5 

(MedCalc Software, Mariakerke, BE). In all analyses, statistical significance was defined by a p-value 

<0.05.  



RESULTS 

 

Between January 2018 and February 2019, 40 consecutive patients with PAH were screened 

for enrolment. Of those, 14 PAH patients were suitable for inclusion. Two patients were lost of 

follow up. Finally, 12 patients with PAH participated in REHAB-HTP. 

 

 

 

 

 

FIGURE 5: Flow chart 



Population baseline characteristics:  

Main characteristics of our cohort at baseline are summarized in Table 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

Peak = peak exercise test 
 
 

TABLE 1: baseline characteristics (before rehabilitation)  

  PAH patients 
n=12 

    Age (years) 61.50±14.8 

    Female (%) 61.5% 

     Height (cm) 166.58±11.3 

     Weight (kg) 72.50±12.0 

    Body mass index (kg.m-2) 26.14±4.0 
    Body surface area, (m2) 1.79±0.2 

    Heart rate at rest (bpm) 81.25±13.7 

    Heart rate at peak (bpm) 127.25±15.6 

    Systolic Blood Pressure at rest (mmHg) 121.75±20.9 

    Systolic Blood Pressure at peak (mmHg) 173.58±32.9 

    Diastolic Blood Pressure at rest (mmHg) 69.00±7.9 

    Diastolic Blood Pressure at peak (mmHg) 89.50±24.1 

    Maximum Work load (Watt) 66.67±28.4 

   Brain Natriuretic Peptid (BNP), (pg/mL) 114.67±111.7 

   Peak VO2 (  13.03±3.6 

   Severe tricuspid regurgitation n(%) 0/12 (0%) 

   WHO functional class, n(%) 
    I 
    II 
    III 
    IV 

 
0 (0%) 

4 (33.3%) 
8 (66.7%) 

0 (0%) 
   6MWD (m) 393.17±99.2 

    Advanced PAH therapy n(%) 
     Mono-therapy 
     Bi-therapy 
     Tri-therapy 

 
2/12 (16.7%) 
6/12 (50%) 

4/12 (33.3%) 
    PAH etiology n(%) 
      Idiopathic 
      Connective tissue disease 
      Portal hypertension 
      Drug induced PAH 
      HIV 

 
6 (50%) 

4 (33.3%) 
1 (8.3%) 
0 (0%) 

1 (8.3%) 



Mean age of our studied population was 61.50±14.8 years old. The female population was 

predominant (61.5%). Our patient’s mean BMI was 26.14±4.0 (kg.m-2). All patients were previously 

treated with advanced PAH therapy and their medication remained unchanged during the study 

period. Patients were WHO functional class III (n=8, 66.7%) or class II (n=4, 33.3%). The average 

distance walked during the 6MWD was 393.17±99.2m. Mean BNP was 114.67±111.7 pg/mL. Their 

mean Peak VO2 was greatly impaired (13.03±3.6mL/kg/min) and mean workload achieved during 

the exercise test was 66.67±28.4 watts. Before rehabilitation resting heart rate was 81.25±13.7 bpm 

and peak heart rate during exercise was 127.25±15.6 bpm. Mean systolic blood pressure at rest was 

121.75±20.9, 173.58±32.9 mmHg at peak exercise. No complication of the exercise test occurred in 

all our study participants. 

 

Resting echocardiographic differences before and after rehabilitation 

At rest RVs were globally dilated and there was a trend toward RV dilatation after 

rehabilitation using RV inlet diameter (46.10±5.7 vs 43.83±5.2 mm; p=0.10). The trend was in fact 

confirmed and found significant using RV end diastolic volume (RV EDV) (147.36±37.7 ml vs 

126.05±26.5 ml before rehabilitation p=0.02). No difference in resting systolic pulmonary artery 

pressure (sPAP) was found after rehabilitation; 42.17±16.0 mmHg vs 41.55±9.5; p=0.49. A trend 

toward higher resting pulmonary TVI was observed after rehabilitation 19.16±5.6 vs 17.63±2.6 cm; 

p=0.13. 

