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 Since its initial description in 1891 by von Romberg (Über Sklerose der Lungenarterie. Dtsch 
Arch Klin Med 1891;48:197–206), pulmonary hypertension has evolved from a single disease 
to a complex pathophenotype of many different etiologies, ranging from intrinsic lung disease 
to pulmonary arterial pathobiology. The last 25 years, in particular, have led to remarkable 
progress in understanding subtleties in pathophysiology, the complex causative and adaptive 
molecular events, and therapies for many forms of pulmonary hypertension. This broad expan-
sion of our knowledge of the classifi cation, causation, and treatment of pulmonary hyperten-
sion has led to the establishment of a rich discipline that defi nes the contemporary fi eld. 

 With these rapid advances in epidemiology, pathobiology, and therapeutics, the fi eld of 
pulmonary hypertension clearly warrants a defi nitive textbook. In  Pulmonary Hypertension: 
Basic Science to Clinical Medicine , Maron, Zamanian, and Waxman have provided just what 
the fi eld needs at this stage in its development. Beginning with a review of historical perspec-
tive, the chapters that follow offer unique, comprehensive, and highly useful insights into the 
current state of the disease. How best to defi ne the phenotype(s), disease epidemiology, and the 
role of infl ammation, neurohumoral factors, and metabolic adaptation are summarized in 
clearly written, up-to-date chapters by authors who have led their respective fi elds in these 
burgeoning areas of investigation. Novel approaches to disease, including modern genomics 
and genetics, the role of noncoding RNAs, and network biology are also presented in well- 
written, clearly presented chapters on these complex topics. 

 These basic chapters are followed by timely, rigorous, and practical presentations on car-
diopulmonary hemodynamic assessment in the evaluation of patients with dyspnea and sus-
pected pulmonary hypertension, the challenge of relevant clinical endpoints in clinical trials of 
patients with pulmonary hypertension, advanced imaging strategies, and the growing fi eld of 
biomarkers of disease activity and response to therapy. These initial clinical chapters are fol-
lowed by up-to-date reviews of current pharmacotherapies and surgical therapies, including 
devices and lung or heart-lung transplantation. Chapters on newer molecular targets, special 
clinical considerations in subsets of patients with pulmonary hypertension of which any physi-
cian caring for these complicated patients should be aware, and what the future holds for the 
syndrome round out this thorough textbook. 

 The complexity of the pathobiology, clinical presentation, and clinical course of patients 
with pulmonary hypertension is what makes the syndrome interesting to study and challenging 
to treat. Maron, Zamanian, and Waxman have done a superb job in compiling an excellent 
roster of chapter contributors who provide a contemporary, comprehensive overview of the 
fi eld in all of its complexity, and do so with clarity and great care. For these reasons, I believe 
this textbook is essential for the any physician or scientist with an interest in pulmonary hyper-
tension that will establish itself in short order as a defi nitive reference for the discipline.  

      Boston ,  MA ,  USA        Joseph     Loscalzo  ,   MD, PhD     

   Foreword   
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      Historical Perspective 
on the Classification and Nomenclature 
of Pulmonary Hypertension       

     Myung     H.     Park     

            Introduction 

 The history of how nomenclature and classifi cation of 
pulmonary hypertension (PH) has evolved is a tribute to 
the dedication, scientifi c curiosity, and courageous risks 
undertaken by notable scientists and clinicians spanning 
over three centuries. The challenges in understanding the 
complex pathophysiology of cardiopulmonary systems 
are illustrated by series of misconceptions that took place 
through the years that are beginning to be understood. 
Indeed, the dilemma the medical community faced in 
their quests to name the conditions currently known as 
pulmonary hypertension and pulmonary arterial hyperten-
sion (PAH), and in deriving at a working classifi cation, 
underscores the complexity of cardiopulmonary medi-
cine. A sensible nomenclature and a well-organized clas-
sifi cation scheme are important in order to provide 
structure and framework for any disease process, espe-
cially one as complex as pulmonary hypertension. They 
serve as a foundation for the medical community by pro-
viding a common language and framework for patient 
care, furthering research, and collaborating in clinical tri-
als. This chapter will discuss the notable individuals, their 
discoveries and contributions, which have shaped the fi eld 
and helped to achieve the advances in pulmonary hyper-
tension (Table  1.1 ).

       Key Contributors with Keen Observations: 
The Evolution in Understanding Pulmonary 
Circulation 

 The study of circulatory system dates back to the Ancient 
Greeks with most signifi cant contribution accredited to stud-
ies by Galen [ 1 ,  2 ]. Born in 129 AD in Pergamum, Asia 
Minor (currently Bergama, western Turkey) during the rule 
of the Roman Empire, he acquired training when he was 
appointed as the surgeon to the gladiators. His reputation as 
the leading medical authority quickly rose where he was ulti-
mately appointed as Physician to the Emperor. Through his 
experiments with animals and experiences in the fi eld treat-
ing soldiers, he formulated a series of observations of the 
circulation and physiology. He claimed that the cardiovascu-
lar function was an open-ended system being comprised of 
two distinct networks of arteries and veins, where blood and 
air dissipated at the ends of arteries and veins according to 
the needs of the local tissues [ 1 ,  3 ]. 

 This belief was held fi rm for 15 centuries until chal-
lenged by the scientifi c fi ndings of William Harvey with his 
historic publication of  Exercitatio Anatomica de Motu 
Cordis et sanguinis in Animabilus  in 1628 [ 3 – 5 ]. In this 
monumental work written from his observations and experi-
ments, Harvey correctly portrayed the circulatory system as 
a closed system where the blood circulates from the heart to 
the tissues via arteries and back to the heart through the 
veins and the lungs. Furthermore, he also surmised that 
there were pores in the lungs that allowed the blood to return 
to the heart. Indeed, these pores were later shown to be vas-
cular capillaries once microscopy was available by Malpighi 
in 1661 [ 6 ]. He also had the incredible insight to differenti-
ate the functions of the two ventricles as he stated: “So it 
appears that whereas one ventricle, the left, suffi ces for dis-
tributing the blood to the body and drawing it from the vena 
cava, as is the case in all animals lacking lungs, nature was 
compelled when she wished to fi lter blood through the lungs 
to add the right ventricle…Thus the right ventricle may be 
said to be made for the sake of transmitting blood through 

        M.  H.   Park ,  MD      
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 University of Maryland School of Medicine ,   Baltimore ,  MD ,  USA    
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the lungs, not for nourishing them.” Harvey’s astute obser-
vations on human circulatory system started the beginnings 
of modern cardiology [ 5 ]. 

 For the next few centuries, medical community was 
intrigued by reports from autopsy fi ndings of abnormalities 
in pulmonary arteries and it was being accepted that pulmo-
nary arteriosclerosis was morphological evidence of chronic 
pulmonary hypertension. However, the etiological basis for 
these fi ndings remained a mystery. In 1891, a German physi-
cian and pathologist named Ernst von Romberg proceeded to 
categorize the abnormal fi ndings in pulmonary arteries dur-
ing autopsy simply as “pulmonary vascular sclerosis”, pro-
viding the fi rst name of many to follow for this elusive 
disease [ 7 – 9 ]. 

 The fi rst few decades of 1900s witnessed emergence of 
several different explanations as the cause for pulmonary 
hypertension. One notable contributor in furthering the fi eld 
was Dr. Abel Ayerza, professor of medicine at the University 
of Buenos Aires, Argentina, when he delivered his key clini-
cal descriptions in a landmark lecture to his students on 
August 20, 1901 [ 10 ]. He described 38-year-old male who 
had suffered from pneumonia at 20 and 32 years of age and 

subsequently developed chronic respiratory symptoms. He 
presented with constellation of fi ndings comprising of 
chronic cough and sputum production, dyspnea at rest, cen-
tral cyanosis, clubbed fi ngers and tachypnea. The examina-
tion was signifi cant for blood pressure of 150 mmHg 
(diastolic blood pressure was not able to be determined at 
that time), heart rate of 112 beats per minute, wet crackles 
and wheezing in the lungs with cardiovascular examination 
showing features of right heart failure (jugular venous dis-
tention, hepatomegaly, hepatojugular refl ux, ascites and 
lower extremity edema). The laboratory fi ndings revealed 
polycythemia of 6,560,000 red blood cells per mm 3  and 
white blood cells were 5,250 cells per mm 3 . The patient died 
24 days after admission to the hospital. His autopsy fi ndings 
showed enlarged heart with thickened right ventricular wall, 
dilated right atrium, and normal left atrium and ventricle. 
Histological examinations of the pulmonary arteries 
revealed hyperplasia of the middle layer and intima, along 
with thrombus obstructing fl ow. Dr. Ayerza called this con-
dition “cardiac negro” (black cardiac) to differentiate from 
other diseases due to the extreme degree of cyanosis seen in 
these patients. 

   Table 1.1    Major milestones in development of nomenclature and classifi cations in pulmonary hypertension   

 Date/time range  Key fi gure/event  Contribution 

 1628  William Harvey  Publication of his book  Exercitatio Anatomica de Motu Cordis et sanguinis in 
Animabilus  

 1891  Ernst von Romberg  Description of abnormal fi ndings in autopsy as “pulmonary vascular sclerosis”, 
fi rst name given for PH 

 1901  Abel Ayerza  Key lecture integrating cyanosis and right heart failure, named the condition as 
“cardiac negro” (black cardiac) 

 1913  F. C. Arrillaga  Syphilitic arteriosclerosis assigned as etiology of PH; changed the name of 
disease to “Ayerza’s Disease” 

 1929  Werner Forssman  Demonstrated that it was possible to perform right sided catheterization in 
humans by performing catheterization on himself 

 1951  David Dresdale  Coined the term “primary pulmonary hypertension”, PPH 

 1956  Forssman, Cournand, Richards  Awarded Nobel Prize for their contributions to the discovery of circulatory and 
cardiopulmonary systems 

 1958  Paul Wood  Published  Pulmonary Hypertension with Special Reference to the 
Vasoconstrictive Factor  

 1965–1970s  First PPH Epidemic  Related to approval of Aminorex 

 1973  1st WHO Meeting in PH  Landmark meeting in PPH; provided recommendations for future directions 

 1981  PPH Registry  Landmark multicenter U.S. study characterizing natural history and clinical 
features of PPH 

 1996–1970s  Second PPH Epidemic  Due to approval of “fen-phen” 

 1998  2nd World Symposium on PH  Formation of Evian Classifi cation of PH; introduction of term “pulmonary 
arterial hypertension”, PAH 

 2003  3rd World Symposium on PH  Venice Classifi cation; idiopathic PAH introduced to replace term PPH 

 2008  4th World Symposium on PH  Dana Point Classifi cation; modifi cation of genetic category, among others in 
Group 1 

 2013  5th World Symposium on PH  Nice Classifi cation; further modifi cations of genetic category, among others in 
Group 1 

 2014  International Right Heart Failure 
Foundation Working Group 

 Development of a comprehensive nomenclature of right heart failure: defi ning 
distinction between right heart failure and right ventricular failure, components 
of right heart system, and defi nition of right heart failure 
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 This clinical and pathologic correlative description 
created marked interest among physicians worldwide and 
speculations started to emerge regarding the etiology 
[ 9 ,  10 ]. In 1905, Pedro Escudero proposed that “black 
cardiac” was secondary to a chronic pulmonary process 
and subsequently attributed the disease to complications 
of syphilis causing obliterating sclerosis of the pulmo-
nary artery [ 9 – 11 ]. This misconception resulted in a con-
siderable amount of debate of the role of the spirochete 
that lasted for two decades. In the midst of the contro-
versy, Dr. F.C. Arrillaga, a student of Dr. Ayerza, focused 
on collecting information on patients with similar pre-
sentations who were described as “black cardiac”. In 
1913, he published his findings that consisted of a review 
of a selected group of 11 patients, including the first 
patient described by Dr. Ayerza, covering the varied 
causes, pathology and clinical manifestations [ 10 ,  12 ]. 
As a result, the disease became known worldwide as 
“Ayerza’s disease.” Dr. A.S. Warthin of University of 
Michigan described the first case in USA at the 34th 
Annual Meeting of the American Society for Medicine in 
1919 as “A case of Ayerza’s disease: chronic cyanosis, 
dyspnea, and erythema associated with syphilitic arterio-
sclerosis of the pulmonary artery” [ 13 ]. 

 Despite his role in propagating the misconception of 
syphilis as the etiology, Dr. Arrillaga formulated a critical 
concept that shaped the nomenclature and classifi cation of 
pulmonary hypertension by stating “sclerosis of the pulmo-
nary artery was always primary and that it could be isolated 
or secondary to chronic pulmonary process” [ 10 ,  14 ]. Thus 
the theory of sclerosis of the pulmonary artery being the pri-
mary cause of Ayerza’s disease, independent of a chronic 
lung process, initiated the practice of classifying the condi-
tion as “primary” pulmonary hypertension, now known as 
“idiopathic”. 

 The notion of syphilitis being the cause of pulmonary 
hypertension was ultimately dispelled by a British physi-
cian named Dr. Oscar Brenner in 1935. As the Rockefeller 
Traveling Fellow at Massachusetts General Hospital 
(MGH), he reviewed 100 case reports of PH in the MGH 
autopsy fi les, of which 25 were categorized as “Ayerza’s 
disease.” He correctly arrived at the conclusion that that 
syphilis was not the cause but that clinical manifestations 
of the disease were due to heart failure secondary to pulmo-
nary disease [ 15 ]. He made a signifi cant contribution to the 
fi eld by noting the presence of small muscular arteries and 
arterioles as the source of pulmonary hypertension. 
However, being mainly a histopathologist, he failed to rec-
ognize the role of vasoconstriction in the pathogenesis of 
pulmonary hypertension and its effect in the pathophysiol-
ogy between pulmonary vascular lesions and right ventric-
ular hypertrophy, viewing each as a separate entity due to 
an “unknown cause” [ 9 ,  15 ,  16 ].  

    Accessing the Inaccessible: Introduction 
of Right Heart Catheterization 

 The start of the twentieth century marked the birth of modern 
cardiopulmonary medicine with advances in understanding 
of physiology of pulmonary hemodynamics through innova-
tions in technology to directly measure pulmonary circula-
tion, which until then had been inaccessible. The initial 
studies were performed by measuring pulmonary arterial 
pressures in anesthesthetized, open-chest animals under arti-
fi cial respiratory support [ 5 ,  17 ]. These experiments allowed 
development of accurate readings pulmonary pressures and 
methods to calculate pulmonary vascular resistance and the 
measurement of left arterial pressures. Among the key con-
tributors in the study of pulmonary hemodynamics and phys-
iology include Otto Frank (1865–1944) and Ernest Henry 
Starling (1866–1927) whose heart-lung preparations resulted 
in series of experiments under controlled setting to measure 
cardiac mechanical and physiologic causes and effect which 
led to the discovery of Frank-Starling law of the heart [ 15 ]. 

 The other major discovery involved fi guring out ways to 
measure pulmonary blood fl ow. August Krogh and Johannes 
Lindhard were the fi rst to obtain indirect pulmonary blood 
fl ow measurement by using nitrous oxide gas uptake method 
in humans in 1912 [ 18 ]. To overcome limitations present in 
using the gas exchange technique, a direct approach to mea-
sure cardiac output was proposed by Adolph Fick in 1870 [ 5 , 
 19 ]. It would take several decades for Fick’s principles to be 
applied to measure cardiac output in humans due to many 
complexities inherent in its application, one of which 
included obtaining mixed venous blood. Werner Forssman 
made this possible by being the fi rst to demonstrate the fea-
sibility of obtaining direct cardiac measurements in humans 
by catheterizing himself via the antecubital vein and obtain-
ing a radiographic picture of his heart in 1929 [ 20 ]. By show-
ing that the right side of the heart could be safely catheterized 
by peripheral vein, Forssman disapproved the widely held 
belief that was prevalent in the medical community that 
placement of catheter in cardiac chambers would result in 
morbid or fatal complication. Although his courageous self- 
experiment propelled the fi eld of invasive cardiology, his 
actions resulted in criticism and condemnation by his col-
leagues and administrators [ 5 ,  15 ,  21 ]. His contribution made 
it feasible to obtain cardiac output and pulmonary vascular 
resistance measurements which are critical components to 
defi ne pulmonary arterial hypertension. 

 The potential applications of assessing right-sided hemo-
dynamics were quickly realized throughout Europe, South 
American and United States. Dickinson W. Richards and 
Andre F. Cournand of the Bellevue Service of Columbia 
University College of Physicians and Surgeons began experi-
ments placing catheters in the right atrium fi rst in large ani-
mals and fi nally in humans by 1940 [ 22 ,  23 ]. Many discoveries 
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were made by the team led by Cournand and Richards during 
the next couple of decades that included establishing the wide 
range of variations in pressure and fl ow seen in health and 
disease states and hemodynamics associated with congenital 
heart defects and valvular disease [ 23 – 25 ]. Forssman, 
Cournand and Richards won the Nobel Prize in 1956 in phys-
iology and/or medicine for their contributions to the discov-
ery of circulatory and cardiopulmonary system [ 21 ,  24 ,  25 ]. 
Advances in science and technology, including development 
of a fl ow-directed catheter with an infl atable balloon to mea-
sure left atrial pressure in animals followed by a modifi ed 
technique of measuring pulmonary “capillary” pressure in 
humans, set the stage for wide use of right sided catheteriza-
tions in laboratories across the country [ 26 ,  27 ]. In 1970, 
William Ganz and Harold J C Swan introduced a multi-
lumen, balloon tipped catheter that enabled the procedure to 
be performed from the fl uoroscopy suite to the bedside [ 28 ].  

    Obtaining Insights into Cardiopulmonary 
Physiology: Measuring Hemodynamics 
in Health and Disease 

 The rapid advances in technology in the fi eld of invasive 
hemodynamics in the twentieth century created a marked 
interest that propelled research in the fi eld of cardiopulmo-
nary medicine that resulted in the start of formal nomencla-
ture and classifi cation for pulmonary hypertension. David 
Dresdale, a trainee of Cournand and Richards, was the fi rst 
to report in 1951 hemodynamic profi les of patients with pul-
monary hypertension without evident etiology and coined 
the name “primary pulmonary hypertension (PPH)” [ 29 ]. 
This was a signifi cant event since prior to this, PPH did not 
have an accepted terminology which impeded effective 
 communication and research relating to the condition. 
Furthermore, Dresdale also contributed to the key concept on 
the role of vasoconstriction in the pathophysiology of pul-
monary hypertension and the effects of vasodilators. He per-
formed functional studies in animals that demonstrated acute 
hypoxia elicited pulmonary vasoconstriction and that admin-
istration of a pulmonary vasodilator tolazoline relieved pul-
monary hypertension in patients with PPH [ 30 ,  31 ]. However, 
this resulted in some controversy because tolazoline also 
produces systemic vasodilatory effects, which raised the 
question if the effect on the pulmonary circulation was due to 
systemic vasodilation [ 9 ]. 

 Another key contributor furthering the fi eld of cardio-
pulmonary physiology was Paul Wood by performing a 
wide range of hemodynamic studies in his patients with 
valvular heart disease, congenital heart disease and pulmo-
nary hypertension. In his seminal publication of “Pulmonary 
Hypertension with Special Reference to the Vasoconstrictive 
Factor”, he outlined many seminal, critically important 

physiologic principles. First, he defi ned normal pulmonary 
hemodynamics from his laboratory at the Institute of 
Cardiology and at the Brompton Hospital: “The normal 
pulmonary pressure in a series of 60 normal controls….was 
16/7 mm Hg…with mean being 11 mm. and the range 8/2-
28/14 mm. The mean cardiac output was 8 liters a minute, 
and the common range 5.5 to 10.5 liters a minute.” He also 
gave a defi nition of pulmonary hypertension stating: 
“Pulmonary hypertension literally implies a pulmonary 
blood pressure above 30/15 mm. which is the upper limit of 
the normal range. In practice serious pulmonary hyperten-
sion usually means a pressure at or around systemic level, 
but rarely in excess of 150 mm” [ 32 ]. Furthermore, he pro-
posed a “working classifi cation of pulmonary hyperten-
sion” based on physiologic distinctions differentiating into 
fi ve types: Passive, Hyerkinetic, Obstructive, Obliterative, 
Vasoconstrictive, Polygenic, with a claimer stating that “…
it may help to add a sixth (polygenic), to describe cases of 
mixed etiology” [ 32 ]. He also described the signifi cance 
and meanings behind “reactive” versus “passive”, with dis-
cussions centered around what he had learned from his 
experiments with intravenous injection of acetylcholine. 
This substance, being eliminated during a single passage 
through the pulmonary circulation, demonstrated the effect 
of a selective pulmonary vasodilator in that it decreased 
pulmonary pressures in his patients with pulmonary hyper-
tension secondary to mitral stenosis [ 32 ,  33 ]. He confi rmed 
the importance of the role of vasoconstriction in pulmo-
nary hypertension, as well as the potent pulmonary vasodi-
latory effect of acetylcholine in patients who were 
subjected to pretreatment with hypoxic- inspired air [ 34 , 
 35 ]. Furthermore, Paul Wood included 26 patients whom 
he labeled as “primary pulmonary hypertension”, 21 of 
them being female between the ages 9 and 48, similar to 
the cohort that would be described 20 years later in the 
NIH Registry [ 35 ,  36 ]. 

 It is noteworthy that with introduction of the name “pri-
mary pulmonary hypertension” enabled the medical commu-
nity to focus and publish their fi ndings by having a common 
language. Paul Wood also led the studies on hemodynamics 
of pulmonary hypertension of different etiologies with his 
descriptions of Eisenmenger’s and mitral stenosis, which 
were corroborated by similar fi ndings by other physicians in 
similar cohorts. Some of the critical works that emerged dur-
ing this time include pathologic descriptions by Heath and 
Edwards in 1958 on Eisenmenger’s patients, and Wagenvoort 
and Wagenvoort in 1970, that provided a fi rst detailed post 
mortem descriptions [ 37 ,  38 ]. The publication by the 
Wagenvoorts was a landmark work titled “Primary 
Pulmonary Hypertension. A Pathologic Study of the Lung 
Vessels in 156 Clinically Diagnosed Cases” of confi rmed 
PPH cases from 51 medical centers and pathologic laborato-
ries in 14 different countries [ 38 ].  
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    Primary Pulmonary Hypertension Takes 
Front Stage: The Aminorex Epidemic 

 Against the backdrop of a century of signifi cant progress in 
the fi eld of pulmonary hypertension, the epidemic of 
aminorex- induced PPH broke out in the late 1960s propelling 
this rare condition to the center stage [ 39 ]. Aminorex fuma-
rate (Menocil®) shares similar chemical structures with epi-
nephrine and amphetamines and its toxic effects have been 
reported to be predominately due to the release of catechol-
amines and norepinephrine [ 40 ,  41 ]. Aminorex became avail-
able as over-the-counter drug appetite suppressant to promote 
weight loss in 1965 in Switzerland, Austria, and Germany 
which was followed by a tenfold increase in the incidence of 
PPH reported in the three countries over the next 7 years [ 41 ]. 

 The drug was withdrawn from the market in 1968 due to 
the alarming rate of PPH cases [ 9 ,  40 ]. However, important 
scientifi c advances resulted from this unfortunate event in 
that several key questions were raised followed by impor-
tant observations regarding PPH which pushed the fi eld for-
ward. For one, it was observed that only 2 % of those who 
took aminorex developed PPH suggesting genetic predispo-
sition playing an important role. Follow up experiments in 
animals to reproduce PPH were largely unsuccessful, which 
further supported the concept of genetic basis playing an 
important factor. The time frame of disease progression was 
also uncovered with appreciation of the latent period 
between the start of aminorex ingestion and onset of clinical 
manifestations, which appeared to peak at 6 months. In 
addition, it was observed that the changes related to PPH 
often progressed after the drug had been stopped and that in 
12 of 20 patients who were followed for >17 years, the dis-
ease regressed demonstrating that in some patients PPH 
seemed reversible [ 9 ,  39 ,  41 ].  