RV systolic function at rest was altered before rehabilitation as expected even if mean TAPSE 

was preserved (23.58±3.6mm). No significant change in TAPSE was observed after rehabilitation (vs 

24.64±3.0 mm; p=0.18). A trend toward and improvement in S’ wave was observed (14.75±2.6 cm/s 

vs 13.44±2.0 cm/s; p=0.06). Isovolumic acceleration (IVA) was not significantly modified by the 

rehabilitation program (2.40±1.0 vs 2.94±0.9 m.s-2; p=0.24). A slight and non-significant increase in 

resting RV free wall peak systolic strain was observed: -16.08±4.5 % vs -18.46±3.4 after 

rehabilitation; p=0.32. Right ventricular ejection fraction (RVEF) at rest was impaired before 

rehabilitation (38.40±11.0%) but did not increase significantly after (42.09±7.1%; p=0.14). 

 

Peak-exercise echocardiographic differences before and after rehabilitation 

Peak RV diameter did not increase significantly after rehabilitation 52.10±5.1 mm vs 50.50± 

4.8 mm; p=0.23 whereas RV end diastolic volume (RV EDV) did: 195.09±58.7 vs 158.18±40.9 ml; 

p=0.005. At peak exercise, no difference in systolic pulmonary pressure (sPAP) was found after 



rehabilitation; 84.83±27.0 mmHg vs 83.90±22.0; p=0.40. After rehabilitation, peak Pulmonary TVI 

did not increase (p=0.80).  

Peak exercise RV systolic function was improved compared to resting echocardiography; 

TAPSE at peak was not significantly changed by rehabilitation 27.33±4.53 vs 28.18±4.5; although a 

trend toward better TAPSE at peak exercise was noted (p=0.55). Peak exercise RV S’ wave and IVA 

weren’t improved after rehabilitation respectively p=0.82 and p=0.87. RV free wall peak systolic 

strain was significantly improved after rehabilitation (-26.55±7.2% vs -18.93±5.4%; p=0.03). Peak 

RVEF was preserved before rehabilitation (49.48±8.7%) and increased significantly after 

(57.55±8.3% p=0.03). 

 

RV contractile reserve parameters comparison after rehabilitation 

In the following chapter Δ corresponds to the difference between peak exercise and rest for 

each parameter studied. 

ΔΔsPAP did not significantly differ before and after rehabilitation; respectively 41.40±22.5 

mmHg and 42.67±15.8 mmHg (p=0.65).  

No statistical difference in ΔTAPSE was observed after rehabilitation (3.54±4.1mm vs 

3.75±3.8mm; p=0.89). Similarly no difference in Δpulmonary TVI and ΔRVEF (respectively p=0.13 

and p=0.32) were found. 

Ratios resting and peak TAPSE/sPAP weren’t significantly different after rehabilitation 

(respectively p=0.57 and p=0.66). Also, no change of the difference of ratios Δ(TAPSE/sPAP) was 

observed after rehabilitation (p=0.73). Same results were observed for the ratios RVEF/sPAP at rest 

and at peak exercise and for the difference of ratios Δ(RVEF/sPAP); respectively (p=0.42, p=0.79, 

p=0.74). 

ΔRV free wall peak systolic strain was significantly raised after rehabilitation: -8.08±4.8% vs  

-2.85±2.9% (p=0.02); suggesting a better increase in deformation with exercise, after rehabilitation.  

Peak strain/sPAP ratios both at rest and at peak weren’t significantly different after 

rehabilitation (respectively p=0.60 and p=0.27). Similarly, no change in the difference of ratios 

Δ(peak strain/sPAP) was observed after rehabilitation (p=0.45). 

 

 

 



 

 

 

FIGURE 6: comparison between echocardiography at rest and peak exercise in a PAH patient: 

increase in sPAP and RV dilatation with exercise. 