    The First World Health Organization Meeting 
on Primary Pulmonary Hypertension: 
Geneva Meeting (1973) 

 Culminating from the urgent need to that rose by the epi-
demic and the many imminent questions that surfaced, the 
World Health Organization (WHO) convened its fi rst meet-
ing on PPH that took place on October 15–17, 1973 in 
Geneva, Switzerland. There were 19 attendees representing 
10 countries (5 from USA and Switzerland, each, with larg-
est number of participants). The “Primary Pulmonary 
Hypertension: Report on a WHO meeting” contains an 
account of the meeting based on the papers submitted by the 
participants, as well as their discussions. Of note, the intro-
duction of the report starts with mention of the fi rst WHO 
meeting on pulmonary circulation on cor pulmonale that was 
held on 1960 (Table  1.2 ). In the Classifi cation of Chronic 

   Table 1.2    Classifi cation of chronic cor pulmonale according to 
 causative diseases   

 The diseases that may cause chronic pulmonary heart disease are 
listed below, classifi ed into broad etiological groups. 

 1.  Diseases primarily affecting air passages of the lung and the 
alveoli 

   1.1  Chronic bronchitis with generalized airways obstruction with 
or without emphysema 

   1.2 Bronchial asthma 

   1.3 Emphysema without bronchitis or asthma 

   1.4 Pulmonary fi brosis, with or without emphysema, due to: 

    (a) Tuberculosis 

    (b) Pneumoconiosis 

    (c) Bronchiectasis 

    (d) Other pulmonary infections 

    (e) Radiation 

    (f) Mucoviscidosis 

   1.5 Pulmonary granulomata and infi ltrations 

    (a) Sarcoidosis 

    (b) Chronic diffuse interstitial fi brosis 

    (c) Berylliosis 

    (d) Eosinophilic granuloma or histiocytosis 

    (e) Malignant infi ltration 

    (f) Scleroderma 

    (g) Disseminated lupus erythematosus 

    (h) Dermatomyositis 

    (i) Alveolar microlithiasis 

   1.6 Pulmonary resection 

   1.7 Congenital cystic disease of the lungs 

   1.8 High-altitude hypoxia 

 2. Diseases primarily affecting the movements of the thoracic cage 

   2.1 Kyphoscoliosis and other thoracic deformities 

   2.2 Thoracoplasty 

   2.3 Pleural fi brosis 

   2.4 Chronic neuromuscular weakness—e.g., poliomyelitis 

   2.5 Obesity with alveolar hypoventilation 

   2.6 Idiopathic alveolar hypoventilation 

 3. Diseases primarily affecting the pulmonary vasculature 

   3.1 Primary affections of the arterial wall 

    (a) Primary pulmonary hypertension 

    (b) Polyarteritis nodosa 

    (c) Other arteritis 

   3.2 Thrombotic disorders 

    (a) Primary pulmonary thrombosis 

    (b) Sickle cell anaemia 

   3.3 Embolism 

    (a) Embolism from thrombosis outside the lungs 

    (b) Schistosomiasis (bilharziasis) 

    (c) Malignant embolism 

    (d) Other embolism 

   3.4  Pressure on main pulmonary arteries and veins by mediastinal 
tumours, aneurysm, granuloma, or fi brosis 

  Reprinted from WHO Technical Report Series, No. 213, 1961 [ 42 ], 
Table 1, pp 7–8, with permission from World Health Organization 
(WHO)  
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Cor Pulmonale According to Causative Disease, PPH is 
listed in the 3rd group among the “Diseases primarily affect-
ing the pulmonary vasculature”, which is most likely the fi rst 
formal proposed classifi cation [ 42 ].

   Among the many important discussions that took place 
during that seminal meeting, one lengthy deliberation was 
centered on the dilemma surrounding the nomenclature of 
the term “primary pulmonary hypertension” being used in 
two distinct ways. Clinically, PPH referred to “indicate the 
presence of elevated pulmonary arterial pressures in the 
absence of discernable cause”. Its meaning also designated 
morphological changes found in pulmonary vascular pattern 
of PPH, namely concentric intimal fi brosis, necrotizing arte-
ritis, and plexiform lesions. The group came to a consensus 
that it was not practical to abolish the term “primary pulmo-
nary hypertension” due to its wide acceptance and use. 
Instead, they agreed to the term “primary pulmonary hyper-
tension” to be used only to mean “pulmonary hypertension 
of unknown cause” and that the term “plexogenic pulmonary 
arteriopathy” be used to designate the constellation of mor-
phologic changes associated with PPH [ 43 ]. It is interesting 
to note that this same debate will be held 25 and 30 years 
later at the next two subsequent WHO meetings. 

 The participants also discussed the defi nition of the dis-
ease that was initially reported during the WHO Expert 
Committee on Chronic Cor Pulmonale, stating “The mean 
pressure in the pulmonary artery does not normally exceed 
15 mm Hg when the subject is at rest in a lying position. This 
value is little affected by age and never exceeds 20 mm Hg. 
Hypertension is defi nitely present if the pressure exceeds 
25 mm Hg” [ 42 ,  43 ]. The group confi rmed the fi ndings ini-
tially stated by Paul Wood and set a formal cutoff value to 
defi ne pulmonary hypertension which is used to present day. 
Discussion on left sided fi lling pressure was also held, with 
the group agreeing that the normal range is 6–9 mmHg and 
“may even reach 12 mm Hg” based on the measurements in 
normal individuals [ 43 ,  44 ]. It is noteworthy that the current 
upper limit range of 15 mmHg. used to defi ne pulmonary 
arterial hypertension (PAH) was not set at the fi rst WHO 
meeting. Other topics that were discussed include the value of 
end diastolic pressure of the pulmonary artery as an indicator 
of the left ventricular end diastolic pressure, with the group 
concluding that end diastolic pressures were not reliable in 
refl ecting the left sided fi lling pressure in those with pulmo-
nary vascular disease [ 43 ,  45 ]. The controversy surrounding 
relevance and accuracy of diastolic pulmonary gradient in 
patients with pulmonary hypertension due to left heart dis-
ease is ongoing to present day and studies are being con-
ducted to help answer the question [ 46 ]. The effect of exercise 
on pulmonary pressures were also a major item of discussion: 
“Some forms of pulmonary hypertension are latent and 
become apparent only when there is an increase in blood fl ow. 
It is therefore important to know the response of the normal 
pulmonary circulation to effort” [ 43 ]. The participants pointed 
out that for “…an output of 20 liters or more, the mean 

 pulmonary artery pressure does not normally exceed 30 mm 
Hg” based on prior study on hemodynamics during exercise, 
the value used as a cut off to defi ne “exercise- induced pulmo-
nary hypertension” formally stated during the 2003 Evian 
meeting was later retracted at the 2008 Dana Point meeting 
due to insuffi cient data to justify the defi nition [ 47 – 49 ]. 
Indeed, similar questions relating to effects of age and state of 
physical conditioning affecting pulmonary pressures with 
exercise were raised during the Geneva meeting as would be 
raised in others to follow. The recommendation that “…more 
information needs to be obtained on the various pressures and 
the resistance in the lesser circulation under clearly defi ned 
exercise conditions” set forth by the members would be 
restated during the Dana Point meeting [ 49 ]. 

 The most signifi cant outcome that resulted from the 1st 
WHO meeting was based on the series of proposed recom-
mendations, one of which called for the “establishment of a 
central register of patients with primary pulmonary hyperten-
sion seen in centers throughout the world” [ 43 ]. In place of an 
international registry, the National Heart, Lung and Blood 
Institute (NHLBI) of the National Institute of Health (NIH) 
created a National Registry of Patients with PPH in 1981 
[ 50 ]. The Registry had three core groups, namely one focus-
ing on statistics and epidemiology, a core dedicated to pathol-
ogy, and 32 clinical centers collaborating to collect patient 
information. The Registry completed its 194 patient enroll-
ment in 1987, a historic accomplishment resulting in contrib-
uting critical information on the natural history, epidemiology, 
and clinical features of the disease that led the participants in 
future collaborations in clinical trials [ 9 ,  50 ,  51 ].  

    The Second PPH Epidemic: 
As Unprecedented Advances in PH Unfolds 

 The outbreak of the second PPH epidemic related to the 
agent “fen-phen” in U.S. in the early 1990s is a sober tale of 
historical lessons not learned. Despite numerous reports that 
were emerging which demonstrated defi nite link between 
fenfl uramine and dexfenfl uramine and PPH in both animal 
experiments (induction of PPH in rats with high consump-
tion of fenfl uramine) and epidemiological studies through-
out Europe (7 % in control versus 32 % among aminorex 
users among affected patients), it was believed that a safer 
form of the drug could be formulated by using smaller doses 
of fenfl uramine in combination with phentermine (an 
amphetamine- like agent) [ 52 – 54 ]. Though several promi-
nent members of the pulmonary hypertension community 
vocally opposed the release of another appetite suppressant 
agent, in April 1996 the Food and Drug Administration 
approved dexfenfl uramine (Redux®) and fenfl uramine 
(Pondimin®) for the treatment of obesity. The drug sales 
skyrocketed, as did the reports of PPH (23-fold increase 
among patients ingesting the drug for more than 3 months) 
and valvular heart disease [ 55 ]. Reports of fatality linked to 
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“fen-phen” ingestion led the FDA to remove the drug from 
the market in September 1997. Though the etiology of this 
form of pulmonary hypertension has not been clearly identi-
fi ed, it is thought to be caused by effects of high levels of 
serotonin in blood due to failure of adequate clearance from 
the lungs along with genetic predisposition [ 41 ,  56 ].  

    The 2nd World Symposium on Pulmonary 
Hypertension: Evian Meeting (1998) 

 The Second World Symposium on Pulmonary Hypertension, 
held 25 years after the fi rst meeting in Evian, France in 1998, 
occurred during a period of unprecedented amount of height-
ened interest in pulmonary hypertension from many seg-
ments of society: medical community, including clinicians 
and basic scientists in quest to learn more about this elusive 
“orphan” disease; lay public and the media related to the 
“fen-phen” epidemic; pharmaceutical industry with focused 
interest in developing PAH-targeted treatments; and regula-
tory agencies recognizing the need to provide effective, yet 
safe, therapies for this deadly condition. Marking the 25th 
anniversary of the fi rst meeting, clinical scientists convened 
from around the world to review the body of work that had 
been accomplished during the last 25 years since the fi rst 
WHO meeting followed by discussions regarding relevant 
merits and synopsis on the current state of knowledge and 
concluding with recommendations for future studies. 
Focused areas of discussions included a pathology section 
with signifi cant information that had emerged relating to 
endothelial dysfunction in pulmonary hypertension, as well 
as in depth descriptions of the abnormalities found in pulmo-
nary vessels [ 57 ]. Other sections were dedicated to assessing 
risk factors for developing pulmonary hypertension, with 
drugs such as aminorex and fenfl uramine/dexfenfl uramine, 
HIV, scleroderma spectrum of diseases, liver disease/portal 
hypertension, and families with documented PPH, and indi-
cations for screening for those with risk factors; genetics of 
pulmonary hypertension with studies that illustrated the 
prevalence and patterns of transmission among family mem-
bers with history of PPH; and methods of evaluation and 
work up. The committee on therapeutics focused on epopro-
stenol which had been approved in 1996, fi rst PAH-targeted 
treatment and demonstrated survival benefi t, as well as the 
use of calcium channel blockers for minority of patients who 
demonstrated acute vasoreactivity [ 57 ,  58 ]. 

 The most signifi cant proposal that emerged from the meet-
ing was the formation of clinical classifi cation of the different 
etiologies of pulmonary hypertension, which was one of six 
recommendations that was stated during the fi rst meeting in 
Geneva in 1973: “A classifi cation is recommended, taking 
into account both clinical (etiological) and morphological 
characteristics. A separate clinical and morphological nomen-
clature is suggested” [ 43 ]. The committee worked to achieve 
this goal which was felt to be “helpful in communicating 

about individual patients and in standardizing diagnosis and 
treatment” [ 57 ]. It was further mentioned that “several previ-
ous classifi cation have proven to be problematic…. This clas-
sifi cation refl ects recent advances in the understanding of 
pulmonary hypertensive disease, and recognizes the similar-
ity between primary pulmonary hypertension and pulmonary 
hypertension of certain known etiologies” [ 57 ]. 

 The Evian Classifi cation proposed fi ve categories that 
grouped different forms of pulmonary hypertension sharing 
similarities in pathophysiological mechanisms, clinical pre-
sentations, and therapeutic options. Group 1 was named 
“Pulmonary arterial hypertension”, which was the fi rst time 
this terminology was formally used and included a subgroup 
under the heading of PPH that designated those without 
identifi able cause for the disease, both sporadic and familial 
forms. The second subgroup included PAH occurring related 
to a variety of underlying diseases, including collagen vascu-
lar disease (referred to now as connective tissue disease), 
congenital systemic to pulmonary shunts, portal hyperten-
sion, human immunodefi ciency virus (HIV), drugs and tox-
ins (including anorexigens and others), persistent PH of the 
newborn, and other. Though diverse in etiologies, these con-
ditions have in common the localization of lesions to the 
small pulmonary muscular arterioles and share similar clini-
cal presentations and responsiveness to PAH-specifi c treat-
ment, such as epoprostenol [ 58 ,  59 ]. 

 A methodology for categorizing risk factors and associ-
ated conditions for pulmonary hypertension was also pro-
posed. A risk factor was defi ned as any factor or condition 
that was thought to play a role in the development of the 
disease such as drugs, other diseases, or a clinical state. Risk 
factors were defi ned as those factors that were present prior 
to the onset of the disease and were categorized based on the 
strength of the association with PPH regarding their probable 
causal role: “Defi nite” indicated an association based on sev-
eral concordant observations, including a major controlled 
study or a clear epidemic role; “Very likely” was based on 
several concordant observations or a general expert-based 
consensus; “Possible” designated an association based on 
case series, registries, or expert opinion; “Unlikely” indi-
cated risk factors that have been proposed but without evi-
dence of any associations from controlled studies [ 57 ]. 

 Groups 2 through 5 included pulmonary hypertension that 
occurs secondary to systemic processes. Group 2, “Pulmonary 
Venous Hypertension”, included those with predominantly 
left-sided valvular or myocardial diseases. This category also 
included extrinsic compression of the pulmonary vein and pul-
monary veno-occlusive disease (PVOD), which share similar 
clinical features as PPH. Group 3 referred to “Pulmonary 
Hypertension Associated with Disorders of the Respiratory 
System or Hypoxemia” where the predominant cause is inad-
equate oxygenation of arterial blood occurring as a result of 
parenchymal and/or airway lung disease, impaired control of 
breathing, or high altitude effect. Group 4, “Pulmonary 
Hypertension Due to Chronic Thrombotic and/or Embolic 
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Disease”, was categorized as thromboembolic obstruction of 
proximal pulmonary arteries and distal pulmonary arteries, 
which included sickle cell disease. Group 5 included 
“Pulmonary Hypertension due to Disorders Directly Affecting 
the Pulmonary Vasculature” such as PH stemming from infl am-
matory processes or mechanical obstruction (i.e. schistosomia-
sis, sarcoidosis) [ 57 ,  60 ]. As recommended during the fi rst 
meeting in Geneva, the group also set forth a new pathologic 
classifi cation that outlined recommendations for the pathologic 
characterization based on histologic fi ndings as well as a func-
tional classifi cation based on the severity of symptoms [ 57 ].  

    The 3rd World Symposium on Pulmonary 
Hypertension: Venice Meeting (2003) 

 The 3rd World Symposium on Pulmonary Hypertension held 
in Venice, Italy in 2003 provided an opportunity to assess the 
usefulness of the Evian classifi cation and determine areas that 
needed modifi cations. The impact of Evian classifi cation was 
evaluated through a questionnaire that was sent to those who 
attended the Venice meeting with questions focusing on clini-
cal acceptance and use in practice as well as its usefulness for 
drug evaluation and basic science. The responses received 
were overwhelmingly favorable to all queries. Another evi-
dence that demonstrated the signifi cant impact the Evian clas-
sifi cation was that both the U.S. Food and Drug Administration 
and European Agency for Drug Evaluation also started to use 
the classifi cation system for the labeling of new PAH-targeted 
therapies. Therefore, the task force agreed to maintain the 
overall organization of the clinical classifi cation system [ 60 ]. 

 The task force members proposed several important changes 
to the Evian classifi cation. The most signifi cant one involved 
the decision to replace the term “primary pulmonary hyperten-
sion” which has been used for more than 50 years since coined 
by Dresdale to designate unexplained or idiopathic PAH [ 29 ]. 
The major reason for this change in terminology centered 
around the recognition that several conditions, such as inges-
tion of appetite suppressants, connective tissue disease, and 
HIV infection, can produce pulmonary vascular disease which 
share similar clinical and pathologic presentations as PPH. All 
of these conditions were grouped under the heading of “sec-
ondary pulmonary hypertension,” along with all the other con-
ditions listed under Groups 2 through 5 in the Evian 
classifi cation. Thus the term “secondary pulmonary hyperten-
sion” was dropped in the Evian classifi cation for it had lost its 
usefulness for diagnosis and treatment. In contrast, the term 
PPH was kept because it was well accepted and recognized. 
However, it was agreed that in order to use the term “primary”, 
there had to be a “secondary” to differentiate the two condi-
tions. The decision therefore was to replace PPH with “idio-
pathic pulmonary arterial hypertension” (IPAH) [ 60 ]. 

 The other change in the classifi cation included reclassify-
ing PVOD and pulmonary capillary hemangiomatosis (PCH) 

as part of Group 1 PAH from Group 2 Pulmonary Venous 
Hypertension as initially proposed in the Evian Classifi cation 
supported by fi ndings that the two diseases manifest histo-
logical changes (intimal fi brosis, medial hypertrophy, plexi-
form lesions) that is similar to PAH [ 60 – 63 ]. A new category 
named “Miscellaneous” was added as Group 5 to include 
sarcoidosis, histiocytosis X, lymphangiomatosis, and com-
pression of pulmonary vessels. The revised classifi cation 
also contained a guideline for the classifi cation of congenital 
systemic-to-pulmonary shunts.  

    The 4th World Symposium on Pulmonary 
Hypertension: Dana Point Evian Meeting 
(2008) 

 The international group of experts who convened at the 4th 
World Symposium on PH at Dana Point, California achieved 
the general consensus to maintain the overall structure of the 
prior Evian-Venice classifi cations with updates to refl ect new 
information that had emerged in the past 5 years [ 64 ]. 
Majority of the changes were made to Group 1 (PAH) cate-
gory, one of which involved replacing the term “familial 
PAH” with “heritable PAH” as a result of studies demon-
strating that mutations in the gene encoding the bone mor-
phogenetic protein receptor type II (BMPR2), localized to 
chromosome 2q33, have been detected in 11–40 % of appar-
ently idiopathic cases with no family history [ 64 – 67 ]. Thus it 
was determined that the distinction between idiopathic and 
familial BMPR2 mutations is artifi cial. Furthermore, in 20 % 
or fewer families with PAH, no BMPR2 mutations could be 
identifi ed. The other major modifi cation included moving 
schistosomiasis from Group 4 (PH due to chronic thrombotic 
and/or embolic disease) to Group 1 (PAH) with recent publi-
cations that showed PH associated with schistosomiasis with 
similar histologic lesions as IPAH, including development of 
plexiform lesions [ 67 – 69 ]. In addition, chronic hemolytic 
anemias was added as a new subcategory of PAH which had 
been listed under Group 1 “Other” conditions in Venice clas-
sifi cation. This change was based on published studies show-
ing that PAH appeared to be a complication of chronic 
hereditary and acquired hemolytic anemias, especially sickle 
cell disease (SCD) [ 70 ,  71 ]. The initial studies reported a 
high prevalence of PH among SCD patients of 32 %, but 
these studies were based on echo based fi ndings with only 
9 % of the cohort meeting the criteria for PH when confi rmed 
by right heart catheterization [ 71 ,  72 ]. Furthermore, a large 
proportion of the patients with SCD were reported to have 
pulmonary venous hypertension and differing pathologic 
fi ndings. This group would be re-categorized under Group 5 
Miscellaneous at the next WHO meeting. 

 An update on the PAH risk factors was provided with addi-
tion of St. John’s Wort, phenylpropanolamine (an agent found 
in over-the-counter weight loss drugs), selective serotonin 

M.H. Park



11

reuptake inhibitors (SSRIs) in association with pregnancy in 
the “Possible” category, and addition of amphetamine use as 
“Likely” risk factor. Congenital heart disease category was 
updated providing a more detailed description of each condi-
tion to emphasize the four distinct phenotypes [ 73 – 75 ]. 
Furthermore, PVOD and PCH were categorized as 1’ to des-
ignate the fact that they share similar characteristics as IPAH 
but with a number of distinct clinical differences [ 76 ,  77 ]. 

 Updates in Groups 2 through 5 PH refl ected growing 
knowledge in the cause and effect in the development of PH 
stemming from systemic conditions. Changes in Group 2 PH 
included recognition of heart failure with preserved ejection 
fraction (HFpEF), or diastolic dysfunction, as a common 
cause of pulmonary venous hypertension resulting in three 
categories: left heart systolic dysfunction, left heart diastolic 
dysfunction, and left heart valvular disease [ 78 ]. For Group 3 
PH, the primary modifi cation included adding a category of 
lung disease characterized by a mixed obstructive and restric-
tive pattern. Group 4 PH was changed to include only chronic 
thromboembolic pulmonary hypertension (CTEPH), deleting 
the prior designation of two subgroups of proximal and distal 
CTEPH due to recognition that this distinction was not clini-
cally uniform across centers. Group 5 was named “Pulmonary 
Hypertension with Unclear Multifactorial Mechanisms” with 
four subcategories: hematologic disorders, systemic disor-
ders, metabolic disorders and others [ 64 ].  

    The 5th World Symposium on Pulmonary 
Hypertension: Nice Meeting (2013) 

 During the most recent 5th World Symposium in Pulmonary 
Hypertension in 2013 held in Nice, France, the consensus 
among the committee members was to maintain the general 
scheme of previous classifi cations with a few modifi cations, 
mostly for Group 1 PAH [ 79 ] (Table  1.3a ). To refl ect the 
recent discoveries in the fi eld of genetics, new gene muta-
tions were added to the list for the heritable PAH group. 
These are rare mutations in other genes belonging to the 
TGF-β super family: activin-like receptor kinase-1 (ALK 1 ), 
endoglin (ENG) and mothers against decapentaplegic 9 
(Smad 9). Furthermore, 2 new gene mutations have been 
identifi ed: namely a mutation in caveolin-1 (CAV1) which 
encodes a membrane protein of caveolae which is present in 
endothelial cells of the lung, and KCNK3, a gene encoding 
potassium channel super family K member-3 [ 79 – 82 ]. 
These mutations are not closely related to TGF-β family, 
providing new insights into the pathogenesis of PAH. Several 
drugs were added to the list of toxin induced PAH: benfl uo-
rex (a derivative of fenfl uramine) and SSRIs for defi nite 
association; interferon alpha and beta and amphetamine-like 
drugs for possible; and dasatinib, a tyrosine-kinease inhibi-
tor used in treatment of chronic myeloproliferative (CML) 
disorders with likely association [ 74 ,  79 ,  83 – 86 ].