 

 

 

  

  

 

 

 



 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

sPAP = systolic pulmonary artery pressure, TAPSE = Tricuspid Annular Plane Systolic Excursion, S’ = tissue doppler 

systolic excursion velocity of tricuspid annulus S’, IVA = Isovolumic acceleration, RVOT = RV outflow tract, pulmonary 

TVI = time velocity integral, RVEF = RV Ejection Fraction, RV ESV = RV End Systolic Volume, RV EDV = RV End Diastolic 

Volume. 

 

Table 2: 2D and 3D echocardiography parameters; 
comparison before and after rehabilitation 

 

 Before  
Rehabilitation 

n=12 

After 
Rehabilitation 

n=12 

 
p value 

 

2D ECHOCARDIOGRAPHY 
 

   

     sPAP at rest (mmHg) 41.55±9.5 42.17±16.0 0.49 
     sPAP at peak (mmHg) 83.90±22.0 84.83±27.0 0.40 
     sPAP (mmHg) 41.40±22.5 42.67±15.8 0.65 
     TAPSE at rest (mm) 23.58±3.6 24.64±3.0 0.18 

     TAPSE at peak (mm) 27.33±4.5 28.18±4.5 0.55 

     TAPSE (mm) 3.75±3.8 3.54±4.1 0.89 
     TAPSE at rest/sPAP at rest (mm/mmHg) (1) 0.60±0.2 0.67±0.3 0.57 
     TAPSE at peak /sPAP at peak (mm/mmHg) (2) 0.35±0.1 0.37±0.1 0.66 
     (TAPSE/sPAP) (mm/mmHg) -0.23±0.2 -0.30±0.2 0.73 
     S’ at rest (cm/s) 13.44±2.0 14.75±2.6 0.06 
     S’ at peak (cm/s) 18.14±4.5 17.53±3.1 0.82 
     IVA at rest (m.s2) 2.40±1.0 2.94±0.9 0.24 
     IVA at peak (m.s2) 4.61±1.9 4.51±2.1 0.87 
     E/e’ at rest 7.06±3.0 6.30±2.4 0.79 
     Peak strain at rest (%) -16.08±4.5 -18.46±3.4 0.32 
     Peak strain at peak (%) -18.93±5.4 -26.55±7.2 0.03 
     strain (%) -2.85±2.9 -8.08±4.8 0.02 
     Peak strain at rest/sPAP at rest -0.43±0.1 -0.46±0.2 0.60 
     Peak strain at peak/sPAP at peak -0.26±0.1 -0.32±0.1 0.27 
      (peak Strain/sPAP)  0.17±0.1 0.13±0.1 0.45 
     RV Diameter at rest (mm) 43.83±5.2 46.10±5.7 0.10 
     RV Diameter at peak (mm) 50.50±4.8 52.10±5.1 0.23 
     RVOT (cm) 2.12±0.2   
     Pulmonary TVI at rest (cm) 17.63±2.6 19.16±5.6 0.31 

     Pulmonary TVI at peak (cm) 22.29±3.1 21.90±6.1 0.80 
     pulmonary TVI (cm) 4.67±2.7 2.74±4.2 0.13 
 

3D ECHOCARDIOGRAPHY 
 

 
 

  

     RVEF at rest (%) 38.40±11.0 42.09±7.1 0.14 

     RVEF at peak (%) 49.48±8.7 57.55±8.3 0.03 

     RVEF (%) 11.08±6.7 15.46±6.9 0.32 

     RVEF at rest/sPAP at rest 1.01±0.4 1.10±0.4 0.42 

     RVEF at peak/sPAP at peak 0.65±0.2 0.73±0.3 0.79 

     RVEF/sPAP) -0.32±0.3 -0.37±0.3 0.74 

     RV EDV at rest (ml) 126.05±26.5 147.36±37.7 0.02 

     RV EDV at peak (ml) 158.18±40.9 195.09±58.7 0.005 



Cardiopulmonary Exercise Test (CPET) 

Before Rehabilitation 

PAH patients’ peak VO2 was greatly impaired before rehabilitation: 13.03±3.6 mL/kg/min. The 

mean workload was 66.67±28.4 watts and the duration of the exercise was 6.06±2.1 minutes. 