   The CHD was updated with categories that cover the four 
different phenotypes of the disease. This classifi cation 
offers a simple and a clinically useful way to approach 
CHD. Furthermore, with the recognition that CHD is a life-
long disease, it has been integrated with the Nice Pediatric 
classifi cation to provide a comprehensive classifi cation for 

   Table 1.3a    Updated classifi cation of pulmonary hypertension 
(Nice 2013)   

 1. Pulmonary arterial hypertension 

   1.1 Idiopathic PAH 

   1.2 Heritable PAH 

    1.2.1 BMPR2 

    1.2.2 ALK-1, ENG,  SMAD9, CAV1, KCNK3  

    1.2.3 Unknown 

   1.3 Drug and toxin induced 

   1.4 Associated with: 

    1.4.1 Connective tissue disease 

    1.4.2 HIV infection 

    1.4.3 Portal hypertension 

    1.4.4 Congenital heart diseases 

    1.4.5 Schistosomiasis 

 1ʹ.  Pulmonary veno-occlusive disease and/or pulmonary capillary 
hemangiomatosis 

  1ʺ. Persistent pulmonary hypertension of the newborn (PPHN)  
 2. Pulmonary hypertension due to left heart disease 

   2.1 Left ventricular systolic dysfunction 

   2.2 Left ventricular diastolic dysfunction 

   2.3 Valvular disease 

   2.4   Congenital/acquired left heart infl ow/outfl ow tract 
obstruction and congenital cardiomyopathies  

 3. Pulmonary hypertension due to lung diseases and/or hypoxia 

   3.1 Chronic obstructive pulmonary disease 

   3.2 Interstitial lung disease 

   3.3  Other pulmonary diseases with mixed restrictive and 
obstructive pattern 

   3.4 Sleep-disordered breathing 

   3.5 Alveolar hypoventilation disorders 

   3.6 Chronic exposure to high altitude 

   3.7 Developmental lung diseases 

 4. Chronic thromboembolic pulmonary hypertension (CTEPH) 

 5. Pulmonary hypertension with unclear multifactorial mechanisms 

   5.1  Hematologic disorders:  chronic hemolytic anemia,  
myeloproliferative disorders, splenectomy 

   5.2  Systemic disorders: sarcoidosis, pulmonary histiocytosis, 
lymphangioleiomyomatosis 

   5.3  Metabolic disorders: glycogen storage disease, Gaucher 
disease, thyroid disorders 

   5.4  Others: tumoral obstruction, fi brosing mediastinitis, chronic 
renal failure,  segmental PH  

  Reprinted from Simonneau et al. [ 79 ], Table 1, with permission from 
Elsevier 
 5th WSPH Nice 2013. Main modifi cations to the previous Dana Point 
classifi cation are in  bold  
  BMPR  bone morphogenic protein receptor type II,  CAV1  caveolin-1, 
 ENG  endoglin,  HIV  human immunodefi ciency virus,  PAH  pulmonary 
arterial hypertension  
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wider applicability [ 79 ,  87 ,  88 ] (Table  1.3b ). Some types of 
PH in association with CHD that do not share similarities 
with Group 1 were moved to Group 2 and Group 5. Chronic 
hemolytic anemia, originally categorized in Group 4 (chronic 
thromboembolism) in Evian classifi cation, was moved to 
Group 1 (PAH) in the Venice and Dana Point classifi cations. 
New studies have emerged demonstrating that pre-capillary 
PH associated with SCD has markedly different characteris-
tics than other forms of PAH in pathologic fi ndings from 
autopsies, hemodynamic profi les, and response to PAH- 
specifi c treatments. Thus in the Nice classifi cation, SCD was 
moved from Group 1 (PAH) to Group 5 (unclear multifacto-
rial mechanisms) [ 79 ,  89 – 91 ]. The other main change was 
designating persistent pulmonary hypertension of the new-
born (PPHN) as number 1” to designate that it carries more 
differences than similarities with other types of PAH [ 92 ].

       Nomenclature and Classifi cation 
on Right Heart Failure: Right Heart Failure 
Summit (2013) 

 Though William Harvey had the incredible insight to make a 
case for the role of the right ventricle when he stated, “The 
right ventricle may be said to be made for the sake of trans-
mitting blood through the lungs, not for nourishing them…” 
in 1628 in  Exercitation Anatomica de Motu Cordis et 

Sanguinis in Animalibus , the appreciation of the importance 
of right ventricular function and its contribution in determin-
ing functional and end organ outcome is now being recog-
nized [ 4 ]. Indeed, the fact that the “knowledge about the role 
of the right ventricle in health and disease has lagged behind 
that of the left ventricle” and the consequence of this void in 
fully comprehending the mechanics of cardiopulmonary sys-
tem has resulted in the medical community to strive to attain 
a better understanding of the physiology and mechanisms of 
right heart function and its responses to different forms of 
cardiac pathology [ 93 ]. Signifi cant strides have been achieved 
in response to this call to learn about the right ventricle, from 
its unique embryonic origins and anatomic composition, its 
separate yet integrated function that is as important as the left 
ventricle, and the plasticity of its unique adaptive responses to 
hemodynamic perturbations [ 93 ,  94 ]. A large segment of the 
growing appreciation of the critical role of the right ventricle 
comes from studying patients with pulmonary arterial hyper-
tension that clearly have shown that it is the state of the right 
ventricle which determines the outcome [ 51 ,  58 ,  95 ,  96 ]. 
Indeed, numerous studies have been reported with irrefutable 
evidence clearly delineating that the presence of pulmonary 
hypertension and right ventricular dysfunction has signifi cant 
infl uence in the outcome in all forms of heart disease – sys-
tolic, diastolic, valvular – and lung disease [ 97 – 100 ]. 

 Many unanswered questions remain, however, in our 
understanding of the unique make-up of the right ventricle 
from its distinct cellular components and anatomic composi-
tion to the intricate patho-biological pathways that govern its 
responses to abnormal hemodynamics and lead to the vicious 
cycle of right heart failure. The growing interest from the 
medical community in learning more about the unique and 
critical role of the right heart system has galvanized in the 
formation of the International Right Heart Failure Foundation 
(IRHFF) Working Group in developing a nomenclature in 
order to form an integrative and a common language that 
effectively describes right heart disease that is relevant to sci-
entists and clinicians [ 101 ]. In this effort, the IRHFF Working 
Group provides defi nitions that distinguish between the right 
heart failure and right ventricular failure by outlining the 
components of right heart system. Thus the importance in 
recognizing that right heart failure represents a disturbance 
in any of the components that constitute the right heart circu-
latory system, which is defi ned as from the systemic veins up 
to the pulmonary capillaries at which point the deoxygenated 
blood transitions to oxygenated blood, is clearly outlined. 
How to best defi ne right heart failure is also proposed “as a 
clinical syndrome due to an alteration of structure and/or 
function of the right heart circulatory system that leads to 
sub-optimal delivery of blood fl ow (how or low) to the pul-
monary circulation and/or elevated venous pressure – at rest 
or with exercise”. The four critical components of the 
nomenclature system are outlined which include: etiology 
(what is the primary cause); anatomy (what is the primary 

   Table 1.3b    Updated clinical classifi cation of pulmonary arterial 
hypertension associated with congenital heart disease   

 1. Eisenmenger syndrome 

   Includes all large intra- and extra-cardiac defects which begin as 
systemic-to-pulmonary shunts and progress with time to severe 
elevation of pulmonary vascular resistance (PVR) and to reversal 
(pulmonary-to-systemic) or bidirectional shunting; cyanosis, 
secondary erythrocytosis and multiple organ involvement are 
usually present 

 2. Left-to-right shunts 

   Correctable† 

   Noncorrectable 

   Include moderate to large defects; PVR is mildly to moderately 
increased systemic-to-pulmonary shunting is still prevalent, 
whereas cyanosis is not a feature 

 3.  Pulmonary arterial hypertension (PAH) with coincidental 
congenital heart disease 

   Marked elevation in PVR in the presence of small cardiac 
defects, which themselves do not account for the development of 
elevated PVR; the clinical picture is very similar to idiopathic 
PAH. To close the defects in contraindicated 

 4. Post-operative PAH 

   Congenital heart disease is repaired but PAH either persists 
immediately after surgery or recurs/develops months or years 
after surgery in the absence of signifi cant postoperative 
hemodynamic lesions. The clinical phenotype is often aggressive 

  Reprinted from Simonneau et al. [ 79 ], p. D39, Table 3, with permission 
from Elsevier 
 † Correctable with surgery or intravascular nonsurgical procedure  
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defect); physiology (what is the primary aberration); and 
clinical function (what is the clinical expression in the 
patient) [ 101 ] (Table  1.4 ). The goals of the scientifi c and 
clinical community are aligned in attaining the level of 
understanding of right heart system to develop effective ther-
apies that target right heart failure.

       Conclusion 

 The past fi ve decades have witnessed tremendous 
advances in gaining understanding in key areas of pulmo-
nary hypertension: pathophysiology, epidemiology and 
genetics, diagnostics, therapeutics and prognosis. These 
achievements have been facilitated through the evolution 
of nomenclature and classifi cations over the years, which 
instituted changes to refl ect the current concepts by pro-
viding a foundation of organization and structure for cli-
nicians and scientists to engage in productive dialogue. 
One of key the demonstration of the success is the devel-
opment and approval of 12  PAH- specifi c treatments in the 
past two decades, which have signifi cantly improved the 
quality of life and survival in patients with pulmonary 
hypertension. However, further work is needed in to attain 
better understanding in several of key areas of pulmonary 
hypertension, in particular in the areas of PH associated 
with left heart disease and lung disease that impact a large 
number of patients in the aging population. The progress 
will be refl ected in the changes seen in future nomencla-
ture and classifi cation systems that will document the 
ongoing progresses made in the fi eld of pulmonary hyper-
tension and right heart failure.     

   References 

     1.    Aird WC. Discovery of the cardiovascular system: from Galen to 
William Harvey. J Thromb Haemost. 2011;9 Suppl 1:118–29.  

    2.    Nutton V. Ancient medicine. London/New York: Routledge; 2004.  
     3.    Silva JM. Da descoberta da circulacao sanguinea aos primeiros 

factos hemorreologicos. Rev Port Cardiol. 2009;28(11):1245–68.  
    4.   Harvey W. Exercitatio de motu cordis et sanguiis in animalibus. 

Francoforti Guilelmi Fitzeri, 1628 (trans: CD Leake). Springfi eld: 
Charles C. Thomas; 1928.  

        5.    Newman JH. Centennial review. Pulmonary hypertension. Am J 
Respir Crit Care Med. 2005;172:1072–7.  

    6.   Malpighi M. De pulmonibus. 1661. Available from   http://www.
anatomist.co.uk/FamousAnatomists    .  

    7.    Romberg E. Ueber Sklerose der Lungen arterie. Dtsch Archiv 
Klin Med. 1981;48:197–206.  

   8.    Larrabee WF, Parker RL, Edwards JE. Pathology of intrapulmo-
nary arteries and arterioles in mitral stenosis. Proc Mayo Clin. 
1949;24:316–26.  

           9.    Fishman AP. Primary pulmonary arterial hypertension. A look 
back. J Am Coll Cardiol. 2004;43:2S–4.  

       10.    Mazzei JA, Mazzei ME. A Tribute: Abel Ayerza and pulmonary 
hypertension. Eur Respir Rev. 2011;20:220–1.  

    11.    Escudero P. The Black Cardiacs and the Ayerza’s disease. Paris: 
Revue Critique; 1911.  

    12.    Arrillaga FC. Sclerose de l’artere pulmonaire secondaire a cer-
tains etats pulmonaries chroniques (cardiaques noires) [Sclerosis 
of the pulmonary artery secondary to certain chronic pulmonary 
diseases (black cardiac)]. Arch Mal Coeur. 1913;6:518–29.  

    13.    Warthin AS. A case of Ayerza’s disease. JAMA. 1919;76:716.  
    14.    Arrillaga FC, editor. La Arteritis Pulmonar: Cardiacos Negros 

[Pulmonary arteritis: Black Cardiacs]. Pedro Garcia: Buenos 
Aires; 1925.  

       15.    Fishman AP. Historical perspective: a century of primary (idio-
pathic) pulmonary hypertension. In: Hill NS, Farber HW, editors. 
Pulmonary hypertension. Totowa: Humana Press; 2010. p. 1–14.  

   Table 1.4    Development of a comprehensive nomenclature of right 
heart failure: framework, components and issues (International Right 
Heart Failure Foundation Scientifi c Working Group)   

 1.  Etiology: What is the primary cause?  

   (a)  Draw upon existing classifi cation systems for congenital heart 
disease. 

   (b) Advance current descriptions of acquired etiologies. 

      ( The novel aspect lies in the expanded defi nition of right 
heart failure to include pre-cardiac and post-pulmonary 
valvular compartments .) 

 2.  Anatomy: Where is the primary defect?  

   (a)  Describe the anatomic constituents of the right heart 
circulatory system. 

   (b)  Describe the anatomic defects within the right heart 
circulatory system (systemic circuit and pulmonary circuit) 
and left heart circulatory system. 

 3.  Physiology: What is the primary aberration?  

   (a)  Defi ne the appropriate hemodynamic and non-hemodynamic 
defi nitions and assessments of three distinct physiologic 
disturbances in the domains of  Preload stress ,  Contractile  
insuffi ciency and  After-load  stress. 

 4.  Clinical function: What is the clinical expression in the 
patient?  

   (a) Functional class components: 

    A. Subjective component 

     (a)  Patient’s reported symptom (Modifi ed NYFIA functional 
class). 

     (b)  Assessment of patient’s activity profi le (sedentary, 
active, etc.). 

     (c)  Quality of life (Most appropriate assessment to be 
determined). 

    B. Objective component 

     (a) 6MWT (include Borg score, percent predicted value). 

     (b)  Pending results and/or clinical situation, proceed with 
cardiopulmonary stress test (CPEX) (availability, safety 
and consistency in interpretation of data presenting as 
barriers to be further discussed). 

      (i)  Assess hemodynamic and/or ventilator response/
insuffi ciency. 

    C.  Modifi ers to functional assessment (non-cardiovascular 
contributors to symptoms). 

     (a) Body mass index (BMI). 

     (b) Orthopedic limitations. 

     (c) Systemic processes. 

   (b)  How should secondary modifi ers (secondary organ function) 
be incorporated? 

    (i) Renal dysfunction—as measured by GFR? 

    (ii) Hepatic dysfunction—as measured by MELD. 

       (Should these elements be treated under physiologic 
aberrations or functional aspects?). 

  Reprinted from Mehra et al. [ 101 ], with permission from Elsevier  

1 Historical Perspective on the Classifi cation and Nomenclature of Pulmonary Hypertension

http://www.anatomist.co.uk/FamousAnatomists
http://www.anatomist.co.uk/FamousAnatomists


14

    16.    Brenner O. Pathology of the vessels of the pulmonary circulation. 
Arch Intern Med. 1935;56:211–37.  

    17.    Wiggins CJ. The pressure pulses in the cardiovascular system. 
New York: Longmans; 1928.  

    18.    Krogh A, Lindhard J. Measurement of the blood fl ow through the 
lungs of man. Skan Arch Physiol. 1912;27:100–25.  

    19.    Fick A. Uber die Messung des Blutquantums in den Herzventrikeln. 
Sitx der Physik-Med ges Wurzburg. 1870;2:16.  

    20.   Forssman W. Die Sonderung des rechten Herzens. Klin Wockschr 
1929;45:2085.  

     21.    Forssman W. Nobel Lecture: the role of heart catheterization 
and angiography in the development of modern medicine. In: 
Nobel lectures, physiology of medicine. Amsterdam: Elsevier 
Publishing; 1964.  

    22.    Richards DW. The Burns Amberson Lecture: the right heart and 
the lung. Am Rev Respir Dis. 1966;94:691–702.  

     23.    Cournand AW, Ranges HA. Catheterization of the right auricle in 
man. Proc Soc Exp Biol Med. 1941;46:62.  

    24.    Richards DW. Nobel Lecture: the contributions of right heart cath-
eterization to physiology and medicine with some observations of 
the physio-pathology of pulmonary heart disease. In: Nobel lectures: 
physiology or medicine. Amsterdam: Elsevier Publishing; 1964.  

     25.    Cournand AF. Control of the pulmonary circulation in man with 
some remarks on methodology. Nobel lecture, December 11, 
1956. In: Nobel lectures: physiology or medicine. Amsterdam: 
Elsevier Publishing; 1964.  

    26.    Lategola M, Rahn H. A self-guiding catheter for cardiac and pul-
monary arterial catheterization and occlusion. Proc Soc Exp Biol 
Med. 1953;84:667–8.  

    27.   Hellems HK, Haynes FW, Dexter L. Pulmonary “capillary” pres-
sure in man. J Appl Physiol. 1949–1950;2:24–9.  

    28.    Swan HJ, Ganz W, Forrester J. Catheterization of the heart in man 
with use of a fl ow-directed balloon-tipped catheter. N Engl J Med. 
1970;283:447–51.  

     29.    Dresdale DT, Schulz M, Mitchtom RJ. Primary pulmonary 
hypertension: I. Clinical and hemodynamic study. Am J Med. 
1951;11:686.  

    30.    Von Euler US, Liljestrand G. Observations on the pulmonary arte-
rial blood pressure in the cat. Acta Physiol Scan. 1946;12:301–20.  

    31.    Motley HL, Cournand A, Werko L, Himmelstein A, Dresdale 
DT. The infl uence of short periods of induced anoxia upon pulmo-
nary artery pressure in man. Am J Physiol. 1947;150:315–20.  

      32.    Wood P. Pulmonary hypertension with special reference to the 
vasoconstrictive factor. Br Heart J. 1958;20:557–70.  

    33.    Wood P, Besterman EM, Towers MK, McIlroy MB. The effect 
of acetylcholine on pulmonary vascular resistance and left atrial 
pressure in mitral stenosis. Br Heart J. 1957;19:279–86.  

    34.    Harris P. Infl uence of acetylcholine on the pulmonary artery pres-
sure. Br Heart J. 1957;19:272–86.  

     35.    Fritts HW, Harris Jr P, Clauss RH, Odell JE, Cournand A. The 
effect of acetylcholine on the human pulmonary circulation under 
normal and hypoxic conditions. J Clin Invest. 1958;37:99–108.  

    36.    Rich S, Dantzker DR, Ayres SM, Bergofsky EH, Brundage BH, 
Detre KM, Fishman AP, Goldring RM, Groves BM, Koerner SK, 
et al. Primary pulmonary hypertension: a national prospective 
study. Ann Intern Med. 1987;107:216–28.  

    37.    Heath D, Edwards JE. The pathology of hypertensive pulmonary 
vascular disease: a description of six grades of structural changes 
in the pulmonary arteries. Circulation. 1958;18:533.  

     38.    Wagenvoort CA, Wagenvoort N. Primary pulmonary hyperten-
sion: a pathologic study of the lung vessels in 156 clinically diag-
nosed cases. Circulation. 1970;42:1163–84.  

     39.    Gurtner HP. Aminorex pulmonary hypertension. In: Fishman 
AP, editor. The pulmonary circulation: normal and abnor-
mal. Mechanisms, management and the National Registry. 
Philadelphia: University of Pennsylvania Press; 1990. p. 397–411.  

     40.    Mielke H, Seiler KU, Stumpf U, Wasserman O. Relation between 
serotonin metabolism and pulmonary hypertension in rats following 
administration of various anorectic drugs. Z Kardiol. 1973;62:1090–8.  

       41.    Fishman AP. Aminorex to Fen/Phen. An epidemic foretold. 
Circulation. 1999;99:156–61.  

      42.   Report of the WHO Expert Committee on chronic cor pulmonale. 
WHO Technical Report Series, No. 213; 1961.  

          43.    Hatano S, Strasser R, editors. Primary pulmonary hypertension. 
Geneva: World Health Organization; 1975.  

    44.    Walstor A, Kendall ME. Comparison of pulmonary wedge and left 
arterial pressure in man. Am Heart J. 1973;86:159–64.  

    45.    Herbert WH. Limitations of pulmonary artery end-diastolic pres-
sure as the refl ection of the left ventricular end-diastolic pressure. 
N Y State J Med. 1972;72:229–32.  

    46.    Vachiery JL, Adir Y, Barbera JA, et al. Pulmonary hypertension 
due to left heart disease. J Am Coll Cardiol. 2013;62:D100–8.  

    47.    Ekelund LG, Holmgren A. Central haemodynamics during exer-
cise. Circ Res. 1967;20 Suppl 1:33–43.  

   48.    Barst RJ, McGoon M, Torbicki A, et al. J Am Coll Cardiol. 
2004;43:40S–7.  

     49.    Badesch DB, Champion HC, Gomez Sanchez MA. J Am Coll 
Cardiol. 2009;54:S55–66.  

     50.    Fishman AP. Induction to the national registry on primary pulmo-
nary hypertension. In: Fishman AP, editor. The pulmonary circu-
lation: normal and abnormal. Mechanisms, management and the 
National Registry. Philadelphia: University of Pennsylvania Press; 
1990. p. 437–9.  

     51.    D’Alonzo GE, Barst RJ, Ayres SM, et al. Ann Intern Med. 
1991;115:343–9.  

    52.    Atanossoff PG, Weiss BM, Scjmid ER, Tornic M. Pulmonary 
hypertension and dexfenfl uramine. Lancet. 1992;339:436.  

   53.    Abenhaim L, Moride Y, Brenot F, et al. Appetite-suppressant drugs 
and the risk of primary pulmonary hypertension. International 
Primary Pulmonary Hypertension Study Group. N Engl J Med. 
1996;335:609–16.  

    54.    Weintraub M, Hasday JD, Mushlin AI, Lockwood DH. A 
double- blind clinical trial in weight control: use of fenfl uramine 
and phenteramine along and in combination. Arch Intern Med. 
1984;144:1143–8.  

    55.    Connolly HM, Crary JL, McGoon MD, et al. Valvular heart dis-
ease associated with fenfl uramine-phentermine. J Engl J Med. 
1997;337:581–8.  

    56.    Robiolio PA, Rigolin VH, Wilson JS, et al. Carcinoid heart dis-
ease. Correlation of high serotonin levels with valvular abnormali-
ties detected by cardiac catheterization and echocardiography. 
Circulation. 1995;92:790–5.  

          57.   Rich S, editor. World Health Organization executive summary 
from the world symposium on primary pulmonary hypertension. 
1998.   http://web.archive.org/web/20020408173726/http://www.
who.int/ncd/cvd/ppph.html    . Accessed 15 Jan 2015.  

      58.    Barst RJ, Rubin LJ, Long WA, et al. A comparison of continuous 
intravenous epoprostenol (prostacyclin) with conventional therapy 
for primary pulmonary hypertension. The Primary Pulmonary 
Hypertension Study Group. N Engl J Med. 1996;334:296–302.  

    59.    Badesch DB, Tapson VF, McGoon MD, et al. Continuous intrave-
nous epoprostenol for pulmonary hypertension due to the sclero-
derma spectrum of disease. A randomized, controlled trial. Ann 
Intern Med. 2000;132:425–34.  

       60.    Simonneau G, Galie N, Rubin LJ, et al. Clinical classifi cation of 
pulmonary hypertension. J Am Coll Cardiol. 2004;43:5S–12.  

   61.    Schraufnagel DE, Sekosan M, McGee T, et al. Human alveolar 
capillaries undergo angiogenesis in pulmonary veno-occlusive 
disease. Eur Respir J. 1996;9:346–50.  

   62.    Daroca PJ, Mansfi eld RE, Ichinose H. Pulmonary veno-occlusive 
disease: report of a case with pseudoangiomatous features. Am J 
Surg Pathol. 1977;12:349–55.  

M.H. Park

http://web.archive.org/web/20020408173726/http://www.who.int/ncd/cvd/ppph.html
http://web.archive.org/web/20020408173726/http://www.who.int/ncd/cvd/ppph.html


15

    63.    Peitra GG. The pathology of primary pulmonary hypertension. In: 
Rubin LJ, Rich S, editors. Primary pulmonary hypertension: lung 
biology in health and disease. New York: Marcel Dekker; 1997. 
p. 19–61.  

      64.    Simonneau G, Robbins IM, Beghetti M, et al. Updated clinical 
classifi cation of pulmonary hypertension. J Am Coll Cardiol. 
2009;54:S43–54.  

   65.   Lane KB, Machado RD, Pauciulo MW, et al., for the International 
PPH Consortium. Heterozygous germ-line mutations in BMPR2, 
encoding a TGF-β receptor, cause familial primary pulmonary 
hypertension. Nat Genet. 2000;26:81–4.  

   66.    Machado RD, Aldred MA, James V, et al. Mutations of the TGF-β 
type II receptor BMPR2 in pulmonary arterial hypertension. Hum 
Mutat. 2006;27:121–32.  

     67.    Thomson JR, Machado RD, Pauciulo MW, et al. Sporadic primary 
pulmonary hypertension is associated with germline mutations of 
the gene encoding BMPR-II, a receptor of the TGF-β family. J 
Med Genet. 2000;37:741–5.  

   68.    Chaves E. The pathology of the arterial pulmonary vasculature in 
Manson’s schistosomiasis. Chest. 1966;50:72–7.  

    69.    Lapa M, Dias B, Jardim C, et al. Cardio-pulmonary manifestations 
of hepatosplenic schistosomiasis. Circulation. 2009;119:1518–23.  

    70.    Casto O, Hoque M, Brown BD. Pulmonary hypertension in sickle 
cell disease: cardiac catheterization results and survival. Blood. 
2003;101:1257–61.  

     71.    Gladwin MT, Sachdev V, Jison ML, et al. Pulmonary hypertension 
as a risk factor for death in patients with sickle cell disease. N Engl 
J Med. 2004;350:886–95.  

    72.    Parent F, Egels S, Stzyrmf B, et al. Haemodynamic characteris-
tics of patients wit sickle cell disease and suspected pulmonary 
hypertension on the basis of a tricuspid regurgitation jet velocity 
>2.5 m/s on Doppler echocardiography. Eur Respir J. 2006;28:544.  

    73.    Walker AM, Langleben D, Korelitz JJ, et al. Temporal trends and 
drug exposures in pulmonary hypertension: an American experi-
ence. Am Heart J. 2006;152:521–6.  

    74.    Chambers CD, Hernanez-Diaz S, Van Marter LJ, et al. Selective 
serotonin-reuptake inhibitors and risk of persistent pulmonary 
hypertension of the newborn. N Engl J Med. 2006;354:579–87.  

    75.    Chin KM, Channick RN, Rubin LF. Is methamphetamine use 
associated with idiopathic pulmonary arterial hypertension? 
Chest. 2006;130:1657–63.  

    76.    Runo JR, Vnencak-Jones CL, Prince M, et al. Pulmonary veno- 
occlusive disease caused by an inherited mutation in bone mor-
phogenetic protein receptor II. Am J Respir Crit Care Med. 
2003;167:889–94.  

    77.    Lantuejoul S, Sheppard MN, Corrin B, et al. Pulmonary veno- 
occlusive disease and pulmonary capillary hemangiomatosis: a clin-
icopathologic study of 35 cases. Am J Surg Pathol. 2006;30:850–7.  

    78.    Oudiz RJ. Pulmonary hypertension associated with left-sided 
heart disease. Eur Respir J. 2006;27:108–13.  

          79.    Simonneau G, Gatzoulis MA, Adatia I, et al. Updated clinical 
classifi cation of pulmonary hypertension. J Am Coll Cardiol. 
2013;62(25):D34–41.  

   80.    Harrison RE, Flanagan JA, Sankelo M, et al. Molecular and func-
tional analysis identifi es ALK-1 as the predominant cause of 
pulmonary hypertension related to hereditary haemorrhagic telan-
giectasia. J Med Genet. 2003;408:65–71.  

   81.    Nasim MT, Ogo T, Ahmed M, et al. Molecular genetic charac-
terization of SMAD signaling molecules in pulmonary arterial 
hypertension. Hum Mutat. 2011;32:1385–9.  

    82.    Austin ED, Ma L, LeDuc C, et al. Whole exome sequencing 
to identify a novel gene (Caveolin-1) associated with human 
pulmonary arterial hypertension. Circ Cardiovasc Genet. 
2012;5:336–43.  

    83.    Boutet K, Frachon I, Jobic Y, et al. Fenfl uramine-like cardiovascu-
lar side-effects of benfl uorex. Eur Resp J. 2009;33:684–8.  

   84.    Montani D, Bergot E, Gunther S, et al. Pulmonary hypertension in 
patients treated with dasatinib. Circulation. 2012;125:2128–37.  

   85.    Dhillon S, Kaker A, Dosanjh A, et al. Irreversible pulmonary 
hypertension associated with the use of interferon alpha for 
chronic hepatitis C. Dig Dis Sci. 2010;55:1785–90.  

    86.    Kieler H, Arama M, Engeland A, et al. Selective serotonin reup-
take inhibitors during pregnancy and risk of persistent pulmonary 
hypertension in the newborn: population based cohort study from 
the fi ve Nordic countries. BMJ. 2011;344:d8012.  

    87.    Marelli AJ, Mackie AS, Ionescu-Ittu R, et al. Congenital heart 
disease in the general population: changing prevalence and age 
distribution. Circulation. 2007;115:163–72.  

    88.    Lowe BS, Therrien J, Ionescu-Ittu R, Pilote L, et al. Diagnosis 
of pulmonary hypertension in the congenital heart disease 
adult population impact on outcomes. J Am Coll Cardiol. 
2011;26:538–46.  

    89.    Parent F, Bachir D, Inamo J, et al. A hemodynamic study of 
pulmonary hypertension in sickle cell disease. N Engl J Med. 
2011;365:44–53.  

   90.    Fonseca GH, Souza R, Salemi RM, et al. Pulmonary hypertension 
diagnosed by right heart catheterization in sickle cell disease. Eur 
Respir J. 2012;39:112–8.  

    91.    Machado RF, Barst RJ, Yovetich NA, et al. Hospitalization for 
pain in patients with sickle cell disease treated with sildenafi l for 
elevated TRV and low exercise capacity. Blood. 2011;118:855–64.  

    92.    Ivy D, Abman SH, Barst RJ, et al. Pediatric pulmonary hyperten-
sion. J Am Coll Cardiol. 2013;62(Suppl):D118–27.  

     93.    Voelkel NF, Quaife RA, Leinwand LA, et al. Right ventricular 
function and failure. Report of a National Heart, Lung, and Blood 
Institute Working Group on cellular and molecular mechanisms of 
right heart failure. Circulation. 2006;114:1883–91.  

    94.    Chin KM, Kim NHS, Rubin LR. The right ventricle in pulmonary 
hypertension. Coron Artery Dis. 2005;16:13–8.  

    95.    van de Veerdonk MC, Kind T, Marcys JT, et al. Progressive right 
ventricular dysfunction in patients with pulmonary arterial hyper-
tension responding to therapy. J Am Coll Cardiol. 2011;58:2511–9.  

    96.    Vonk-Noordegraaf A, Hadda F, Chin KM, et al. Right heart adap-
tation to pulmonary arterial hypertension. J Am Coll Cardiol. 
2013;62:D22–33.  

    97.    Ghio S, Gavazzi A, Campana C, et al. Independent and additive 
prognostic value of right ventricular systolic function and pulmo-
nary artery pressure in patients with chronic heart failure. J Am 
Coll Cardiol. 2001;37:183–8.  

   98.    Ding WH, Lam YY, Duncan A, et al. Predictors or survival after 
aortic valve replacement in patients with low-fl ow and high gradi-
ent aortic stenosis. Eur J Heart Fail. 2009;11:897–902.  

   99.    Lam CS, Roger VL, Rodeheffer RJ, et al. Pulmonary hyperten-
sion in heart failure with preserved ejection fraction: a community 
based study. J Am Coll Cardiol. 2009;53:1119–26.  

    100.    Seeger W, Adir Y, Barbera JA, et al. Pulmonary hypertension in 
chronic lung disease. J Am Coll Cardiol. 2013;62:D109–16.  

      101.    Mehra MR, Park MH, Landzberg MJ, et al. Right heart fail-
ure: toward a common language. J Heart Lung Transplant. 
2014;33(2):123–6.    

1 Historical Perspective on the Classifi cation and Nomenclature of Pulmonary Hypertension



17© Springer International Publishing Switzerland 2016
B.A. Maron et al. (eds.), Pulmonary Hypertension: Basic Science to Clinical Medicine, DOI 10.1007/978-3-319-23594-3_2

      The Defining Characteristics 
of Pulmonary Arterial Hypertension       

     Rahul     Kumar      ,     Jeffrey     C.     Robinson     , and     Rubin     M.     Tuder    

           Introduction 

 Over 50,000 research articles and 7000 reviews in the last two 
decades have witnessed the remarkable progress in the fi eld 
of pulmonary hypertension (PH), however, a unifying patho-
biologic defi nition of the disease remains to be validated. The 
current classifi cation of PH remains largely based on the con-
cepts instituted by the WHO-Conference in Nice (2013), in 
which the term pulmonary arterial hypertension (PAH) is dis-
tinguished from pulmonary hypertension (PH) due to left 
heart disease, pulmonary disease, chronic thromboembolic 
pulmonary hypertension (CTEPH) and PH of miscellaneous 
etiologies [ 1 ]. This classifi cation is largely based on the per-
ception, based on the available medical knowledge, that PH 
in these settings is pathobiologically distinct. However, the 
key criteria for the disease is fi nding of mean pulmonary arte-
rial pressure (mPAP) exceeding 25 mmHg with normal capil-
lary wedge pressure as measured by right-heart catheterization; 
this common defi nition obscures the potential for distinct 
pathobiological processes underlying the heterogeneity of 
PH. It is not therefore surprising that most of our current 
understanding of PH derives from investigation of the entities 
clustered under the PAH group, particularly idiopathic pul-
monary arterial hypertension (IPAH). 

 PAH is a progressive cardiopulmonary disease in which 
extensive obliterative changes occur in small to midsized 
pulmonary arteries. Alterations in structure and function of 

the endothelium occur in conjunction with growth of neointi-
mal, medial, and adventitial layers, culminating in an occlu-
sive arteriopathy associated with high resistance to blood 
fl ow and ultimately right heart failure and death [ 2 ]. The per-
sisting challenge in understanding the pathobiology of PH is 
to defi ne how the structural, cellular and molecular charac-
teristics of the normal pulmonary circulation change in the 
disease setting [ 2 ]. Complicating this is the fact that PH is a 
heterogeneous disease with a myriad of associated factors. 
Further, much of the mechanistic study has been concen-
trated in WHO group 1 and III (PAH and hypoxia-dependent 
PH, respectively), which limits our ability to globally defi ne 
shared pathologic and molecular traits among classes of 
PH. Nevertheless, we seek to provide fi rst a summary of the 
modern descriptive characterization of PAH, and then elabo-
rate on several more evolved and interrelated paradigms in 
the fi eld, including the role of infl ammation, hypoxia signal-
ing, and metabolic dysfunction that drive the characteristic 
vascular remodeling (Table  2.1 ). Finally, we examine the 
potential therapeutic opportunities within each of these 
realms.

       Pathological Characteristics of Intima, Media 
and Adventitial Remodeling 

 Vascular remodeling in PAH is characterized by smooth 
muscle cell proliferation, hypertrophy of the medial layer, 
arteriolar muscularization and endothelial cell proliferation. 
However, we will review the overall pathological changes in 
rodent and human vasculature that characteristically defi nes 
PAH. The pathological diagnosis of pulmonary vascular 
remodeling has benefi ted from the progressive use of cell- 
specifi c immunohistochemistry to better defi ne the structure 
and cellular composition of the pulmonary vascular lesions 
through pathological interpretation of PH. Remodeling in 
pulmonary artery (PA) e.g., intima, media and adventitia is 
probably the major contributor to reduced cardiac output 
(CO) and enhanced pulmonary vascular resistance (PVR). 
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Therefore, reduction of PA luminal area is probably the 
 critical factor in the increase in PVR in PAH and other forms 
of PH [ 3 ]. 

 In recent years, the Pulmonary Hypertension Breakthrough 
Initiative (PHBI) allowed us the unique opportunity to deter-
mine the pattern of pulmonary vascular remodeling in a large 
set of lung tissues with PAH [ 2 ]. There are numerous poten-
tial predictions regarding how pulmonary artery remodeling 
might be present in patients with the disease. Previously, we 
already have provided data regarding the relationship 
between the numbers of profi les of pulmonary vascular 
lesions and parameters of hemodynamics in PAH [ 4 ]. 
However, based on physiological coupling between the heart 
and lung during rest and exercise, it has been predicted that 
overall surface area could be required to decrease by 80 % by 
the time PH develops [ 2 ]; the specifi c contribution of pulmo-
nary vascular remodeling vis-a-vis vasoconstriction is 
unclear. However, the PHBI cohort provided us with several 
key fi ndings and advanced our understanding of the spec-
trum of the pathology of the disease. 

 Intima remodeling involves proliferation of endothelial 
cells (forming the plexiform lesions), accumulation of myo-
fi broblasts (intima obliteration or fi brosis) and accumulation 
of extracellular matrix including collagen and mucopolysac-
charides [ 5 ]. The intima remodeling, irrespective of specifi c 
proportions of each of these individual components, leads to 
almost complete obliteration of the vascular lumen, forming 
intima lesions, the most characteristic morphological fi nding 
in severe PH. These lesions are associated with congenital 
heart malformations and located at branching points, often as 
isolated lesions [ 6 ,  7 ]. Although plexiform lesions are seen 
predominantly in idiopathic PAH (IPAH), their precursor 
and importance as a trigger of severe PAH remains unclear. 
We speculate that endothelial cell proliferation and fi brosis 
in luminal area could be due to environmental insult as a key 
process that might precede occlusive intima lesions. The 
later consisted of eccentric intima thickening, fi brotic, plexi-
form, concentric, and dilation/angiomatoid lesions and 

 represent a process of misguided angiogenesis based on the 
fi ndings of expression of vascular endothelial growth factor 
(VEGF), its receptors 1 (fl t) and 2 (kdr), and hypoxia induc-
ible factor (HIF)-1α and β [ 8 ]. Focal eccentric lesions and 
thickening can be detected in normal lungs, but these lesions 
are more widespread and impinge to a larger extent on the 
vascular lumen in PH. However, variable degrees of eccen-
tric thickening have been reported in cigarette smokers lungs 
associated with pulmonary endothelial cell dysfunction, with 
or without evidence of PH [ 9 ]. 

 The potential role for early endothelial cell apoptosis in 
the pathogenesis of uncontrolled proliferation of pulmonary 
endothelial cells was fi rst documented in the rat model of 
severe pulmonary hypertension caused by the combination 
of VEGF receptor blockade with SU5416 and chronic 
hypoxia [ 10 ]. Moreover, the role of endothelial cell apopto-
sis in the pathogenesis of PH was also extended to the mono-
crotaline model [ 11 ]. Initial endothelial cell apoptosis might 
favor the emergence of apoptosis-resistant endothelial cells, 
with potential for uncontrolled proliferation [ 10 ,  12 ]. Further, 
dysfunctional ECs can either release factors that stimulate 
smooth cell (SMC) proliferation or fail to produce agents 
that usually suppress proliferation of SMCs in response to 
growth factors, such as apelin [ 13 ,  14 ]. 

 A prominent feature of vascular remodeling is medial 
thickening where medial smooth muscle cells elaborate extra-
cellular matrix proteins, alters lumen size by contraction and 
relaxation [ 15 ]. The medial smooth muscle cell layer repre-
sents approximately 10–15 % of the outside diameter of nor-
mal muscularized pulmonary arteries, while it approaches 
30–60 % of the outside diameter in vessels of IPAH lungs 
[ 16 – 19 ]. More precisely, we mentioned that medial smooth 
muscle cell hypertrophy is a characteristic pathological feature 
of PH that involves muscularized arteries (ranging between 70 
and 500 μm in diameter), and precapillary vessels (below 
70 μm in diameter) [ 5 ]. Although careful morphometric 
assessments of medial remodeling are still lacking non-IPAH 
PH, it is apparent that medial thickening occurs in mild/mod-
erate or severe PH and in cases of normal individuals exposed 
to cigarette smoke with no evidence of PH [ 9 ]. Although 
media remodeling was correlated with hemodynamic param-
eters, three of the four quartiles of media remodeling in PAH 
were equally shared with control lungs, however, only the 
fourth quartile with more extensive media thickness fell well 
above the thickness seen in control lungs. Of note, intima 
lesions appeared more severe than intima remodeling seen in 
control lungs, the combination of intima and media remodel-
ing had the most signifi cant correlation with pulmonary artery 
pressures. Nevertheless, medial thickening probably plays an 
important role in the pathogenesis of PH, hitherto it is diffi cult 
to relate the morphological identifi cation of medial remodel-
ing to specifi c levels of pulmonary artery pressures, degrees of 
severity of PAH, or potential for response to vasodilators [ 5 ]. 

   Table 2.1    Predominant pathobiologic mechanisms in the develop-
ment of pulmonary arterial hypertension   

  Hypoxic signaling  
 HIF-1α/HIF-2α 
 TGF-β 
 ERK1/2 
 Increased Ca ++  

  Mitochondrial dysfunction  
 Mitochondrial hyperpolarization 
 Suppressed mitophagy 
 Increased mROS generation 
 HIF-1α and aerobic glycolysis 

  Quasi malignancy  
 Clonal endothelial cell 
proliferation 
 Microsatellite instability 
 Somatic chromosomal 
abnormalities 
 Dysregulated energetic 
metabolism 

  Infl ammation  
 Perivascular T-cell and macrophages 
 Activated TGF-β signaling 
 Increased IL-6, IL4, IL-13 
 CCL5/RANTES 
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 The vascular adventitia compartment acts as a pathobio-
logical “processing center” for the retrieval, integration, stor-
age and release of key regulators of vascular wall function in 
health and disease and thus, considered as the principal 
“injury-sensing site” of the pulmonary vessel wall [ 20 ]. The 
adventitia is mostly composed of fi broblasts, it also contains 
local and circulating progenitor cells that differentiate into 
smooth muscle and endothelial cells and contributes to 
pathophysiological changes in vascular structure [ 21 ,  22 ]. 
The normal adventitia represents approximately 15 % of the 
external diameter of pulmonary arteries larger than 50 μm in 
diameter. In IPAH arteries, the adventitial thickness increases 
to 28 % of artery diameter, predominantly due to collagen 
deposition [ 16 ]. Whether the adventitia is thickened or pres-
ents with a heterogeneous stromal cell population in other 
forms of PH remains unclear. Adventitia remodeling failed 
to correlate signifi cantly with hemodynamics in our cohort 
of PAH lungs despite an earlier extensive study of remodel-
ing in IPAH [ 16 ]. This discrepancy can be explained by 
methodological differences and the diffi culty in precisely 
defi ning adventitia boundaries. Our data do not detract from 
the growing importance of the adventitia niche in coordinat-
ing media remodeling and perivascular infl ammation, a key 
process in PH.  

    Infl ammatory Pathology and Pathobiology 
of PAH 

 The pathophysiological mechanisms of pulmonary hyper-
tension are not fully understood. Although the exact patho-
physiology remains unknown, there is increasing evidence to 
suggest an important role for infl ammation to the develop-
ment of pulmonary hypertension in particular in PAH. There 
is a high correlation and statistically signifi cant association 
between perivascular infl ammation and pulmonary artery 
pressures and pulmonary vascular remodeling [ 4 ]. While 
infl ammation in PAH has been relatively well described [ 23 ], 
whether it is cause or consequence in the pathogenesis of this 
disease remains unexplored. Recent studies have pointed 
Infl ammation as a cause of PH as it precedes to altered 
immune processes leading to vascular remodeling that 
underlie the development of pulmonary arterial hypertension 
[ 24 ,  25 ]. Infl ammation has been defi ned as a complex series 
of interactions among immunological soluble factors and 
cells that can arise in response to environmental insult to car-
diopulmonary system [ 26 ]. 

 Several animal models like monocrotaline (MCT), 
chronic hypoxia, and increased pulmonary blood fl ow have 
been studied to investigate pathological contribution of 
infl ammation in the pathophysiology of PH. These animal 
models along with the mouse model of BMPR II gene dele-
tion [ 27 ], the vasoactive intestinal polypeptide deletion 

model [ 28 ], the simian immunodefi ciency virus macaque 
model (a model of HIV-PAH) [ 29 ], the mouse model of 
schistosomiasis-induced PAH [ 30 ] and the vascular endothe-
lial growth factor (VEGF) receptor-2 blockade model using 
SU5416 revealed perivascular infl ammatory cell infi ltrates 
around remodeled vessels [ 10 ]. The common infl ammatory 
cells involved consist mainly of bone-marrow-derived mac-
rophages [ 31 ] immature dendritic cells (DCs) [ 32 ] and a 
minority of lymphocytes. Elevated serum and pulmonary 
cytokine and chemokine levels precede the development of 
pulmonary vascular remodeling. 

    Histopathology and Infl ammatory Chemokines 
and Cytokines in PAH 

 Evidence from clinical and experimental studies suggests 
that infl ammation is a key in progression of vascular remod-
eling in PAH. Lung biopsies from patients with PAH includ-
ing animal models of PH showed by varying degrees of 
perivascular infl ammatory infi ltrates, comprising T- and 
B-lymphocytes, macrophages, dendritic cells, and mast cells 
compared with control vessels [ 33 ,  34 ]. Recently, correla-
tions of the degree of perivascular infl ammation score with 
intima plus media and adventitia thickness, respectively, and 
with mean pulmonary arterial pressure supports a role for 
perivascular infl ammation in the processes of pulmonary 
vascular remodeling [ 3 ]. The increased prevalence of PAH in 
patients with various infl ammatory diseases further indicates 
an important role for the infl ammatory and immunological 
process in the pathogenesis of the disease [ 35 ,  36 ]. 

 Consistent with an exaggerated acquired immunologic 
response in IPAH, T regulatory cells were decreased around 
remodeled pulmonary arteries. Overall, these fi ndings sup-
port the concept of impaired immunity in both IPAH and 
APAH associated with collagen vascular disease; there is 
compelling evidence of or frank autoimmunity in the latter, 
and possibly in IPAH as well. The concept of an autoimmune 
[ 37 ] and infl ammatory component to PH is supported by the 
presence of autoantibodies in patients with IPAH [ 38 ], the 
immunologic basis of collagen vascular diseases [ 39 ], and 
the presence of markers of infl ammation systemically in 
patients with IPAH [ 23 ,  40 ]. Recent pathological and patho-
biological assessment on human and animal models provide 
evidence that both pulmonary vascular cells and  infl ammatory 
cells are important local sources of chemokines and cyto-
kines that can lead to pulmonary vascular remodeling in 
PAH [ 41 ,  42 ]. These include interleukin (IL)-1β, IL-6, IL-4, 
IL-13, TGF-β, monocyte chemoattractant protein-1, fractal-
kine, CCL5/RANTES, and tumor necrosis factor (TNF)-α. 

 Chemokines are small proteins, with a molecular weight 
of around 8–10 kilodalton (kDa), which act in cell signaling 
and/or as cytokines. Chemokines, like CCL2/MCP-1, CCL5/
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RANTES and CX3CL1/Fractalkine, play a signifi cant role in 
the pathogenesis of PH. For instance, MCP-1 (CCL2) is pro-
duced by vascular cells that stimulate monocytes/macro-
phage activation and migration through chemokine (C-C 
motif) receptor mediated response; plasma and lung tissue of 
patients with IPAH showed elevated levels of MCP-1 [ 43 ]. 
Furthermore, pulmonary artery smooth muscle cells 
(PASMC) and endothelial cells (EC) from patients with 
IPAH overexpressed MCP-1 and exhibited exaggerated 
migratory and proliferative responses by increased levels of 
the chemokine (C-C motif) receptor. Further, MCP-1- 
blocking antibodies blocked the migratory and proliferative 
response [ 43 ]. Likewise, RANTES (or CCL5) mediated the 
traffi cking and homing of T-lymphocytes, monocytes mono-
cytes, basophils, eosinophils, and natural killer cells through 
different chemokine receptors [ 44 ]. Moreover, Fractalkine 
(CX3CL1) is expressed as soluble or membrane-bound 
forms, with its actions being mediated through chemokine 
(C-X3-Cmotif) receptor 1 (fractalkine receptor) (CX3CR1). 
Fractalkine was upregulated on both CD4 and CD8 T lym-
phocytes in PAH [ 45 ] and it is likely that the increased 
expression of CX3CR1 on diseased PASMC contributes to 
the perivascular infl ammatory cell infl ux and induce PASMC 
proliferation in MCT-induced PH [ 46 ]. 