Ventilatory equivalents were also impaired at baseline; VE/VO2 was 23.09±8.8 (normal range 25-30) 

and VE/VCO2 was 46.71±14.8 (normal range <30). PAH patients’ anaerobic threshold was also 

impaired: 11.56±3.6 mL/kg/min.  

 

After Rehabilitation 

PAH patients both improved significantly their peak VO2 14.63±5.6 mL/kg/min 

(+1.60mL/kg/min p=0.005) and their ventilatory anaerobic threshold 13.31±4.8 mL/kg/min 

(+1.75mL/kg/min p=0.03). No statistical differences were established for the ventilatory equivalents 

respectively 26.07±9.2 (p=0.10) for the VE/VO2 and 46.38±17.5 (p=0.87) for VE/VCO2. 

Rehabilitation greatly improved the duration of exercise 7.72±3.1min (p=0.006) and the intensity 

80.83±35.8 watts (+14.16W, p=0.002). No significant difference was observed in clinical parameters 

(systolic/diastolic blood pressure and heart rate). 

 

TABLE 3: cardiopulmonary exercise test comparison before and after rehabilitation 

 

 

 

 Before Rehabilitation 
n=12 

After Rehabilitation 
n=12 

p 
value 

     Peak VO2 (ml/kg/min) 13.03±3.6 14.63±5.6 0.005 

     VT1 (Ventilatory anaerobic threshold) (ml/kg/min) 11.56±3.6 13.31±4.8 0.03 

     VE/VO2 23.09±8.8 26.07±9.2 0.10 

     VE/VCO2 46.71±14.8 46.38±17.5 0.87 

     QR 1.03±0.1 0.99±0.1 0.24 
     Power (Watts) 66.67±28.4 80.83±35.8 0.006 
     Duration (min) 6.04±2.1 7.72±3.1 0.002 
    Systolic Blood pressure (mmHg) 121.75±20.9 119.83±16.7 0.72 
    Diastolic blood pressure (mmHg) 69.00±7.9 70.00±8.3 0.73 
    Heart rate (bpm) 81.25±13.7 77.08±14.0 0.09 
    EKG Abnormalities 
       Present 
       Absent 

 
4/12 (33.3%) 
8/12 (66.7%) 

 
0/12 (0%) 

12/12 (100%) 

 



6 minute walk distance (6MWD) 

Before Rehabilitation 

Mean Borg score before 6MWD was 1.13±1.5 out of 10 and 6.00±1.3 after. Resting oxygen 

saturation was 94.64±2.0% and NADIR oxygen saturation was 89.00±5.6%. The mean covered 

distance during the test was 393.17±99.2 meters.  

 

After Rehabilitation 

Mean Borg score before 6MWD was 1.32±1.6 out of 10 and 5.5±1.7 after. No statistical 

difference was found (respectively p=0.10 and p=0.44) for the effect of rehabilitation, despite a trend 

toward an improvement of Borg score after rehabilitation. Resting oxygen saturation was 

94.80±2.4% and NADIR oxygen saturation was 88.20±4.4% indicating no significant change after 

rehabilitation (p=0.85 and p=0.66). Mean 6MWD distance was significantly improved after 

rehabilitation 425.75±96.6 meters (+32.58m p=0.02). 

 

TABLE 4: 6 minute walk distance; comparison before and after rehabilitation 

 

 

 

BNP and WHO functional class  

The mean BNP in our population before rehabilitation was 114.67±117.7 pg/mL, whereas it 

was 104.42±79.3 after, p=0.73.  

 At baseline 66.7% patients were in WHO functional class III and 33.3% in class II. After 

rehabilitation, we noticed an improvement in WHO functional class (p=0.009). 7 patients (58.3%) 

experienced an improvement of their WHO functional class; 4 patients went from class III to class II, 

2 patients from class II to class I and 1 patient from class III to I. 4 patients (33.3%) remained stable 

and 1 patient (8.3%) went from class II to class III. 

 Before Rehabilitation  
n=12 

After Rehabilitation 
n=12 

p value 

6MWD    

     Dyspnea beginning test (Borg n/10) 1.13±1.5 1.32±1.6 0.10 
     Dyspnea end test (Borg n/10) 6.00±1.3 5.55±1.7 0.28 
      94.64±2.0 94.80±2.4 0.70 
     Nadir saturation (%) 89.00±5.6 88.20±4.4 0.66 
     Distance (m) 393.17±99.2 425.75±96.6 0.02 



SF-12 quality of life 

Before Rehabilitation 

At baseline, both components were impaired; the mental score component was 44.42±11.8 

and the physical score component was 49.08±7.2. 

 

After Rehabilitation 

We found an improvement in both mental and physical components. Rehabilitation led to 

significant changes in physical health score (p=0.006) and a trend toward an improved mental score 

(p=0.11).  

 

 

TABLE 5: SF-12 quality of life; comparison before and after rehabilitation 

 

 

Safety 

All patients tolerated well the exercise during the rehabilitation program and didn’t experience 

any severe complication. No progression of the disease during rehabilitation or immediately after 

was observed. During the study period, 1 patient experienced dizziness while exercising in relation 

with high blood pressure.  

 Before Rehabilitation  
n=12 

After Rehabilitation 
n=12 

p value 

   Mental score 44.42±11.8 49.08±7.2 0.11 
   Physical score 38.22±11.2 43.77±8.3 0.006 



 

  

  

  

  

p=0.02
p=0.45

p=0.27P=0.60

p=0.4 p=0.03

p=0.32 p=0.03



 

 

 

FIGURE 7: Box-plots comparing before and after rehabilitation.  

Echocardiography at rest and peak exercise: peak systolic strain at rest and sPAP at peak weren’t 

significantly different after rehabilitation (respectively p=0.4 and p=0.32). Peak systolic strain and 3D 

RVEF at peak exercise were statistically different after rehabilitation (both p=0.03). For the RV 

contractile reserve: ratios strain/sPAP both at peak and at rest and (strain/sPAP) weren’t significant 

after rehabilitation (p=0.27 and p=0.60). Finally peak strain was statistically significant after 

rehabilitation (p=0.02) which demonstrate an improvement in RV contractile reserve. PAH patients 

also improved their exercise capacity; 6MWD distance (p=0.02), their peak VO2 (p=0.005), the 

duration of exercise (p=0.002) and their physical score (p=0.006). 

 

 

p=0.02

p=0.002

p=0.006

p=0.005



DISCUSSION 

This is the first study designed to assess changes in RV function and contractile reserve with 

rehabilitation in PAH patients. We found that cardio-pulmonary rehabilitation led to improvement 

in quality of life, WHO functional class, exercise capacity (exercise duration and intensity, 6MWD 

distance), peak VO2, anaerobic threshold and improvement in RV function as assessed using resting 

RV strain and RV contractile reserve (ΔΔRV peak strain).  

 

Method and duration of rehabilitation 

Patients underwent 8-weeks of ambulatory exercise training: aerobic training in our 

rehabilitation center 3 times a week and daily prescribed exercises at home. Our protocol was lighter 

and shorter compared to previous studies. In the first control study, patients underwent 15 weeks of 

rehabilitation including an hospitalization for the first 3 weeks and performed more intense exercise 

(25 minutes of bike every day, 60 minutes-walk, 30 minutes of dumbbell 5 days a week and 30 

minutes of respiratory work). Other studies mainly realized a 15 weeks rehabilitation26,27,28 or at least 

12 weeks25 and for the first weeks patients were all hospitalized. Improvement in exercise capacity in 

our population was less marked than in Mereles’ study. Exercise training and capacity even in 

healthy subjects have a dose-effect relationship. Mereles et al. demonstrated that PAH patients who 

exercised more improved their exercise capacity23. This protocol difference for rehabilitation was 

forced by our local organization and may explain at least partly the lack of difference in mental 

health quality of life and RV function parameters. 