 Cytokines represent a large group of signaling proteins 
that are produced and secreted by cells of the immune sys-
tem and regulate numerous biological processes including 
infl ammation, immunity and hematopoiesis [ 47 ]. 
Infl ammatory cytokines and chemokines seem to play a cru-
cial role in the development of pulmonary hypertension. 
Cytokines emerged as major contributing factors in the 
pathogenesis of pulmonary hypertension as they can be used 
as biomarkers both for diagnosis and clinical outcome of 
patients with PH [ 44 ,  45 ,  48 ]. Here, we will review a few 
important common cytokines that have been well defi ned in 
clinical settings and studied experimental and transgenic ani-
mal models of PH like monocrotaline (MCT), Sugen + hypoxia 
and  schistosoma -induced PH models. While these models 
cannot recapitulate human PAH, they provide a mechanistic 
insight into the connection between the host immune 
response and the pulmonary vascular disease, thus under-
scoring their utility as promising physiological surrogate of 
the human disease [ 4 ,  47 ]. 

 IL-6 is an important signaling molecule and is produced 
by infl ammatory cells, i.e. monocytes and T-lymphocytes. 
Studies have shown an increase in IL-6 in patients with PAH, 
and in rodents over-expression of IL-6 is adequate to cause 
experimental PH. Pharmacological blockade of IL-6 sup-
presses hypoxia-induced PH [ 49 – 51 ]. The IL6 – STAT3 – 
miR-17/92 – BMPR2 pathway play plausible role and may 
contribute in the pathogenesis of the pulmonary arterial 
remodeling [ 47 ]. Mice exposed to  S. mansoni , as well as in 
the lung tissue of patients who died of this condition, showed 

a signifi cant increase in IL-6/STAT3 signaling [ 52 ]. However, 
lack of IL-6 signaling by IL-6 genetic defi ciency or with a 
pharmacologic STAT3 inhibitor resulted into more severe 
PH phenotype, including worse remodeling and RV hyper-
trophy [ 52 ]. This fi nding suggests that in mice exposed to 
 Schistosoma , IL-6/STAT3 signaling is upregulated but in a 
compensatory manner, and that blockade of this pathway is 
detrimental. 

 Patients with PAH in association with connective tissue 
diseases showed higher IL-8 serum levels than patients with-
out PAH and thereby play an important role in the develop-
ment of PAH [ 53 ]. IL-8 is known to have proangiogenic and 
anti-apoptotic activities and acts as a growth factor for endo-
thelial cells [ 54 ]. IL-8 might be involved in the hypoxic pres-
sure response of pulmonary vessels as it was found elevated 
in early stages of high altitude pulmonary edema [ 55 ]. 
Similarly, IL-10 is also implicated in PAH as elevated levels 
were found in patients to counterregulate against infl amma-
tory response in lung [ 47 ]. Further, injections of IL-10 
reduced the mean pulmonary arterial pressure in MCT rats 
and signifi cantly improved survival [ 56 ]. Overall, experi-
mental data, however, suggest a protective role of the anti- 
apoptotic and anti-infl ammatory cytokine IL-10. 

 The prototypic TH-2 cytokines IL-4 and IL-13 are criti-
cal in  Schistosoma  infection in the mouse [ 57 ]. One of the 
potential mechanisms underlying the pathogenesis of 
schistosomiasis- associated PAH is infl ammation. IL-13 is a 
key inducer of several Type-2 cytokine-dependent patholo-
gies. IL-13 regulates infl ammation, mucus production, tis-
sue remodeling, and fi brosis. IL-13Rα1 is the canonical 
IL-13 signaling receptor, whereas IL-13Rα2 is thought to be 
a competitive non-signaling decoy receptor. Other studies 
have shown that dysregulation of IL-13 signaling is present 
in human PAH; whether IL-13 is pro-proliferative or anti- 
proliferative remains unclear [ 30 ,  58 ,  59 ]. Favoring the pro- 
proliferative role(s) of IL-13, we found evidence of enhanced 
PH in  S. mansoni -infected mice lacking IL-13Rα2, suggest-
ing that IL-13 signaling is an important mediator of the 
granulomatous and vascular response to schistosomiasis 
infection [ 60 ]. Thus, IL-13 ligand and receptors may serve 
as novel biomarkers in PH and a potential target for recep-
tor-directed biologic therapies.  

    Th1 and Th2 Immune Response Mediated 
Infl ammatory Response in PAH 

 The effector responses of CD4 +  T cells are generally divided 
into Th1, Th2, and Th17 responses; all there subsets appear 
to be involved in the pathogenesis of PH. In the Th1/Th17- 
skewed response, the arteriole may be invaded by mononu-
clear cells, including cytotoxic T cells, autoreactive B cells, 
autoantibodies, mast cells, and activated macrophages 
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expressing granulocyte-macrophage colony-stimulating fac-
tor (GM-CSFR), inducible nitric oxide synthase (iNOS), and 
leukotriene B4 (LTB4). Th17 effector cells are induced in 
parallel to Th1 (producing interferon-γ, TNFs and IL-2), 
and, such as Th1, polarized Th17 cells have the capacity to 
cause infl ammation and autoimmune disease. Both Th1 and 
Th17 colocalize regionally and may require each other for 
recruitment into the region [ 61 ]. Th17 cells not only pro-
duces IL-17 but it also produce cytokines like, IL-6, TNF-α, 
GM-CSF, IL-21, and IL-22. Th2 cells produce the cytokines 
IL-4, IL-5, and IL-13, which are involved in allergic 
responses and the clearance of extracellular worm driven 
antigens. When immune dysregulation favors TH1/TH17 
immunity reactions, TNF-α and IL-6 seem harmful media-
tors promoting vascular remodeling [ 50 ,  62 ], whereas IL-6 
may exert a protective effect in pulmonary vascular injury 
induced by Schistosomiasis [ 52 ]. In Th2-driven responses, 
there are unique infl ammatory patterns. The infl ammatory 
response is characterized by the recruitment of Th2 lympho-
cytes, mast cells, eosinophils and macrophages to the lung, 
and by elevated expression of allergen-specifi c immunoglob-
ulin- E (IgE) in the serum [ 63 ]. It has been suggested that the 
chronicity of Th2 cytokine-mediated airway infl ammation 
that is characteristic of allergic asthma is explained by the 
presence of a macrophage-like antigen-presenting cell popu-
lation that persists in the airway lumen [ 64 ]. Further, trans-
forming growth factor-β-mediated immunity response is 
closely linked with enhanced Th2 cytokines, e.g. IL-4 and 
IL-13 activity (Fig.  2.1 ), which then drives a destructive PH 
phenotype through pSTAT-6 signaling [ 65 ].

       Macrophages and TGF-β Signaling 
in Pulmonary Vascular Remodeling 

 Among the infl ammatory cells implicated in PAH, the mono-
cyte/macrophage lineage has been consistently correlated 
with PH [ 31 ,  66 – 69 ]. However, macrophages effi ciently 
respond to environmental signals with remarkable plasticity 
and undergo different forms of polarized activation that can 
be (simplistically) divided as classically activated (M1), 
alternatively activated (M2), and of an anti-infl ammatory 
(regulatory) phenotype [ 70 ,  71 ]. Classically activated macro-
phages are effector phagocytes activated by interferon-γ and 
tumor necrosis factor (TNF-α). They produce inducible 
nitric oxide synthase and interleukin (IL)-12 and exhibit 
enhanced microbicidal or tumoricidal capacity [ 70 ]. On the 
other hand, M2-polarized macrophages are activated mostly 
by TH2 immune response mediated cytokines, IL-4 or IL-13 
and express arginase-1 (Arg-1), found in infl ammatory 
zone-1 (Fizz1), chitinase-3-like-3 (Ym1), and mannose 
receptor, C type lectin-1 [ 70 – 72 ]. M2 macrophages have 
been implicated in the pathogenesis of lung and other 

 disorders via their ability to promote trophic, profi brotic, and 
angiogenic functions [ 73 ,  74 ]. The major characteristic of 
the third population, regulatory or anti-infl ammatory macro-
phages, is the production of high IL-10 and low IL-12 levels 
and the promotion of immunosuppression [ 70 ,  72 ]. In the 
case of  Schistosoma  associated-PAH, once induced by 
Th2-CD4 +  T-cells, macrophages stimulated by infection 
become alternatively activated (M2 phenotype) and, in the 
vascular adventitia, they can potentially represent the main 
cellular source of TGF-β (Fig.  2.1 ). 

 TGF-β signaling controls a plethora of cellular responses 
and is a member of a large family of multifunctional 
 cytokines playing critical roles in embryogenesis, growth, 
wound repair, infl ammation; TGF-β family has an important 
role in vascular homeostasis [ 75 ]. Abnormal TGF-β family 
signaling has been extensively linked to human PAH [ 76 –
 78 ], and we and others have observed that blockade of TGF-β 
signaling suppresses PH due to monocrotaline or hypoxia in 
rodent models [ 65 ,  79 ,  80 ]. Recent studies have revealed sig-
nifi cant insight into the mechanisms of the activation of 
TGF-β receptors through ligand binding, the activation of 

  Fig. 2.1    Infl ammatory pathways involved in the development of pul-
monary arterial hypertension, highlighting the elucidated pathways 
triggered by  Schistosoma  infection       
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Smad proteins through phosphorylation, the transcriptional 
regulation of target gene expression, and the control of Smad 
protein activity and degradation [ 81 ,  82 ]. Recently, we found 
the Th2 cytokines IL-4 and IL-13 to be necessary for TGF-β 
activation in mice exposed to  Schistosoma ; previously, we 
observed IL-13 gain-of-function to be suffi cient for TGF-β 
activation [ 60 ,  65 ]. We also found up-regulation of the TGF-β 
signaling pathway manifest by increased Smad2/3 phosphor-
ylation in areas of vascular remodeling in both the mouse 
model and human tissue from subjects who died from 
schistosomiasis- associated PH [ 60 ,  65 ].  Schistosoma - 
induced  PH phenotype in mice was partially suppressed by 
blockade at the level of the TGF-β ligand, type 1 receptor 
function, or the intracellular signaling molecule Smad3. 
Coupled with the fi nding of IL-4 and IL-13 suppression by 
TGF-β signaling blockade, there may be a positive feedback 
loop of IL-4/IL-13 and TGF-β propagating the disease [ 65 ]. 
Thus, another potential target for patients with PAH is block-
ade of TGF-β signaling. 

 Recently, it has been shown that the accumulated macro-
phages expressed high levels of leukotriene A4 hydrolase 
(LTA4H), the biosynthetic enzyme for leukotriene B4 
(LTB4) in both clinical tissue and the SU5416 (SU)/athymic 
rat model of severe PH [ 83 ]. 

 In addition several growth factors, including PDGF, epi-
dermal growth factor, VEGF, serotonin, and fi broblast 
growth factor 2, play an important role in the apoptosis- 
resistant phenotype and vascular remodeling in PAH [ 38 , 
 84 ]. Some infl ammatory cytokines, notably IL-6, trigger vas-
cular smooth muscle cell proliferation through upregulated 
expression of VEGF and its receptor VEGFR2 [ 50 ]. Further, 
infl ammatory end points can also be restrained by growth 
factors as serotonin reuptake inhibition attenuates matrix 
remodeling through reduced metalloproteinases as well as 
through reduced infl ammatory cytokine expression in the 
MCT mouse model [ 85 ].   

    The Quasi Malignancy Paradigm of PAH 

 In their landmark 1962 paper describing altitude-related 
hypoxic PH, Vogel et al made the intriguing description of 
proliferative pulmonary vascular lesions:

  We have found what appear to be minute tumors of the lung… 
these tumors do not line the air spaces in any sense of the word. 
They are interstitial in position and are characteristically sepa-
rated by a crown of capillaries from the airspace, thus establish-
ing their interstitial location [ 86 ]. 

   Since these early descriptions, it is now recognized that 
idiopathic PAH as well as other forms of PAH demonstrate 
lumen obliterating vascular lesions, often located at arterial 
bifurcations, termed ‘plexiform lesions’ [ 4 ]. Since this patho-
logic descriptive relationship was identifi ed, further work 

has delineated a molecular phenotype within these lesions 
that closely parallels neoplasia. For instance, vascular lesions 
in primary PAH have an abundance of clonal proliferative 
endothelial cells [ 87 ], microsatellite instability with disor-
dered proliferation and apoptosis [ 88 ], somatic chromosomal 
abnormalities [ 89 ], and deregulated energetic metabolism 
[ 90 ]. Together, these properties share many of the hallmarks 
seen in cancer (albeit without the propensity for metastasis) 
as defi ned by Hanahan and Weinberg in their landmark 
review [ 91 ]. This work has led to a paradigm shift in the 
world of vascular biology away from a concept of increased 
vasomotor tone and elevated shear stress leading to PAH, to 
a more representative pathogenic concept of deregulated 
proliferative capacity of pulmonary vascular cells due to 
genetic susceptibility, surrounding infl ammation, disordered 
angiogenesis, and aberrant growth/apoptotic signaling [ 92 ]. 
By parsing out the intricate pathobiology of these driving 
mechanisms in pulmonary vascular disease, there is hope for 
deriving therapies aimed at the primary defect of prolifera-
tive vascular lesions, in contrast to current therapies, which 
primarily target vasoconstriction. To illustrate, we will focus 
on two emerging – and interconnected – paradigms within 
pulmonary vascular disease, the role of hypoxic signaling as 
well as deregulated energetic metabolism, both features that 
parallel malignancy.  

    Hypoxia Signalling and PH 

 Many diseases associated with pulmonary hypertension, such 
as chronic obstructive pulmonary disease (COPD), interstitial 
lung disease, and obstructive sleep apnea result in either con-
tinuous or intermittent hypoxia. Many of these conditions have 
concomitant infl ammation and parenchymal injury that may 
contribute to the vascular changes and resultant PH, but it 
remains clear that hypoxia and hypoxia signaling remain a driv-
ing force in not only WHO group III PH, but other forms – 
including PAH. The concept that PH and vascular remodeling 
can occur solely from hypoxia exposure is supported by obser-
vations of humans living at altitude. Persons living at high alti-
tude are at risk for developing chronic elevations in PA pressure, 
only a fraction of which has a reversal with supplemental oxy-
gen. Additionally, the lungs of high-altitude dwellers with PH 
have been shown to have vascular remodeling consisting of 
increased smooth muscularization of the small pulmonary arter-
ies and thickened media and adventitia in the more proximal 
vessels [ 93 ]. Much of the work discussed is derived from animal 
models of PH, many incorporating hypoxia as the inducer of 
pulmonary vascular remodeling (Fig.  2.2 ). While there are 
inherent limitations in these models, they have illuminated 
aspects of pathobiology that are relevant to human disease and 
aid our understanding of how hypoxia contributes to the endo-
thelial, smooth muscle, and adventitial phenotype of PH.

R. Kumar et al.



23

   Murine modeling of hypoxic PH reveal that in the large 
PAs, there is an early adventitial expansion in response to 
hypoxia, with an increase in proliferating fi broblasts. Medial 
thickening follows thereafter, with a modest increase in pro-
liferative and hypertrophied smooth muscle cells accompa-
nied by increased matrix deposition [ 94 ]. It can be speculated 
that this initial vascular remodeling may be adaptive, as the 
adventitial and medial thickening decreases wall stress. 

 Mechanistically, there is a paucity of information regard-
ing what pathways confer the proliferative phenotype to both 
the adventitial fi broblasts and medial smooth muscle cells. 
Studies of subpopulations of SMC that respond to hypoxia 
with a proliferation have been shown to have increased pro-
tein kinase C responses and activation of G-protein coupled 
receptor activation of ERK1/2 (Fig.  2.2 ), a signal transduc-
tion pathway demonstrated to be essential for hypoxia- 
triggers proliferation [ 95 ,  96 ]. Hypoxia inducible factor 1a 
(HIF-1α) activity in smooth muscle cells has also be critical 
for development of PH in a murine model of chronic hypoxic 
PH, the mechanism by which this transcriptional program 
confers vascular remodeling is yet to be delineated [ 97 ]. 
There is evidence to suggest that hypoxic conditions alter 
calcium homeostasis and ionic balance within PA SMCs 
(Fig.  2.2 ), leading to reduced potassium channel expression 
and increased [Ca2 + ], leading to enhanced pulmonary vaso-
constriction and perhaps proliferation [ 98 ,  99 ]. Additionally, 
serotonin signaling appears to be necessary for PH related to 
chronic hypoxia [ 100 ]. 

 The increase in matrix production – specifi cally elastin 
and collagen – is thought to be mediated through increased 

TGF-β signaling, a critical mediator of collagen synthesis. 
The importance in pulmonary vascular disease is revealed 
though use of a murine model containing a dominant negative 
mutation in the TGF-β receptor where chronic PH was atten-
uated [ 101 ]. Additionally, several groups have data that sug-
gests that adventitial or interstitial lung fi broblasts can be 
activated by hypoxia with subsequent migration and differen-
tiation into a perivascular smooth-muscle-like cell [ 102 ,  103 ]. 

 As described above, PH is characterized by hypertrophy 
and proliferation of endothelial cells, along with subendothe-
lial thickening – changes also observed with chronic hypoxic 
exposure. Hypoxia has been shown to lead to focal disrup-
tion and detachment between PA endothelial cells, along 
with damaged cell surface [ 104 ]. This hypoxia-induced 
endothelial damage increases expression of tissue factor, 
leading to a procoagulant state, along with increasing IL-1, 
IL-6, and a host of adhesion molecules that likely contribute 
to the infl ammatory state of the pulmonary hypertensive 
response [ 105 ,  106 ]. It is also becoming increasingly clear 
that mitochondrial dysfunction within endothelial cells is a 
critical mediator of pulmonary vascular disease – a topic that 
will be explored below.  

    Disordered Mitochondria and Cellular 
Metabolism in PH 

 Mitochondrial function is of such critical importance, in the 
setting of hypoxia there is a highly conserved global pro-
gram among all metazoan and mammalian cells to shift 

  Fig. 2.2    Key mediators of 
hypoxia-induced pulmonary 
vascular disease, which result in 
increased vasomotor tone as well 
as pathologic vascular 
remodeling       
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 production of ATP from oxidative phosphorylation to lactic 
acid fermentation and glycolysis – a process known as the 
‘Pasteur effect’. However, this same phenomenon has been 
observed – fi rst in tumor cells in the 1950s by Otto Warburg – 
in the setting of normal oxygen levels, termed the ‘Warburg 
effect’ [ 107 ]. In cancer cells, despite the considerably lower 
yield of ATP generated by glycolysis (2 molecules of ATP 
produced per glucose molecule from glycolysis versus 36 
from oxidative metabolism), the Warburg effect is adaptive, 
allowing for increased ADP/ATP ratios, NADPH synthesis, 
and macromolecule generation (such as fatty acids, nucleo-
tides, and carbohydrates) that is critical to support rapid and 
uncontrolled cellular proliferation [ 108 ]. A major paradigm 
shift has occurred in pulmonary vascular biology with the 
recognition that pulmonary artery smooth muscle and endo-
thelial cells obtained from patients with IPAH have a dra-
matically increased glycolytic rate, further supported by 
[18F]fl uoro-deoxy-D-glucose positron emission tomography 
scanning [ 109 ,  110 ]. This critical observation is opening new 
understanding into the pathobiology of PH, connecting 
infl ammation and hypoxic signaling, and offers unique ther-
apeutic targets to be explored. 

    Hypoxia Inducible Factors and Disordered 
Cellular Energenetics in PH 

 The glycolytic shift observed in normal physiologic adapta-
tion to hypoxia, as well as in metabolically deranged tumor 
cells has been largely attributed to the up-regulation or 
increased stabilization of the hypoxia-inducible factors. 
HIF-α subunits, when combined with its β-subunit, tran-
scriptionally activates more than 100 genes involved in ener-
getic metabolism, apoptosis, cell cycle control, cellular 
migration, and angiogenesis [ 90 ]. In normoxic non-diseased 
states, hypoxia-inducible factors (consisting of HIF-1α or 
HIF-2α, each with different tissue expression patterns and 
collectively termed ‘HIF’) are subjected to rapid proteasomal 
degradation via prolyl hydroxylase and subsequent recogni-
tion and ubiquitination via the von Hippel-Lindau tumor 
suppressor protein [ 111 ]. The HIF transcriptional program is 
of critical importance in PH, as evidenced by increased 
expression of HIF-1α and HIF-1β in IPAH vascular lesions, 
in conjunction with increased HIF target vascular endothelial 
growth factor [ 8 ]. Additionally, in experimental models of 
PH, heterozygous knockout of either HIF-1α or HIF-2α is 
protective against development of PH [ 112 ,  113 ]. 

 The contribution of HIF transcriptional regulation to the 
PH phenotype is varied. Increased HIF-1α expression has 
been shown to reduce voltage-gated K +  channel currents in 
PASMCs, abrogating the hypoxic vasoconstriction response. 
Further, HIF-1α regulated expression of endothelin-1, a 
potent vasoconstrictor of the pulmonary vascular bed and 

whose receptor is a common target of modern therapies 
[ 114 ]. HIF-1α has been shown to regulate the PASMC hyper-
trophic response in hypoxia via transient receptor potential 
Ca 2+  channels [ 115 ]. However, HIF can also be directly 
linked to the disordered metabolic phenotype and disrupted 
mitochondrial function displayed by pulmonary vascular 
cells in PH. 

 HIF has potent effects on the metabolic status and mito-
chondrial function of pulmonary vascular cells. HIF tran-
scriptional activity can be linked to a variety of extra- and 
intra-mitochondrial alterations. Pyruvate dehydrogenase 
kinase isozyme 1 (PDK1) is a ubiquitously expressed cyto-
plasmic inhibitor of pyruvate dehydrogenase (PDH) that is 
transcriptionally induced by HIF-1α [ 116 ,  117 ] (though 
PDK2 and 4 are the main forms expressed in pulmonary 
arteries-whether they are regulated by HIF-1α is unclear). 
PDH can be viewed as a mitochondrial ‘gate keeper’ enzyme 
as it is the critical regulator of pyruvate entry in the mito-
chondria. Glucose oxidation (resulting in conversion of 
pyruvate to acetyl-CoA) is mediated by PDH – inhibited by 
HIF-1α via PDK1 – and a fundamental step in the glycolytic 
switch observed in PH [ 118 ]. HIF acts at several other criti-
cal steps within the glycolysis pathway, for instance up- 
regulation of GLUT1 and GLUT3, uniporter proteins that 
facilitate infl ux of glucose substrate. Additionally, HIF-1α 
induces lactate dehydrogenase A, leading to conversion of 
pyruvate into lactate, which in pulmonary microvascular 
endothelial cells has been shown to be critical for sustained 
rapid cell growth rates [ 119 ]. 

 It is hypothesized that increased HIF in the vascular 
lesions may be the result of either direct hypoxia-like stabili-
zation of HIF or deranged cell signaling that converges into 
enhanced normoxic HIF transcription.  In vitro  data, utilizing 
cultured endothelial cells from IPAH patients, suggests that 
HIF-1α may be stabilized via reduced NO mediated by 
decreased expression of manganese superoxide dismutase-2 
(MnSOD2), which was previously observed in IPAH pulmo-
nary tissue [ 120 ,  121 ]. Though the triggers of increased HIF 
in pulmonary vascular cells remains to be deciphered, there 
is a preponderance of data from human and animal studies 
pointing towards the importance of this transcriptional 
 program in contributing to the vascular and metabolic remod-
eling in pulmonary vascular disease. Further, pulmonary vas-
cular disease is associated with other aspects of mitochondrial 
dysfunction that lead to cellular apoptosis resistance, reduc-
tion in cellular mitochondrial content, and suppressed signal-
ing results in the proproliferative vascular state of PH.  