 

Echocardiography at rest and exercise stress echocardiography 

Only few studies evaluated echocardiographic parameters after cardiopulmonary 

rehabilitation in PAH patients. For Bussotti et al. there were no significant difference in 

echocardiographic parameters measured51 after rehabilitation. For Fox et al. no difference in sPAP 

and cardiac output was observed52; as in Babu et al. right heart function assessed by sPAP and 

TAPSE, did not show statistically (p > 0.05) or clinically significant change after exercise training53. 

The significant results about echocardiographic parameters in our study after rehabilitation 

were: free wall peak systolic strain at peak exercise which was increased after rehabilitation 

(p=0.03), RV contractile reserve (p=0.02), 3D RVEF at peak exercise (p=0.03) and RV EDV both at 

rest (p=0.02) and at peak exercise (p=0.005).  



In our study we decided to evaluate a recent RV contractile reserve parameter, ΔRV peak 

Strain. It is the first study to evaluate RV contractile reserve after cardiopulmonary rehabilitation in 

PAH patients. We found an improvement in RV contractile reserve after rehabilitation that could at 

least partly explain the beneficial effects of cardiopulmonary rehabilitation in PAH patients. 

 

Exercise capacity: 6 minute walk distance (6MWD) and cardiopulmonary exercise test 

(CPET) 

6MWD is commonly used to assess functional capacity in PAH patients; for some it may 

predicts mortality30,54. For Miyamoto et al. during 6MWD the covered distance is correlated to the 

peak VO2 and is strongly associated with mortality; they also demonstrated PAH patients’ survival is 

impaired when 6MWD distance is < 332 meters54. The 6MWD has been used as an outcome 

measurement in therapeutic trials to assess PAH drugs: in ARIES 1 for ambrisentan the 6MWD 

increased by +51m (95% CI, 27 to 76; p<0.001)55; tadalafil also significantly improved the distance 

walked in 6 minutes in a dose-dependent manner at week 16  by +33 m (n=79; 95% CI, 15 to 50, 

p<0.001)56. After cardiopulmonary rehabilitation, Mereles et al. showed an improvement of 

+96±61m (p<0.0001)23, Grünig et al.28 +78±49.5m (p<0.001) and Weinstein et al.29 +55±44m 

(p=0.003). In our study, PAH patients improved their 6MWD by +32.58m (p=0.02); it is less than 

expected compared to other rehabilitation study but even with our small sample size of population 

we found an improvement. Thus, it seems that rehabilitation led to more improvement in 6MWD 

distance than drug therapy although no control study aimed to compare drug therapy to 

rehabilitation. Both therapy probably have a combined and synergic beneficial effect by improving 

the pulmonary artery resistance and compliance. 

 

Cardiopulmonary exercise test is less used to evaluate exercise capacity in randomized trials 

both about drugs and rehabilitation compared to 6MWD. For Mereles et al. rehabilitation improved 

peak VO2, ventilatory anaerobic threshold, achieved workload at anaerobic threshold23. Yuan et al. 

demonstrated in their meta-analysis that the effects of exercise training on exercise capacity 

improved the peak VO2 (+1.49 mL/min/kg; p<0.0001)57 and on workload (+14.88 watt p<0.0001). In 

Grünig’s study PAH patients improved the workload by +15watts (p<0.001) and their peak VO2 by 

+2.1 ml/min/kg (p<0.001). Our results were similar, PAH patients improved their peak VO2 by +1.6 

ml/min/kg (p=0.005) and their workload by +14.16watts.  

 

 



Quality of life and WHO functional class 

At baseline, all patients had a significantly compromised quality of life and PAH patients 

included had a WHO functional class II or III. At the end of the study, all patients perceived an 

improvement of their symptoms. Main studies about cardiopulmonary rehabilitation in PAH patients 

demonstrated an improvement in quality of life, they all used the SF-36 short form survey23,25,28,30. We 

found a significant improvement in the physical component but not in mental score. This difference 

may be explained by the fact that compared to other studies we didn’t insist on the mental support 

and psychological approach during our rehabilitation program.  