    Mitochondrial Dysfunction in PH 

 Mitochondria play a key role in apoptosis as the source 
for proapoptotic molecules such as cytochrome C and 
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 apoptosis- inducing factor, which effl ux to the cytoplasm 
through the mitochondrial transition pore. This voltage- and 
redox- sensitive channel is closed – conferring a resistance to 
apoptosis – by hyperpolarization of the mitochondrial mem-
brane. Like many cancer cells, PASMCs have been demon-
strated to have hyperpolarization of the mitochondrial 
membrane. Several mechanisms contribute to mitochondrial 
membrane polarization, but the foremost is carbohydrate 
metabolism (as detailed above). With PDH inhibition such as 
that seen in PH, there is resultant decrease in oxidative phos-
phorylation. This, in turn, leads to activation and transloca-
tion of glycogen synthase kinase 3β to the mitochondrial 
outer membrane, where it binds to the mitochondrial transi-
tion pore, trapping anions in the mitochondria and leading to 
increased membrane potential [ 122 ]. 

 IPAH pulmonary artery endothelial cells have been shown 
to have a reduction in mitochondrial numbers per cell, as 
well as reduced mitochondrial DNA content [ 109 ]. Cellular 
mitochondrial content is continuously maintained by mito-
genesis and selective degradation termed mitophagy. 
Mitophagy, when suppressed, is thought to result in accumu-
lation of dysfunctional mitochondria. The intracellular mito-
chondrial network is critical for maintaining mitochondrial 
signaling and appropriate proliferative and apoptotic signal-
ing. Fission is largely dependent on the HIF-1α regulated 
protein dynamin-related protein 1 (DRP-1), a GTPase that 
assembles into an oligomeric ring in the outer mitochondrial 
membrane and allowing for fair distribution of mitochondria 
when cell division occurs. It has been observed that PASMCs 
from PAH patients have increased activity of DRP-1, and 
when inhibited there is decreased proliferation that attenu-
ated PAH in several animal models of the disease [ 123 ]. 

 An essential byproduct of oxidative phosphorylation is 
mitochondrial-derived reactive oxygen species (mROS) in 
the form of superoxide – which is increasingly recognized as 
an important cellular signaling molecule rather than simple 
toxic byproduct. mROS is altered to stable H 2 O 2  via MnSOD, 
subsequently diffusing to extra-mitochondrial targets such as 
membrane voltage-gated K +  channels, leading to infl ux of 
Ca 2+ , and an increased vasoconstriction and proliferative 
response [ 124 ]. Though disordered metabolism is an emerg-
ing component of the complex pathobiologic understanding 
of PAH, informed by decades of work in cancer biology, 
there is hope that it will provide new therapeutic angles for 
patients with PAH.   

    Conclusion 

 A detailed descriptive pathologic understanding of PAH 
has been informed by over a decade of work detailing the 
complex immunologic, hypoxic signaling, and disordered 
metabolic state that underlies the diseased pulmonary 
vasculature. While current therapies – including pros-
tanoids, endothelin receptor antagonists, and phosphodi-

esterase inhibitors – primarily target the vasoconstrictive 
component of PAH, there is hope that novel therapies tar-
geted at the underlying pathobiologic mechanisms 
described herein will result in stabilization or even rever-
sal of the pulmonary vasculopathy, resulting in improved 
outcomes for patients.     
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            Introduction 

 Pulmonary Hypertension (PH) in clinical practice is more 
commonly secondary to chronic left sided heart disease and/
or chronic hypoxic lung disease, than due to idiopathic 
Pulmonary Arterial Hypertension (iPAH) (Fig.  3.1 ) [ 1 ,  2 ]. In 
the current World Health Organization (WHO) classifi cation 
system of PH, PH secondary to left heart disease is catego-
rized as Group 2 PH, with PH secondary to chronic lung dis-
ease being classifi ed as Group 3 PH [ 3 ]. The causes of Group 
2 PH include heart failure with reduced ejection fraction 
(HFrEF), heart failure with preserved ejection fraction 
(HFpEF), mitral and aortic valve disease [ 4 ], in addition to 
restrictive and constrictive physiology (Fig.  3.2 ). Group 3 PH 
is most commonly caused by chronic hypoxic lung disease, in 
particular chronic obstructive pulmonary disease (COPD) 
and interstitial lung disease (ILD) (Fig.  3.3 ) [ 5 ]. Many of the 
risk factors for cardiac and pulmonary etiologies of PH over-
lap, such as smoking, sleep apnea and obesity, and therefore 
characterizing patients as Group 2 or Group 3 PH can be chal-
lenging. Other syndromes such as sarcoidosis and connective 
tissue disease (especially scleroderma) can involve both the 
heart and lung tissue, thereby creating a clinical phenotype of 
PH that is diffi cult to defi ne. In this chapter we will discuss 

the epidemiology, cellular mechanisms, clinical diagnosis 
and evaluation, management and outcomes of Group 2 and 
Group 3 PH (Table  3.1 ; Fig.  3.4 ). We will also discuss syn-
dromes and scenarios where there is diffi culty in ascertaining 
the etiology of PH. We will fi nally discuss future directions in 
therapeutics and diagnostics of Group 2 and Group 3 PH.

           Pulmonary Hypertension Secondary to Left 
Sided Heart Disease 

    Epidemiology 

 Up to 250,000 patients in the United States have Group 2 PH, 
thereby making it much more prevalent than other causes of 
PH [ 7 ]. Approximately 60–70 % of patients with HFpEF and 
HFrEF develop PH [ 8 ] and up to half of patients referred to 
heart transplant clinics have pulmonary vascular resistance 
(PVR) greater than 2 Wood Units [ 9 ]. The development of PH 
in these patient populations is associated with a poor progno-
sis [ 10 ,  11 ]. In a study of HFrEF patients assessed for PH by 
echocardiogram, the 28 month mortality was almost 57 % in 
patients with PH compared to 17 % in HFrEF patients with-
out PH [ 12 ]. Additionally, transplanted patients with PH have 
a greater risk of developing post- operative right ventricular 
failure and an increased risk of mortality [ 13 ]. In a commu-
nity study of HFpEF patients, evidence of PH on echocar-
diography independently predicted survival [ 8 ]. However, 
treating patients with PH secondary to severe systolic heart 
failure with pulmonary vasodilators (prostaglandins) has 
caused pulmonary edema and death [ 13 ]. Thus, although PH 
predicts mortality, targeted PH treatments in PH-HFpEF may 
not improve outcomes, as will be subsequently discussed [ 4 ].  

    Pathophysiology 

 Elevated LV fi lling pressures lead to a passive increase in 
mPAP in order to maintain forward fl ow. Typically, this 
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increase in mPAP is “proportionate” to the elevated LV 
 fi lling pressure with a normal transpulmonary gradient and 
pulmonary vascular resistance (≤12 mmHg and ≤2.5 WU, 
respectively). This is referred to as “proportionate” or 
 “passive” PVH. However, in some patients with left heart 
disease, the mPAP increases quite markedly in response to 
the elevated left sided fi lling pressure due to vasoconstriction 

or remodeling of the pulmonary arteries similar to PAH. This 
results in an elevated transpulmonary gradient (TPG) and 
PVR (>12 mmHg and >2.5 WU, respectively), referred to as 
mixed or reactive pulmonary venous hypertension. Mixed 
PVH can be either reversible with vasodilators when vaso-
constriction is dominant or is fi xed due to remodeling of the 
pulmonary arteries [ 14 ]. 
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 Recently, the summary documents from the 5 th  World 
Symposium on Pulmonary Hypertension discussed the forms 
of pulmonary hypertension in left sided heart disease. In this 

document, it was suggested that the term “out-of-proportion” 
PH should no longer be used in patients with severe post- 
capillary PH with increased left atrial pressure (LAP). Instead, 
increasing recognition was offered to the importance of 
describing the presence of a pre-capillary component in some 
cases of PH from left heart disease. In this setting, the authors 
proposed 2 types of PH from left heart disease, on the basis of 
the level of the diastolic pressure difference (DPD). DPD is 
defi ned as pulmonary artery (PA) diastolic pressure minus 
pulmonary capillary wedge pressure (PCWP). In this setting, 
“isolated post-capillary PH” is defi ned as: PCWP > 15 mmHg 
and DPD < 7 mmHg, and “combined post-capillary PH and 
pre-capillary PH” is defi ned as PCWP > 15 mmHg and 
DPD > 7 mmHg (Table  3.2 ) [ 4 ].

   In Group 2 PH, similar to Group 1, arteriolar remodeling 
is observed. Elevated left atrial pressure (LAP) is common to 
all forms of Group 2 PH. Backward transmission of this 
increase in LAP can mediate vascular changes. Acutely, an 
increase in LAP results in an increase in pulmonary venous 
pressure and, subsequently, pulmonary edema. Persistent 
increase in LAP produces fractures in the structure of the 
alveolar-capillary barrier by hydraulic forces [ 15 ], an event 
referred to as “capillary stress fracture” [ 16 ]. In this instance, 
the endothelial barrier is damaged and the extracellular matrix 
becomes weakened [ 17 ]. However, the pulmonary- capillary 
interface is typically able to restore its integrity with normal-
ization of LAP [ 18 ]. With chronic elevation of LAP, the capil-
laries undergo vascular remodeling characterized by increased 
alveolar-capillary membrane thickness and increased deposi-
tion of collagen IV in the extracellular matrix (ECM) [ 19 , 
 20 ]. This increase in membrane thickness can result in a 
decrease in diffusion capacity [ 15 ]. In HFpEF with PH there 
is pronounced medial hypertrophy in the small pulmonary 
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  Fig. 3.3    Causes of Group 3 PH       

   Table 3.1    Comparison of Group 2 and 3 diagnostic fi ndings   

 Group 2 PH  Group 3 PH 

 History  Dyspnea on exertion 
 Lower extremity 
swelling 

 Dyspnea out of 
proportion to lung 
fi ndings 
 Nighttime awakenings, 
fatigue, morning 
headaches, snoring 

 Risk factors  Rheumatic fever 
 Hypertension 
 OSA 
 CAD, history of MI 

 Smoking 
 Asbestos, Silica, Talc, 
Coal dust 
 Autoimmune disease 

 Examination  Elevated JVP 
 Carotid bruits 
 Irregular rhythm, 
murmur, S3 gallop, 
displaced PMI 
 Crackles, dullness to 
percussion on lungs 
 Hepatosplenomegally, 
ascites 
 Lower extremity 
edema 

 Central obesity 
 Barrel-chested 
 Uveitis 
 Pulmonary rales 
 Clubbing of the 
extremities 
 Erythema nodosum 

 CXR  Cardiomegally 
 Pleural effusions 
 Pulmonary edema 

 Bilateral infi ltrates 
 Hyperinfl ation with 
fl attened diaphragms 

 Echocardiogram  Decreased EF 
 Impaired relaxation 
 Dilated, non-
collapsible IVC 

 Mildly elevated RVSP 
 Diastolic dysfunction 

 PFTs  Restrictive pattern  Obstructive or 
restrictive patterns 
 Decreased DL CO  
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arteries (PAs) along with the formation of a neointimal layer 
similar to what is observed in Group I PAH [ 21 ]. 

 The variability in PA pressures in patients with heart fail-
ure (systolic or diastolic) has not been fully explained. There 
does appear to be an element of genetic variability. Serotonin 
(5HT) transporter polymorphisms have been found to infl u-
ence the degree of increased PA pressure in patients with 
systolic heart failure [ 22 ]. This is relevant in light of the 

known vasoconstrictor properties of 5HT. In a study of 
patients with congestive heart failure (CHF), those patients 
who were homozygous for the LL genotype of the 5HT pro-
moter had signifi cantly higher mean pulmonary artery pres-
sures (mPAP) compared to those CHF patients who were 
heterozygous for the promoter [ 22 ]. Interestingly, in patients 
with Group 2 PH secondary to mitral valve disease, decreased 
bone-morphogenetic protein (BMPR) expression has been 
reported, suggesting a common pathway to PAH in the devel-
opment of PH in PVH [ 23 ].  

    Role of Nitric Oxide in Group 2 PH 

 Nitric oxide (NO) derived from the pulmonary vascular endo-
thelial cells plays an important role in maintaining resting 
pulmonary vascular tone and pulmonary vasodilatation 
response to endothelium-mediated triggers [ 24 ,  25 ]. The 
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  Fig. 3.4    ACCF/AHA PH diagnostic algorithm (Reproduced with permission from [ 6 ])       

   Table 3.2    Defi nition and classifi cation of PH-LHD; LHD: Left heart 
disease   

 Terminology  PCWP (mmHg) 
 Diastolic PAP-
PCWP (mmHg) 

 Isolated post-capillary PH  >15  <7 

 Combined post-capillary 
and pre-capillary PH 

 >15  ≥7 

  Adapted from Vachiéry et al. Pulmonary hypertension due to Left Heart 
disease [ 4 ]  
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constitutive enzyme, endothelial nitric oxide synthase (eNOS), 
in the pulmonary vascular endothelial cells produces NO from 
arginine. NO then diffuses from the endothelial cells to the 
neighboring pulmonary artery smooth muscle cells where it 
stimulates soluble guanyl cyclase, leading to increased cyclic 
guanosine monophosphate (cGMP). cGMP relaxes pulmo-
nary artery smooth muscle by inhibiting the release of cal-
cium from sarcoplasmic reticulum. Consistent with this, 
infusion of NG-monomethyl-L-arginine (L-NMMA), a non-
specifi c inhibitor of eNOS, produces dose-dependent pulmo-
nary vasoconstriction in normal adults and in children with 
congenital heart disease. In addition, cGMP reduces smooth 
muscle proliferation [ 26 ]. 

 Experimental studies from animal models of chronic 
heart failure and chronic heart failure patients have shown 
reduced pulmonary endothelial cell derived NO in both pop-
ulations [ 27 ]. Pulmonary arteries isolated from rats with 
chronic heart failure induced by ligation of the left coronary 
system showed reduced relaxation to acetylcholine, an eNOS 
agonist. Porter and colleagues studied the response of pul-
monary arteries to acetylcholine infusion in heart failure 
patients with and without PH using intravascular ultrasound 
[ 28 ]. Patients with heart failure and PH had signifi cantly 
reduced pulmonary vasodilatation in response to acetylcho-
line whereas those with normal pulmonary artery pressure 
had enhanced pulmonary vasodilatation. Similarly, Cooper 
and colleagues assessed pulmonary artery response to inhibi-
tion of NO with L-NMMA in CHF patients with and without 
elevated PVR by measuring segmental pulmonary arterial 
fl ow using Doppler wire [ 29 ,  30 ]. Taken together these stud-
ies demonstrate that PH due to left heart failure is associated 
with decreased pulmonary endothelium derived NO. 

 In addition to regulating vascular tone, endothelial- 
derived NO inhibits smooth muscle cell proliferation and 
thus decreased expression in heart failure begets more 
chronic changes in mPAP through vascular remodeling and 
platelet aggregation [ 31 ]. In light of this, strategies that 
increase pulmonary endothelial cell derived NO have 
attracted attention in the treatment of Group 2 PH.  

    Diagnosis 

 Diagnostic differentiation involves clinical features, echo-
cardiogram assessment and invasive hemodynamics [ 21 ]. 
Risk factors for left ventricular dysfunction include increased 
age, hypertension, coronary artery disease (CAD), type 2 
diabetes mellitus (DM2), obesity and atrial fi brillation [ 32 , 
 33 ]. PH secondary to valvular disease or systolic heart fail-
ure can be determined through echocardiography relatively 
easily (Fig.  3.5 ). In contrast, it can be very diffi cult to distin-
guish between PAH and HFpEF. Assessing for clinical risk 
factors can accurately differentiate between PH secondary to 

HFpEF and PAH with more than 90 % accuracy [ 32 ]. 
Echocardiographic fi ndings that favor a diagnosis of Group 2 
rather than Group 1 PH include left atrial enlargement, con-
centric remodeling, left ventricular hypertrophy and evi-
dence of impaired relaxation by Doppler measurements [ 34 ]. 
Opotowsky and colleagues developed an echocardiographic 
scoring system to distinguish between PH from HFpEF and 
PAH [ 35 ]. In this model, the presence of an E:e’ ratio of >10 
(where E = mitral infl ow velocities and e’ = mitral annular 
Doppler velocity) and left atrial dimension of greater than 
4.2 cm had marked sensitivity for PH from HFpEF (Fig.  3.6 ).

    Thenappan and colleagues demonstrated a mean PVR of 
1.6 (1.3–2.0) Wood Units in HFpEF without PH, and a mean 
PVR of 4.8 (3.0–8.4) Wood Units in HFpEF with PH [ 32 ]. 
This range in PVR demonstrates that the PVR observed in 
some PH-HFpEF patients can rival that seen in PAH, thus 
underscoring the distinct pulmonary vascular disease (PVD) 
that can develop in these patients [ 32 ]. Left atrial enlarge-
ment, which had been successfully used to differentiate PAH 
from PVH, did not differentiate HFpEF from 
PH-HFpEF. However, right atrial enlargement was more 
commonly seen in PH-HFpEF than HFpEF, likely due to the 
increase in RV afterload secondary to the PVD [ 35 ]. 
PH-HFpEF patients have poorer functional capacity than 
HFpEF patients, refl ective of the RV dysfunction observed. 
This fi nding highlights the need to distinguish these cohorts 
in clinical trials. Although hypertension, obesity and DM2 
are known to increase the risk of developing diastolic dys-
function [ 36 ], none of these risk factors preferentially favored 
the development of PH-HFpEF over HFpEF alone or  vice 
versa . 

 Despite advances in imaging, invasive hemodynamics are 
often required to defi nitively measure left sided fi lling pres-
sures, through left ventricular end-diastolic pressure 
(LVEDP) or pulmonary capillary wedge pressure measure-
ments (PCWP) [ 37 ]. When measuring PCWP, recording 
mean end-expiratory PCWP values is critical, as opposed to 
mean PCWP recorded by automated catheterization labora-
tory equipment, which may underestimate the left sided fi ll-
ing pressures in up to a third of patients [ 38 ]. 

 In the setting of elevated pulmonary pressures, vasoreac-
tivity testing with systemic and/or pulmonary vasodilator 
agents is used to assess if the PH is “fi xed” in nature [ 39 ]. 
Currently, there is no standard internationally accepted pro-
tocol defi ning “fi xed” or “reversible” PH or a consensus on 
the procedure to use in evaluation of PH. However, patients 
whose PVR decreases to less than 2.5 Wood Units with vaso-
dilation in the setting of CHF, have improved outcomes at 
time of heart transplantation [ 9 ] Protocols to assess vasore-
activity include the use of nitroglycerin, nitroprusside, milri-
none, among others [ 3 ], and vary by institution. 

 Resting catheterization is often insuffi cient to defi nitively 
rule in or out left ventricular dysfunction as the cause of PH. 
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For example, at the time of catheterization left sided fi lling 
pressures can normalize secondary to diuresis [ 40 ]. 
Additionally, in early stages of HFpEF, neurohormonal activa-
tion is not as advanced resulting in less pronounced fl uid reten-
tion. In these circumstances, right heart catheterization 
performed at rest and with exercise can distinguish between PH 
secondary to HFpEF (with increased PCWP at exercise) and 
exercise-induced PAH (which retains a normal PCWP) [ 41 , 

 42 ]. In HFpEF, with  exercise the increase in PA pressures asso-
ciates closely with the increase in PCWP [ 3 ]. However, what 
defi nes an abnormal PCWP with exercise is not well described 
with most investigators suggesting a threshold of 15–25 mmHg. 
There is also uncertainty as to whether assessments should be 
performed supine or upright, with arms or legs exercising [ 33 ]. 

 Alternative techniques to differentiate between Group 1 
and Group 2 PH in the catheterization laboratory include 
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12 78/33 55 18 5.09 4.71

  Fig. 3.5    Group 2 PH from left sided valvular disease – Mitral regurgi-
tation. ( a ) CXR showing ICD, small pleural effusions, ( b ) Chest CT 
with apical septal thickening, a sign of pulmonary veno-occlusive 

 disease, ( c ) Parasternal long axis, large LA, ( d ) Apical 4 chamber with 
large atria, ( e ) Color Doppler showing MR jet, RHC pressure tracings, 
( f ) pulmonary artery pressures, mPAP 55, ( g ) PCWP tracing, PCWP 18       
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rapid volume loading with saline infusion or leg lifting. A 
fl uid challenge with 500 mL of normal saline over 5–10 min 
can identify patients with HFpEF and normal baseline 
PCWP, which may help reduce inappropriate diagnoses of 
PAH in patients with HFpEF [ 43 ,  44 ] However, even in 
healthy subjects a large volume fl uid bolus can increased 
PCWP, thereby further confusing the role of this technique to 
distinguish between Group 1 PH and Group 2 PH secondary 
to HFpEF [ 45 ].  

    Management 

 The fi rst step in managing Group 2 PH is treating the under-
lying disease process [ 4 ]. The priority is optimization of left 
sided fi lling pressures. Although pulmonary artery pressures 
can be expected to decrease signifi cantly after appropriate 

treatment of the underlying etiology, targeted interventions 
may fail to remodel the pulmonary vasculature adequately to 
normalize pulmonary artery pressures. 

 In mitral stenosis, based on the American College of 
Cardiology (ACC)/American Heart Association (AHA) 
Valvular Heart Disease guidelines [ 46 ], percutaneous  balloon 
mitral valvuloplasty (PBMV) is indicated for asymptomatic 
patients with moderate or severe MS and a pulmonary artery 
systolic pressure (PASP) > 50 mm Hg at rest or >60 mmHg 
with exercise. Exercise testing with hemodynamic assess-
ment (Doppler or invasive) is recommended to evaluate the 
response of the mean mitral gradient and pulmonary artery 
pressure in patients with MS when there is a discrepancy 
between clinical symptoms or signs and resting echocardio-
graphic fi ndings [ 47 ]. An increase in RV systolic pressure to 
60–70 mmHg should prompt consideration for valve 
surgery. 
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  Fig. 3.6    Group 2 PH from heart failure with preserved ejection frac-
tion. ( a ) PA/lateral CXR with cardiomegally and pulmonary edema, ( b ) 
Ventilation-Perfusion scan showing matched defects, ( c ) Parasternal 
long axis: large RV, ( d ) Parasternal short axis: large RV, ( e ) Apical 4 

chamber: Large RV annexing the apex, ( f ) Tricuspid Doppler: TR 
velocity 359 cm/s, RVSP estimated at 52 mmHg, ( g ) RHC tracings of 
the pulmonary artery pressures, mPAP 32       
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 For patients with New York Heart Association class II-IV 
symptoms and mitral stenosis, surgical valve replacement 
should be pursued even if severe PH is present if the valve is 
not amenable to PBMV. Although PA pressures fall immedi-
ately after PBMV, in correlation with the reduction in mitral 
valve gradient [ 48 ], the maximal effect can be delayed up to 
6 months after surgery [ 49 ]. 

 In the setting of mitral regurgitation (MR), the 2014 ACC/
AHA valve guidelines recommend earlier intervention for 
chronic MR [ 50 ] and in fact offer a Class IIa recommenda-
tion that mitral valve repair is reasonable for asymptomatic 
patients with chronic severe MR and resting pulmonary 
hypertension (PA systolic arterial pressure >50 mmHg). PH 
frequently complicates signifi cant MR from fl ail leafl et 
being found in up to 25 % of patients [ 51 ]. When present, PH 
with MR is associated with major outcome implications, 
approximately doubling the risk of heart failure and death. 
Mitral valve surgery remains benefi cial for these patients 
through either mitral valve repair or replacement. 

 Residual PH after mitral valve surgery is predictive of 
poor outcomes [ 52 ]. Although mitral valve repair or replace-
ment is the optimum management of PH secondary to mitral 
valve disease, the rate and amount of regression of PH after 
mitral valve surgery varies considerably [ 53 ]. Patients with a 
decrease in left ventricular ejection fraction pre-operatively 
and fi broelastic defi ciency as the underlying cause of mitral 
regurgitation are at increased risk of residual PH after mitral 
regurgitation surgery [ 54 ]. 

 PH in aortic stenosis (AS) occurs secondary to diastolic 
dysfunction of the left ventricle and the accompanying left 
ventricular hypertrophy and elevated fi lling pressures [ 55 ]. In 
patients with severe symptomatic AS, about 50 % of patients 
have at least mild PH and 15–30 % of patients have severe PH 
with mean PAP > 50 mmHg [ 56 – 58 ]. PH is also more likely in 
AS if there is an accompanying decrease in LVEF and mitral 
regurgitation [ 59 ]. AS patients with severe PH have increased 
perioperative mortality in aortic valve replacement versus AS 
patients without PH. Furthermore, moderate to severe persis-
tent pulmonary hypertension after aortic valve replacement 
for AS is associated with a decreased survival compared to 
normal pulmonary artery pressures or mild PH [ 60 ]. However, 
PA pressures do gradually decline post-operatively [ 61 ]. 

 In the modern era of transcatheter aortic valve replace-
ment (TAVR), the severity of PH before TAVR is associated 
with 2-year mortality rates of 14 %, 27 %, and 48 % for PA 
systolic pressures <30 mmHg, 30–60 mmHg, and >60 mmHg, 
respectively (p = 0.001). Patients who have persistently 
severe PH after TAVR have a worse prognosis than those 
whose PA systolic pressures decrease below 60 mmHg 
(2-year mortality rate: 50.0 % vs. 18.6 %; p = 0.001). PA sys-
tolic pressures can fall signifi cantly within 90 days after 
TAVR [ 62 ], and by itself PH should not be a contraindication 
to valve replacement. 

 PH is found in 10–20 % of patients with aortic regurgita-
tion (AR) [ 63 ] and occurs secondary to elevations in 
LVEDP. Unlike other valve lesions, historical reports suggest 
that there is no signifi cant increase in operative mortality in 
patients undergoing aortic valve replacement (AVR) for AR 
with severe PH compared to those with mild PH or normal 
PA pressures [ 64 ]. Additionally, PA pressures decrease more 
predictably in patients after AVR for AR to near-normal lev-
els as compared to AS [ 64 ]. 

 Although treatment of advanced heart failure with 
decreased LVEF focuses on pharmacologic therapy, these 
patients are often considered for orthotopic heart transplan-
tation. When PVR is greater than 2.5 Wood units and TPG is 
greater than 15 mmHg, mortality at 3 month and 1 year post- 
transplant is increased [ 65 ]. In those patients with a PVR 
<2.5 Wood Units, mortality at 1 year post-transplant is 5 % 
compared with 24 % in those with PVR >2.5 Wood Units 
[ 66 ]. Of note, in patients with a pre-transplant PVR > 2.5 
Wood units in whom the PVR decreases to <2.5 Wood units 
with nitroprusside, mortality at 3 month post-transplant is 
considerably lower than those with “fi xed” PH (3.8 % versus 
40.6 %) [ 9 ]. Thus, fi xed PH appears to portend a worse prog-
nosis than reversible PH in heart transplant patients. 

 More recently, left ventricular assist device (LVAD) ther-
apy has increased the options available for patients with sys-
tolic heart failure. In a retrospective study of 145 patients 
with systolic heart failure and severe PH treated by LVAD 
support, signifi cant improvements were seen in mPAP, PVR 
and TPG after 6 months of LVAD support [ 67 ]. LVAD ther-
apy for 6 months may be suffi cient to adequately remodel the 
pulmonary vasculature and optimize patients for transplant. 
However, treatment beyond 6 months does not appear to 
have any additive effect on pulmonary vasculature [ 67 ]. 
There is perhaps an expanding role for the LVAD therapy a 
bridge to heart transplant in the management of patients with 
severe left ventricular systolic HF and PH [ 68 ].  

    Constriction and Restriction 

 Constrictive pericarditis is a pericardial compressive syn-
drome due to scarring, fi brosis, and pericardial calcifi cation. 
The compressive phenomenon contributes to signifi cant 
impairment of ventricular fi lling which is characterized by 
elevation of both left and right ventricular fi lling pressures 
and equalization of left and right ventricular diastolic pres-
sures [ 69 ]. The causes of constrictive pericarditis include 
collagen vascular diseases (systemic lupus erythematosus), 
infection (tuberculosis) or as a consequence of trauma and 
traumatic hemorrhagic pericardial effusion. Treatment 
requires surgical removal of the pericardium, which should 
result in normalization of fi lling pressures and resolution of 
PH (Fig.  3.7 ) [ 70 ].
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   Restrictive cardiomyopathy is a myocardial disease 
 characterized by decreased myocardial relaxation and 
increased myocardial stiffness, resulting in elevation of left 
ventricular end-diastolic pressures. The resultant increase in 
LAP contributes to postcapillary PH. The postcapillary PH 
can, in turn, cause an increase in right ventricular  end-diastolic 
pressure, which can cause equalization of the diastolic pres-
sures in restrictive cardiomyopathy. Amyloidosis is the most 
common cause of restrictive cardiomyopathy. Other causes 
are endomyocardial fi brosis, and eosinophilic myocarditis. 
Treatment is targeted at the underlying condition and in cer-
tain circumstances requires heart transplantation. 

 These conditions are best diagnosed with invasive hemo-
dynamics. Simultaneous right and left ventricular pressure 
tracings will show a “dip-and-plateau” pattern in both these 
conditions and equalization of the diastolic pressures. 
Constrictive pericarditis is characterized by discordant 
change in RV and LV pressures seen with respiration. In 

restrictive physiology, the changes in RV and LV pressures 
are concordant with respiration (Fig.  3.7 ).  

    The Role of Pulmonary Vasodilators 

 Many of the currently available agents for PAH, namely, 
endothelin receptor antagonists (ERA), prostacyclins, phos-
phodiesterase 5 inhibitors (PDE5i), and soluble guanylate 
cyclase stimulators (sGCs), have been studied in Group 2 PH 
and have failed to demonstrate clinical benefi t (Table  3.3 ) 
[ 3 ]. In the Flolan International Randomized Survival Trial 
(FIRST), patients with systolic heart failure (LVEF < 25 % 
and New York Heart Association (NYHA) IIIB or IV) were 
randomized to intravenous epoprostenol or conventional 
therapy. Although epoprostenol decreased pulmonary artery 
pressure and PVR, there was no observed benefi t in morbid-
ity or 6-min walk distance (6MWD). In fact, the trial was 
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  Fig. 3.7    Group 2 PH from constrictive pericarditis. ( a ) CXR with pul-
monary edema and cardiomegally, ( b ) CT scan showing pericardial 
calcifi cation, ( c ) Apical 4 chamber with septal fl attening and RV bow-
ing into the LV, ( d ) Parasternal short axis with septal bowing into the 

LV creating A “D” shaped LV, ( e ) TR velocity, RVSP estimated at 
46.8 mmHg, ( f ) RV/LV tracing showing discordance of the ventricular 
pressure with inspiration, ( g ) RHC tracing of the pulmonary artery 
pressures, mPAP 63 mmHg       
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   Table 3.3    Pulmonary vasodilators studied in left heart failure   

 Study and year 
published  Methods  Inclusion criteria  PH at entry 

 Average mPAP at 
entry (mmHg)  Results 

 Guazzi et al. [ 71 ] 
 2004 

 Sildenafi l 50 mg once 
or placebo 
 n = 32 
 Randomized 

 >18 yrs 
 NYHA II–III 
 CHF 
 LVEF < 40 % 

 No  mPAP = 33.6 ± 3.3  Decreased mPAP 
 Improved DLco 
 Increased VO 2  
 Improved ventilator 
effi ciency 

 Lewis et al. [ 72 ] 
 2007 

 Sildenafi l 25–75 mg tid 
or placebo 
 12-week study 
 n = 34 
 Randomized 

 >18 yrs 
 NYHA II-IV on 
conventional therapy 
 LVEF < 40 % 
 mPAP >25 mmHg 

 Yes  mPAP = 33 ± 3  Decreased mPAP 
 Improved peak VO 2  
 Increased 6MWD 
 Decreased 
hospitalization 

 Guazzi et al. [ 73 ] 
 2007 

 Sildenafi l 50 mg bid or 
placebo 
 6-month study 
 n = 46 
 Observational 

 <65 yrs 
 NYHA II–III 
 Cardiomyopathy 
 LVEF <45 % 

 No  mPAP = 33.7 ± 3.1  Decreased mPAP 
 Improved peak VO 2  
 Improved ventilator 
effi ciency 

 Lewis et al. [ 74 ] 
 2008 

 Sildenafi l 25–75 mg tid 
or placebo 
 12-week study 
 n = 30 
 Randomized 

 >18 yrs 
 NYHA II–IV 
 LVEF < 40 % 
 mPAP > 25 mmHg 

 Yes  mPAP = 30 ± 7  Decreased mPAP 
 Improved ventilator 
effi ciency (decreased 
VE/VCO 2  slope) 
 Increased RVEF 

 Behling et al. [ 75 ] 
 2008 

 Sildenafi l 50 mg tid or 
placebo 
 4-week study 
 n = 19 
 Randomized 

 >20 yrs 
 CHF on standard stable 
therapy 
 LVEF < 45 % 

 No  mPAP = 59 ± 18  Decreased mPAP 
 Improved peak VO 2  
 Improved ventilator 
effi ciency 

 Guazzi et al. [ 76 ] 
 2009 

 Sildenafi l 25 mg tid or 
placebo 
 6-month study 
 n = 40 
 Observational 

 Age 65.3 ± 7.3 yrs 
 LVEF 37.2 ± 7.4 % 

 No  Heart rate recovery 
improved 

 Guazzi et al. [ 77 ] 
 2011 

 Sildenafi l 50 mg tid or 
placebo 
 12-month study 
 n = 44 
 Randomized 

 HFpEF 
 LVEF > 50 % 
 Sinus rhythm 
 No hospitalizations in prior 
6 mo 

 Yes  mPAP = 54.5 ± 6.3  Decreased mPAP 
 Improved RV function 
 Decreased PVR 
 Increased DLCO 

 Guazzi et al. [ 78 ] 
 2011 

 Sildenafi l 50 mg tid or 
placebo 
 12-month study 
 n = 45 
 Randomized 

 NYHA II–III 
 LVEF < 40 % 
 No hospitalizations in prior 
6 mo 
 Diabetic patients excluded 

 No  mPAP = 38.4 ± 3.0  Improved LVEF 
 Decreased PASP 
 Improved LV diastolic 
function 
 Improved functional 
capacity 

 Guazzi et al. [ 79 ] 
 2012 

 Sildenafi l 50 mg tid or 
placebo 
 12-month study 
 n = 32 
 Randomized 

 NYHA III–IV 
 LVEF <45 %. 
 mPAP 25–35 mmHg 
 Females excluded 

 Yes  mPAP = 34.8 ± 4  Reversal of exercise 
oscillatory breathing 
 Improved functional 
capacity 
 Decreased PAP 

 Reichenbach et al. 
[ 80 ] 2012 

 Sildenafi l 20–60 mg tid 
or nothing 
 3-month study 
 n = 47 
 Non-randomized 

 NYHA II–IV 
 LVEF < 40 % 

 Yes  mPAP = 45 ± 6  Decreased PVR 
 Increased CO 
 Increased TAPSE 
 Decreased RV 
dimension 

 RELAX [ 81 ] 
 Ongoing 

 Sildenafi l 20 mg tid for 
12 weeks followed by 
 Sildenafi l 60 mg tid × 
12 weeks 
 n = 216 enrolled 
 Randomized 

 >18 yrs 
 NYHA II–III 
 HFpEF, EF >50 % 
 NT-proBNP > 400 pg/ml 

 No  1° endpoint: Change in 
VO 2  
 2° endpoint: 6MWD, 
composite clinical score 

 Givertz et al. [ 82 ] 
 2000 

 Sitaxsentan IV 1.5, 3, 
6 mg/kg over 15 min 
 n = 48 
 Randomized 

 ≥21 yrs 
 NYHA III–VI 
 ACEI + diuretics 
 PCWP ≥15 
 CI ≤2.5 

 Yes  mPAP = 60 ± 2  Decreased PASP, PVR, 
mPAP 
 Unchanged CI, SVR 
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Table 3.3 (continued)

 Study and year 
published  Methods  Inclusion criteria  PH at entry 

 Average mPAP at 
entry (mmHg)  Results 

 HEAT 
 Luscher et al. [ 83 ] 
 2002 

 Darusentan 30, 100, 
300 mg/day 
 3 week study 
 n = 157 
 Randomized 

 NYHA III 
 EF ≤35 % 
 PCWP ≥ 12 
 CI ≤2.6 

 No  Increased CI 
 Unchanged PCWP, 
MPAP, PVR 
 Unchanged BNP 

 Perez-Villa et al. 
[ 84 ] 
 2006 

 Bosentan 62.5 mg BID 
× 4 weeks , then 
125 mg BID 
 6 week study 
 n = 7 
 Non-randomized 

 Heart transplant candidates 
 PVR > 2.5 Woods units 

 Yes  mPAP = 48 ± 9  Decreased PVR 

 Kaluski et al. [ 85 ] 
 2008 

 Bosentan 8–125 mg BID 
 5 month study 
 n = 94 
 Randomized 

 NYHA IIIB–IV 
 EF <35 % 
 SPAP > 40 mmHg 

 Yes  PASP = 51.8 ± 10.3  No change in sPAP 
 Unchanged CI 

 Hefke et al. [ 86 ] 
 2012 

 Bosentan 62.5 mg BID 
up to 125 mg BID 
 12 month study 
 n = 115 
 Observational, 
non-randomized 

 Heart transplant candidates 
 mPAP > 35 
 PVR > 240 dyn 
 TPG > 15 mmHg 

 Yes  mPAP = 45.2 ± 8.7  Decreased PVR 
 Decreased mPAP 
 Decreased SVR 
 Mortality much higher 
in placebo group 

 Padeletti et al. [ 87 ] 
 2013 

 Bosentan 62.5 mg BID 
for 1 month increased 
to 125 mg BID 
 4 month study 
 n = 17 
 Non-randomized 

 >18 yrs 
 NYHA III 
 EF <35 % 
 PASP >50, PVR > 3 Woods 
units, or TPG >10 mmHg 

 Yes  mPAP = 41 ± 7  Decreased mPAP 
 Decreased PVR 
 Decreased TPR 
 Unchanged CO 

 Montalescot et al. [ 88 ] 
 1998 

 Epoprostenol 4 ng/kg/
min increase by 2 every 
5 min to reach 15 % 
decreased in SBP 
 n = 19 

 >18 years 
 Heart transplant candidates 
 PASP >30 

 Yes  mPAP = 41 ± 2  Decreased mPAP 
 Increased CO 
 Increased PVC 

 Weston et al. [ 89 ] 
 2001 

 Inhaled Iloprost 580 μg 
single dose 
 n = 6 
 Non-randomized, 
Observational 

 Heart transplant candidates 
 mPAP > 25 
 Resistant to Nitroprusside 

 Yes  mPAP = 40.6 ± 10.9  Decreased PASP 
 Decreased MPAP 
 Decreased TPG 

 Sablotzki et al. [ 90 ] 
 2002 

 Inhaled Iloprost 50 μg 
 n = 29 (all male) 
 Non-randomized, 
Observational 

 Heart transplant candidates 
 Elevated PVR 

 Yes  PVR = 206 ± 94  Decreased mPAP, PVR 
 Increased CI, SI 

 PROPHET [ 91 ] 
 Scheidt et al. 2006 

 IV PGE 1  50 ng/kg/min 
up until PVR decreased 
 n = 92 

 Heart transplant candidates 
 PVR >2.5 Woods Units 
 TPG >12 mmHg 

 Yes  mPAP = 39 ± 9 
 PVR = 4.1 ± 2 

 Decreased MPAP, SVR, 
PVR 
 Increased CO 

 Serra et al. [ 92 ] 
 2011 

 IV PEG1 2.5 ng/kg/min 
up to optimal dose, 
continuously for 72 h 
 n = 22 

 NYHA III–IV 
 EF <35 % 
 ECHO-sPAP > 3 m/s 

 Yes  PASP = 57.65 ± 3.4  Increased EF, NYHA 
class and PASP 
 Improved 3 year 
mortality 27 % vs. 44 % 

 LEPHT [ 93 ] 
 Bonderman et al. 
 2013 

 Riociguat 1 mg TID, 
2 mg TID 
 16 week study 
 n = 201 
 Randomized 

 >18 yrs 
 mPAP ≥25 
 EF ≤40 % 
 Optimal medical therapy × 
30 days 

 Yes  mPAP = 40.4 ± 1.2  Unchanged mPAP 
 Increased CI, SVI 
 Decreased PVR 
 Improved quality of life 

   Abbreviations :  PH  pulmonary hypertension,  PASP  pulmonary artery systolic pressure,  n  number,  yrs  years old,  NYHA  New York Heart Association, 
 CHF  congestive heart failure,  LVEF  left ventricle ejection fraction,  mPAP  mean pulmonary artery pressure,  DLco  diffusion capacity,  VO   2   peak 
oxygen consumption,  tid  three times a day,  6MWD  6 min walk distance,  bid  twice a day,  HFpEF  heart failure with preserved ejection fraction,  mo  
months,  RV  right ventricle,  PVR  pulmonary vascular resistance,  PVC  pulmonary vascular compliance,  EF  ejection fraction,  LVEF  left ventricular 
ejection fraction,  PGE1  prostaglandin E1,  TPG  transpulmonary gradient,  ACEI  angiotensin converting enzyme inhibitor,  CI  cardiac index,  SVI  
stroke volume index,  CO  cardiac output,  BNP  brain natriuretic peptide,  SVR  systemic vascular resistance  
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stopped early due to concerns for increased mortality in the 
epoprostenol arm [ 94 ]. The Endothelin Antagonist Bosentan 
for Lowering Cardiac Events in Heart Failure (ENABLE) 
study met with a similar fate [ 95 ]. In this study, 1,613 patients 
with LVEF < 35 % and NYHA IIIB or IV were randomized 
to bosentan or conventional therapy. In this trial, the results 
of which have never fully been published, there was an 
increased risk of heart failure hospitalization in the bosentan 
arm, presumably due to fl uid retention or decreased right 
ventricular function [ 96 ].

   PDE5i have a less clear effect in Group 2 PH. Sildenafi l 
had been shown to improve 6MWD and decrease hospital-
ization in a small trial of 34 patients with systolic heart fail-
ure and PH [ 72 ]. In this study, there was not a signifi cant 
reduction in pulmonary artery pressures, despite the observed 
clinical benefi t [ 72 ]. Larger trials of PDE5i have yet to be 
completed [ 97 ] and a trial of tadalafi l in Group 2 PH has 
recently been terminated by the funding agency [ 98 ]. 
Therefore the role of PDE5i in systolic heart failure and 
Group 2 PH currently remains unanswered. sGCs also act 
through the nitric oxide pathway on the pulmonary vascula-
ture in a similar mechanism to PDE5i. Riociguat, currently 
the only available sGCs for PAH in the United States, has 
been studied in a phase IIb trial in systolic heart failure [ 93 ]. 
In this study, after 16 weeks of therapy, there was no observed 
change in pulmonary artery pressures. 

 The role of pulmonary vasodilators in Group 2 PH from 
HFpEF is also understudied. In a placebo-controlled study of 
44 patients with Group 2 PH secondary to HFpEF, sildenafi l 
improved exercise capacity and decreased pulmonary artery 
pressures after 6 months of therapy [ 77 ]. However, in a 
larger, multicenter study of 216 patients with HFpEF (median 
PASP was 41 mmHg), after 24 weeks of sildenafi l versus 
placebo, there was no change in peak VO 2 , the study’s pri-
mary endpoint [ 99 ]. Admittedly in this trial, patients were 
not stratifi ed by PH status, therefore the effect of this therapy 
on the pulmonary vasculature is as such undefi ned [ 100 ].  

    Future Directions 

 There remains considerable interest in using pulmonary 
vasodilators in the treatment of Group 2 PH. Clinical trials 
are ongoing and hopefully will provide insight into the merit 
of targeting pulmonary artery pressures [ 101 ,  102 ]. However, 
the lack of clinical benefi t despite rigorous attempts to lower 
pulmonary artery pressures in Group 2 PH challenges the 
relevance of targeting PH in HFrEF and HFpEF [ 100 ]. 

 Technological advances now permit the measurement 
of ambulatory hemodynamics with implantable monitors. 
For example, the CardioMEMS™ device is implanted into 
the branch pulmonary arteries and allows transmission of 
pulmonary artery pressure measurements, through a 

radiofrequency- based wireless pressure sensor. In the ran-
domized, single-blind CHAMPION trial of 550 patients 
with NYHA functional class III heart failure, clinicians 
were directed to use a medical algorithm to achieve proto-
col specifi c hemodynamic targets: PASP 15–35 mmHg, 
Pulmonary Artery Diastolic Pressure (PAD) 8–20 mmHg, 
and mean PAP 10–25 mmHg. The CardioMEMS arm was 
associated with a 28 % relative risk reduction in HF hospi-
talization over the 6-month study period. In patients with 
PH who were managed with the CardioMEMS™ device, 
clinicians made more changes to HF medications, primar-
ily decongestive in nature (diuretics, nitrates, vasodilators 
etc.) [ 103 ]. The accuracy of pressure measurement 
obtained was comparable to that obtained invasively with 
right heart catheterization [ 104 ]. Wearable technology as 
well as indwelling, continuous monitoring such as that 
performed by the CardioMEMS™ device, present a unique 
opportunity to characterize hemodynamics in patients 
when engaged in activities of daily living and will hope-
fully provide insight on optimal treatment practices.   

    Pulmonary Hypertension Secondary 
to Chronic Hypoxic Lung Disease 

 Chronic hypoxic lung disease commonly causes pulmonary 
hypertension (PH) with a variety of phenotypes. Among hos-
pitalized patients with chronic lung disease, up to 28 % have 
exhibited elevated mean pulmonary arterial pressures 
(mPAP) [ 105 ]. This patient cohort is ever expanding with an 
aging, overweight population that smoked tobacco and had 
signifi cant pulmonary exposures. It is important to recognize 
the lesser-known complications of chronic lung disease for 
prognostication and focused treatment. 

    Epidemiology 

    Chronic Obstructive Pulmonary Disease (COPD) 
 COPD often leads to an elevation of pulmonary pressures, 
affecting 30–70 % of patients [ 106 ]. These patients typically 
have advanced stage COPD, with mild to moderate elevation 
of their mean pulmonary arterial pressures (mPAP). However, 
there is a small population (5 %) of COPD patients that have 
severe PH. This cohort typically has mPAP >40 mmHg, with 
less severe airfl ow obstruction and hypoxemia [ 21 ,  107 ]. 

 In emphysematous type COPD, worsening PH correlates 
with worsening airfl ow obstruction. Minai and colleagues 
found that 38 % of patients with severe emphysema had PH, 
69 % of those being pre-capillary PH. It is important to note 
that COPD patients may show evidence of Group 2 PH as 
well, given that smoking is a strong risk factor for CAD 
[ 108 ]. Chronic bronchitis pattern COPD has been less 
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 thoroughly studied, although there is some data showing 
reversal of PH in chronic bronchitis when treated with oxy-
gen therapy [ 109 ]. 

 Five year survival for COPD patients diagnosed with PH 
treated with oxygen therapy is 36 % compared to non-PH 
survival of 62 % [ 110 ]. Elevated pulmonary pressures in 
COPD correlate with increased hospitalizations and exacer-
bations [ 5 ,  111 ].  

    Interstitial Lung Disease (ILD) 
 The prevalence of PH ranges widely in patients with ILD and 
current prevalence is based on data primarily from patients 
referred for lung transplantation who had right heart cathe-
terization (RHC). Idiopathic pulmonary fi brosis (IPF) is the 
most common form of ILD and as such has been studied 
most thoroughly. Rates of PH in IPF range from 31 to 84 %, 
depending upon the population studied [ 112 ,  113 ]. 