 

Rehabilitation in chronic heart failure 

ESC guidelines from 200858 and 201659 recommend rehabilitation in chronic heart failure 

(Class I, level of evidence B). This was based on several studies, main outcomes were cardiac 

mortality and hospital readmission. It was difficult to compare with rehabilitation studies in PAH 

patients. For Taylor et al.60  rehabilitation in chronic heart failure led to an improvement in 6MWD 

by +21m (IC 1.57 to 40.4, p=0.034). Belardinelli et al.61 compared patients suffering from heart 

failure they found an improvement in Peak VO2 by +3.6 ml/kg/min (p<0.01) in patients included in 

the rehabilitation program. Those results didn’t differ much from our study but due to the small 

population (PAH being a rare disease), we didn’t evaluate outcomes of chronic heart failure studies 

which were cardiac mortality and hospital readmission.  

 

Mechanisms 

As mentioned previously in ESC guidelines, there are gaps in knowledge, especially to 

determine the mechanism explaining the beneficial effects of cardiopulmonary rehabilitation. This 

part remains unclear.  

De Man et al.25 explained the effect of rehabilitation mainly by an improvement in peripheral 

muscle contractility (improvement in quadriceps muscle strength and increase in number of 

capillaries per myocyte). This is also supported by the known loss of peripheral muscle mass and 

skeletal muscle dysfunction in PAH patients.  

Other studies also demonstrated an improvement in respiratory muscle capacity. For Grünig 

et al.28; the main effects of cardiopulmonary rehabilitation on PAH patients are: an improvement of 

endothelial dysfunction, gas exchange, ventilatory efficiency, ventricular contractility and muscular 

blood supply.  



Studies on cardiopulmonary rehabilitation in PAH patients do not demonstrate improvement 

on RV function as assessed by TAPSE and peak exercise sPAP. However, RV function assessment in 

previous studies was limited to almost only those two parameters. No study evaluated RV strain and 

RV contractile reserve, the first supposed parameter impaired in PAH. Our study is the first one to 

evaluate the effect of cardiopulmonary rehabilitation on RV contractile reserve using ΔRV peak 

strain; thus RV myocardial function improvement could be another beneficial factor related to 

rehabilitation. 

 

Limits of the study 

Our study was a cross-over monocentric study. Our results are limited by the small sample 

size of our population. Given the small number of stable PAH patients, including in REHAB-HTP has 

been a challenge. 

A selection bias has to be noticed, as our PAH patients did not represent the overall PAH 

population. We included PAH patients WHO functional class II or III and other authors included all 

PAH patients even WHO functional Class IV. We considered that a therapeutic adjustment using 

prostacyclin analogs was more adequate in those patients. To be included, PAH patients had to be 

stable for at least one month, be able and agree to perform the 8-weeks restrictive rehabilitation 

program, thus full-time worker were almost systematically excluded. 

 Our rehabilitation program was only ambulatory as compared to the main studies, thus being 

a potential bias. However, in the end, same findings were observed (as compared to other studies). 

Thus, ambulatory rehabilitation programs could be suggested to PAH patients.  

The ESE was also a limitation to our study; it was more difficult to perform and interpret than 

dobutamine stress but we wanted to recreate more physiological conditions to mimic exercise. We 

also deliberately exclude dobutamine stress echocardiography to study PAH as it could lead to 

severe arrhythmias.  

Regarding at home daily prescribed exercises, despite being systematically interrogated, we 

could not be sure that patients did their homework.  

We included only stable PAH patients; all were treated by a targeted PAH therapy. The effect 

of rehabilitation could have been underestimated by that but, according to guidelines; rehabilitation 

has to be added to optimal drug therapy.  

During our rehabilitation, our physiotherapist resigned. This was also a bias for the 6MWD 

because this test can be operator dependent.  



CONCLUSION  

 

To conclude; in this preliminary study, cardio-pulmonary rehabilitation led to improved 

quality of life and exercise capacity in PAH. The increased RV contractile reserve post-rehabilitation 

might explain, in association with the peripheral and respiratory muscular effects of exercise training, 

the clinical benefits of rehabilitation in PAH.  
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