 Prognostically, mPAP and FVC are the strongest predic-
tors of survival in IPF [ 5 ]. A small subset of individuals with 
combined pulmonary fi brosis and emphysema are especially 
prone to PH and have high short term mortality with median 
survival ranging from 2.1 to 8.5 years [ 114 ]. In this cohort, 
the severity of PH and DLCO reduction do not correlate with 
the severity of obstructive lung disease [ 5 ]. Overall, in 
regards to lung disease, IPF carries a poor prognosis, with a 
median survival of 4.1 years and concomitant PH worsens 
that prognosis to a median survival of 0.7 years [ 115 ,  116 ]. 

 ILD related PH also occurs in patients with pulmonary 
manifestations of connective tissue diseases, autoimmune 
disease and sarcoidosis. Similar to COPD, ILD related PH 
rarely exceeds the mild to moderate range with most 
mPAP < 40 mmHg [ 117 ]. In sarcoidosis the prevalence of 
pulmonary hypertension is extremely wide (5–75 %) with 
the latter fi nding in lung transplant candidates [ 118 ,  119 ]. 
Sarcoidosis manifests in many ways resulting in PH through 
different mechanisms that will be discussed subsequently. 

 Other autoimmune diseases typically included in the 
Group 1 PH category can manifest as Group 3 PH as well. In 
scleroderma-associated ILD, for instance, the incidence of 
PH has been estimated to be up to 22 % and a low PaO 2  has 
been shown to correlate with development of PH more 
strongly than extent of lung fi brosis [ 120 – 123 ]. The preva-
lence of PH varies widely in all forms of ILD and there can 
be overlap of Group 1, 2 and 3 PH among the connective 
tissue disease and autoimmune patient populations.  

    High Altitude Pulmonary Hypertension (HAPH) 
 Increasing elevation portends a decrease in barometric pres-
sure and concomitantly a decrease in the partial pressure of 
oxygen, most notably observed in patients at altitudes of 
2,100 meters or greater above sea level. This atmospheric 
change manifests as worsened arterial oxygen saturation of 
hemoglobin with increasing altitude. The human body has 

 multiple adaptation mechanisms to survive at altitude, which 
manifest as initial increases in cardiac output, followed by 
increase in hemoglobin production and decrease in plasma 
volume [ 124 ]. For the more than 140 million people living 
above 2,500 meters, this relative hypoxia can have signifi cant 
health consequences, including PH. The primary geographic 
areas of the high altitude populations studied include the 
Himalayas, the Andes and the Rocky Mountains. 
Unfortunately, in a large number of these studies the mode of 
identifying patients with possible HAPH is EKG evidence of 
right heart strain and few of these patients undergo 
RHC. Studies of South American patients living at greater 
than 3,200 meters elevation have estimated prevalence of PH 
between 5 and 18 %; a few studies have shown higher pulmo-
nary pressures in children than adults, especially those under 
the age of 5 [ 125 ,  126 ]. In a study of a Kyrgyz population, 
14 % of adults were found to have EKG fi ndings of right heart 
strain. A separate group of 136 Kyrgyz patients who under-
went RHC showed that 20 % met criteria for PH [ 127 ]. 

 There are many variables that infl uence the development 
of HAPH including elevation, sex, age and genetic suscepti-
bility. HAPH is more common in men than women and in 
patients with OSA. The incidence also increases with higher 
elevation and older age as well. The prognosis of HAPH is 
favorable with removal of the stimulus, high altitude hypoxia, 
with a return of mPAP to normal values to be expected by 2 
years at sea level [ 128 ].  

    Obesity-Hypoventilation Syndrome (OHS) 
and Obstructive Sleep Apnea (OSA) 
 Increasing rates of obesity have produced an increase in the 
number of patients with two, often overlapping, medical 
conditions that are associated with pulmonary hypertension: 
obesity-hypoventilation syndrome (OHS) and obstructive 
sleep apnea (OSA). Studies of patients with OHS on treat-
ment with non-invasive positive pressure ventilation (NIPPV) 
have shown rates of PH up to 43 % by RHC, in which DL CO  
was lower and body mass index (BMI) was higher in the 
patients with elevated pulmonary pressures [ 129 ]. Previous 
studies of OHS patients not treated with NIPPV had shown a 
prevalence of 59 %, although it is important to note that both 
studies used mPAP > 20 mmHg diagnostic criteria for PH. PH 
is more common in OHS patients, as compared to purely 
OSA patients [ 130 ]. Minai and colleagues demonstrated that 
among patients with OSA, women have a higher rate of PH 
(86 % vs. 58 %) and those with Group 2 PH have higher 
frequency and length of nocturnal desaturations, as com-
pared to those with Group 2 PH or normal mPAP [ 131 ]. The 
8-year survival for patients with OSA and PH is signifi cantly 
worse than those without PH (43 % vs. 76 %) [ 131 ]. PH in 
this setting will often improve with treatment of the underly-
ing disease. Exercise capacity is also decreased when PH 
was present with OSA [ 131 ]. RV failure typically occurs in 
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these patients when co-morbidities are present, such as left 
heart disease or hypoxic lung disease [ 132 ].   

    Pathophysiology 

 The mechanisms by which chronic lung disease causes PH 
are as diverse as the primary diseases themselves. Hypoxia 
results in distal changes in the pulmonary arterial system, 
initially vasoconstriction and, over time, muscularization of 
the vasculature [ 21 ,  133 ]. In large proximal arteries, medial 
and adventitial hypertrophy is predominantly seen [ 133 ]. 

 The basis of much of the data on vascular remodeling in 
hypoxia is from examination of those individuals with high 
altitude pulmonary hypertension. In this population there is a 
production of α-smooth muscle actin (α-SM-actin) in the 
small pulmonary arteries that typically have very little 
smooth muscle, creating distal extension of the smooth mus-
cle [ 133 ]. The protein α-SM-actin is a part of the contractile 
apparatus of smooth muscle cells and is a common marker of 
myofi broblast differentiation and increased fi broblast con-
tractile activity [ 134 ,  135 ]. Medial and adventitial thickening 
appears to be due to this smooth muscle proliferation and 
extracellular matrix deposition. The adventitia also exhibits 
increased cellularity as a result of recruitment of fi broblasts. 
Initially, there seems to be an overall decrease in the size of 
the pulmonary vascular bed due to loss of small vessels in 
chronic hypoxia, however, animal model research has illus-
trated the presence of pulmonary angiogenesis in an attempt 
to decrease resistance across the vascular bed [ 136 ].  

    Hypoxia-Inducible Factor Alpha 

 One mediator of the adaptive response to hypoxia is hypoxia- 
inducible factor-alpha (HIF-α). There are two forms, HIF-1α 
and HIF-2α, the former activates glycolysis by upregulating 
Glucose transporter-1 (Glut-1) and the latter initiates erythro-
poietin (EPO) [ 137 ]. Glut-1 induces a shift to glycolytic 
metabolism in pulmonary vascular cells that correlates with a 
pseudo-hypoxic environment in the setting of inappropriate 
HIF-α activation [ 138 ,  139 ]. In the setting of normoxia, 
HIF-1α is bound to von Hippel Lindau (VHL) tumor suppres-
sor protein (pVHL) and, when bound, ubiquinated HIF-1α 
cannot interact with DNA to alter transcription [ 140 ]. HIF-1α 
reacts to hypoxia by binding hypoxia response elements 
(HREs) in the DNA for molecules like vascular endothelial 
growth factor (VEGF) and erythropoietin (EPO) [ 141 ]. 
Interestingly patients affected by Chuvash syndrome, charac-
terized by the developmental of polycythemia and PH, have a 
pVHL mutation that destabilizes the relationship of pVHL-
HIF-1α in normoxia. In this disease, one mechanism of pul-
monary vascular dysfunction is secondary to a perceived 

chronic hypoxic response in the absence of hypoxia. In mice, 
the development of PH appears to be independent of polycy-
themia [ 140 ,  142 ,  143 ]. 

 Erythrocytosis does appear to play an important role in the 
development of PH, even outside of the Chuvash patient pop-
ulation. In COPD patients with polycythemia, phlebotomy 
correlated with a decrease in PVR and mPAP [ 143 ]. Increased 
blood viscosity is the mechanism by which erythrocytosis 
exacerbates PH, but does not appear to be the primary cause 
of elevated pulmonary pressures. Excess hemoglobin in 
erythrocytosis is thought to exacerbate hypoxic vasoconstric-
tion by binding and removing large amounts of NO from the 
pulmonary circulation [ 142 ,  143 ,  145 ].  

    Microcirculation 

 In PH secondary to IPF, pulmonary vessel density is not uni-
form across parts of the lungs. The vessel distribution is 
thought to be secondary to an imbalance of angiogenic 
(VEGF and interleukin (IL)-8) and angiostatic (pigment 
epithelium- derived factor, PEDF) molecules [ 146 – 148 ]. 
This fi nding may be partially explained by the fact that 
VEGF transcription is induced by HIF-2α [ 149 ]. VEGF is 
involved in NO and prostacyclin synthesis in the lung, which 
leads to vasodilatation [ 150 ]. On a cellular level, VEGF does 
not appear to have signifi cant mitogen effects on smooth 
muscle cells, but does stimulate transcription of matrix 
metalloproteinases-1,-3 and −9, that contribute to smooth 
muscle cell migration and digestion of the basement mem-
brane as a fi rst step in angiogenesis [ 151 ]. Inhibition of 
VEGF also correlates with endothelial cell apoptosis and 
elevated pulmonary pressures. Farkas and colleagues showed 
that vascular endothelial cell apoptosis, with microvascular 
rarefaction and pulmonary arterial medial thickening, corre-
lated with decreased levels of VEGF in worsening IPF [ 149 ]. 
This reinforces the importance of anti-apoptotic properties 
of VEGF in maintaining lower pulmonary pressures, as rep-
resented by a negative correlation between mPAP and VEGF 
levels [ 149 ]. In the setting of ILD, it has been found that 
higher endogenous VEGF levels correlate with higher levels 
of fi brosis and poorer lung function [ 152 ]. IL-8 receptor (IL- 
8R) binding induces chemo-attractant molecule production 
and recruitment of neutrophils and other infl ammatory cells. 
In animal models, overexpression of IL-8R has been shown 
to be protective by reducing the infl ammatory response 
[ 153 ]. In rat models of PAH, transfusion of endothelial cells 
overexpressing IL-8R accelerates adherence to the injured 
lung and inhibits subsequent remodeling, likely by blocking 
infl ammatory cell recruitment [ 154 ]. In IPF, higher levels of 
IL-8 are also predictive of increased mortality [ 155 ]. IL-8 is 
upregulated by hypoxia and is elevated in patients with 
COPD, correlating with disease severity [ 156 ]. PEDF is also 
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instrumental in the remodeling of the lung endothelium and 
has a role in regulating angiogenesis as an angiostatic factor. 
PEDF is an inhibitor of VEGF angiogenesis and inhibits 
endothelial cell apoptosis and fi broblast growth. This activity 
may contribute to the development of PH in patients with 
IPF and emphysema, given that PEDF is elevated in these 
populations [ 147 ,  149 ,  157 ]. 

 VEGF has been shown to play an important role, not only 
lung in vasculature, but also lung structure maintenance. 
This molecule likely participates in emphysematous changes 
and it has been hypothesized that decreased expression of 
VEGF and VEGF Receptor-2 in emphysema leads to alveo-
lar septal endothelial apoptosis as a mechanism for wall 
destruction [ 158 ]. Additionally, chronic inhibition of VEGF 
in rats has been shown to lead to emphysema and that the 
addition of caspase inhibitors to halt apoptosis results in pre-
vention of emphysema. Reduced levels of VEGF and the 
release of elastase by activated macrophages are two of the 
mechanisms known to produce alveolar septal destruction in 
emphysema [ 158 ].  

    Infl ammation 

 In addition to VEGF, endothelial cell markers such as vas-
cular cell adhesion molecule 1 (VCAM-1) and other vas-
cular remodeling molecules are a topic of recent research. 
VCAM-1 is an adhesion molecule upregulated in hypoxia 
that facilitates infl ammatory cell migration. A number of 
pro-infl ammatory cytokines and growth factors are simi-
larly upregulated in hypoxia, including monocyte che-
moattractant protein-1 (MCP-1), IL-6, Transforming 
Growth Factor (TGF)-β1 and C5, with correlating increases 
in their respective receptors. Persistent hypoxia in animals 
models results in a predominantly monocytic perivascular 
infi ltrate [ 159 ]. The recruitment of mesenchymal precur-
sors of the monocyte line is profound and the correspond-
ing infl ux of cells that produce type 1 collagen and 
α-SM-actin contributes to the expansion of the extracellu-
lar matrix (ECM) in vascular remodeling [ 160 ]. The 
increase in ECM thickens the vascular wall, thus increas-
ing the distance of capillary from the alveoli thereby pro-
ducing a paradoxical decrease in DLCO, worsening the 
hypoxic response [ 161 ]. 

 In COPD, IL-6 is signifi cantly elevated and correlates 
positively with pulmonary pressures, such that the high cir-
culating IL-6 levels in homozygous GG genotype is associ-
ated with higher pulmonary pressures [ 162 ]. Elevated serum 
IL-6 levels have also been documented in PAH, PH related to 
scleroderma, systemic lupus erythematosus and other infl am-
matory diseases [ 163 – 165 ]. Mouse studies have shown the 
IL-6 defi ciency results in a blunted hemodynamic response 
to hypoxia [ 166 ].  

    Vasoactive Molecules 

 COPD patients exhibit endothelial dysfunction and imbalance 
of the vasoactive mediators NO, prostacyclin, endothelin- 1 
(ET-1) and angiotensin. Some of these molecules are integrated 
into the VEGF and TGF-β1 molecular pathways and may have 
anti-proliferative and anti-infl ammatory effects. eNOS has 
decreased expression in smokers and COPD patients with PH, 
thereby contributing to decreased NO [ 167 – 169 ]. NO is also 
scavenged by deoxygenated hemoglobin, a mechanism by 
which polycythemia can worsen PH. Angiotensin II, a vaso-
constrictor, is active in pulmonary vascular cell growth in PH, 
with an increase in Angiotensin converting enzyme (ACE) seen 
in the pulmonary vasculature [ 170 ]. Multiple animal models 
have shown a decrease in hypoxic PH with angiotensin con-
verting enzyme inhibitor (ACEi) treatment and ACE produc-
tion is increased locally in small pulmonary arterioles during 
hypoxia [ 171 – 173 ].  

    Leptin 

 Leptin resistance is thought to play a role in OHS. Leptin, a 
protein released from adipose tissue, acts at the hypotha-
lamic level to increase respiratory drive. Obese patients have 
signifi cantly higher leptin levels than non-obese, as leptin 
acts as an appetite suppressant via hypothalamic receptor 
binding [ 174 ]. Campo and colleagues studied 225 obese 
patients and found an association between elevated leptin 
and reduced ventilatory drive and hypercapneic response 
[ 175 ]. In addition, regular NIPPV has been shown to reduce 
leptin levels in OHS patients [ 176 ]. Leptin likely plays an 
important role in ventilation as well as other physiological 
responses in obese patients, however these qualities have still 
yet to be characterized.  

    Diagnosis 

 The individual diagnoses in Group 3 PH depend on history, 
laboratory testing and imaging. There are many important 
elements of a patients history that can lead to further explora-
tion of chronic lung disease, including smoking history, occu-
pational exposures, previous rheumatologic diagnoses, 
morbid obesity and sleep disturbances. On EKG these patients 
may have signs of RVH, however, this is not a specifi c fi nding 
and is not often present in mild PH [ 106 ]. Echocardiogram is 
the screening test of choice and if suspicion is high, invasive 
hemodynamic monitoring may be indicated. 

    COPD 
 COPD diagnosis is made by the presence of obstructive lung 
disease seen on spirometry, indicated by an FEV 1 /FVC ratio of 
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less than 70 % predicted (Fig.  3.8 ). Particularly important to 
the COPD diagnosis is smoking history, family history of early 
COPD and occupational exposures. In these patients which 
chest x-ray showing hyperinfl ation may also revealed large 
pulmonary artery shadows. Arterial blood gases may also aid in 
assessing the severity of hypoxia and thus increasing suspicion 
for secondary PH. Echocardiogram can be particularly diffi cult 
in these patients with large lung volumes [ 106 ].

       ILD 
 Similar to COPD patients, it is important to take a careful his-
tory of exposures in suspected ILD patients. Many ILD 
patients will have a history of tobacco use or exposure to min-
ing (radon, granite), sandblasting (silicosis) and asbestos for 
example. Laboratory testing includes anti-neutrophil antibod-
ies (ANA), rheumatoid factor (RF) and erythrocyte sedimen-
tation rate (ESR) to evaluate for autoimmune etiology such as 
scleroderma (Fig.  3.9 ). In addition kidney and liver function 
should be evaluated to explore associated syndromes. A chest 
x-ray may show important patterns of lobar predominance or 

existence of obstruction as well as masses or calcifi ed pleural 
plaques. Chest computer tomography (CT) can help to better 
characterize pulmonary parenchyma and patterns of disease. 
ILD patients should also undergo spirometric testing to deter-
mine severity of restriction and DL CO  reduction to help with 
assessing the severity of disease [ 177 ].

       HAPH 
 High altitude pulmonary hypertension diagnosis is based on 
the exclusion of other causes of pulmonary hypertension and 
the history of living about 2,500 meters elevation. Screening 
with EKG to evaluate for RVH is often the fi rst step followed 
by echocardiography. This is an additional population where 
exercise RHC may reveal pulmonary hypertension not seen 
on resting RHC.  

    OHS and OSA 
 The criteria for diagnosis of OHS include body mass index 
of greater than 30 kg/m 2 , an awake arterial PaCO 2  greater 
than 45 mmHg and a polysomnogram with nocturnal 
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  Fig. 3.8    Group 3 PH from chronic obstructive pulmonary disease. ( a ) 
CXR showing fl atten diaphragms, hyperinfl ation, ( b ) ( 1 ) Ventilation ( 2 ) 
Perfusion scan with matched defects, ( c ) PFT’s with severe obstruction, 

( d ) Parasternal short axis, ( e ) Apical 4 chamber, RHC tracings, ( f ) 
PCWP 14 mmHg, ( g ) Pulmonary artery pressures, mPAP 34 mmHg       
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 hypercapnea. Thus, polysomnogram and an arterial blood 
gas are required for diagnosis [ 174 ]. OSA diagnosis is based 
on a polysomnogram with episodes of apnea or hyponea 
quantifi ed as an Apnea-Hyponea Index (AHI). An AHI of 
greater than or equal to 15 events per hour without symptoms 
or greater than or equal to 5 events per hour with symptoms 
is indicative of a positive test.   

    Management 

 Fundamentally, the management of PH in chronic hypoxic 
lung disease is to treat the underlying condition. If the patient 
has OSA, nocturnal positive pressure ventilation is recom-
mended. In OHS, weight loss should be emphasized. In 
COPD patients, smoking cessation and oxygen therapy is 

stressed when appropriate. In autoimmune associated 
chronic hypoxic lung disease, oxygen therapy and immuno-
suppression are important considerations. 

    COPD 
 The treatments shown to improve survival in COPD include 
smoking cessation and oxygen therapy, however, there are 
multiple methods to reduce symptoms and morbidity. The 
mainstay of symptomatic control in COPD is bronchodila-
tors, inhaled β-agonists and anticholinergics. Theophylline 
can produce a mild decrease in PVR, however drug levels 
must be closely monitored [ 178 ]. The Medical Research 
Council (MRC) and Nocturnal Oxygen Therapy Trial 
(NOTT) demonstrated that long-term oxygen therapy 
improves mortality independent of mild changes in pulmo-
nary pressures [ 179 ,  180 ]. Normalization of the pulmonary 
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PA (mmHg)

Mean PA (mmHg)

Wedge (mmHg)

CO (L/min)

PVR (Wood Units)

19

69/27

39

19
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  Fig. 3.9    PH from systemic sclerosis (Group 2/3 Overlap). ( a ) PA/Lat 
CXR with small lung volumes, no infi ltrates, ( b ) Chest CT showing 
cardiomegally and bilateral pleural effusions, ( c ) Parasternal long axis 
showing a large RV, ( d ) Parasternal short axis showing a large RV and 

“D” shaped LV, ( e ) Tricuspid doppler with TR velocity 296 cm/s, 
RVSP estimated at 35 mmHg, ( f ) Apical 4 chamber showing a large 
RA and RV, ( g ) RHC tracing of pulmonary artery pressures, mPAP 
39 mmHg       
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pressures in a severe COPD population with long term oxy-
gen therapy is rare [ 181 ]. Surgical intervention with lung 
volume reduction surgery (LVRS) has been used in patients 
with emphysema for symptom reduction, however, severe 
PH has traditionally been a contraindication to surgery. The 
effect of LVRS on PH has not been well defi ned. In some 
instances mPAP is increased post-operatively secondary to 
the decreased size of the vascular bed and, in other studies, 
improvements in right ventricular function were extrapolated 
to be secondary to improvements in right ventricular after-
load [ 182 ,  183 ]. Transplantation is also an option for some 
patients and will be discussed independently.  

    Interstitial Lung Disease 
 No therapies currently exist that improve mortality in IPF, 
however, a few medications, such as nintedanib, an 
 intracellular inhibitor that targets multiple tyrosine kinases, 
may be available soon [ 184 ]. It is very important to accu-
rately diagnose the type of ILD, as some may respond to 
corticosteroids and immune modulators. Corticosteroids 
have been studied in controlled cohort studies if IPF patients 
without evidence of consistent benefi t, however, sarcoidosis 
patients often improve with a course of prednisone [ 185 ]. 
Other immunosuppressants, such as methotrexate, azathio-
prine and cyclophosphamide have also been studied in IPF 
with disappointing results [ 186 ]. 

 Other types of interstitial lung disease, including hyper-
sensitivity pneumonitis (HP) and asbestosis, generally have 
accepted methods of treatment without controlled data. In 
treating HP and other exposure related lung disease, the fi rst 
premise is to remove triggers including drugs, occupational 
exposures and smoking, as well as treating any gastroesoph-
ageal refl ux symptoms. For connective tissue disease related 
ILD, the current method is to treat the underlying disease, 
primarily with immunomodulators [ 187 ]. 

 N-acetylcysteine (NAC) has been studied as treatment in 
IPF with disappointing results. The IFIGENIA and 
PANTHER-IPF trials tested NAC as triple therapy with pred-
nisone and azathioprine. The IFIGENIA trial illustrated a 
slower loss of FVC and DL CO  with the addition of NAC to 
prednisone and azathioprine but PANTHER-IPF was discon-
tinued prior to completion, due to increase in deaths, hospital-
izations and adverse events at which time the National Heart, 
Lung, and Blood Institute (NHLBI) issued a clinical alert 
against triple therapy [ 188 ,  189 ]. The Idiopathic Pulmonary 
Fibrosis Research Network published the results of the 
NACversus placebo group, which showed no change in dete-
rioration of FVC or DL CO , as well as no improvement in qual-
ity of life measures, namely 6MWD or mortality [ 190 ].  

    High Altitude Pulmonary Hypertension 
 The primary treatment for HAPH is to relocate to a lower 
altitude, removing the hypoxic stimulus [ 128 ]. However, 

pharmacological therapies should be used when PH is severe. 
Nifedipine has been shown to decrease mPAP in patients 
with HAPH [ 191 ]. Sildenafi l decreased mPAP and increased 
6MWD signifi cantly at 3 months for HAPH patients [ 192 ]. 
Chronic mountain sickness is characterized by excessively 
elevated hemoglobin and hypoxemia often with moderate to 
severe PH. Acetazolamide has been used extensively for 
treating acute mountain sickness and studied in chronic 
mountain sickness to decreased erythropoesis, however the 
carbonic anhydrase inhibitors effects have yet to be studied 
in HAPH [ 193 ].  

    Obesity Hypoventilation Syndrome (OHS) 
and Obstructive Sleep Apnea (OSA) 
 In OHS and OSA the treatment strategies are very similar. 
The most common treatment for both of these entities, in 
addition to weight loss, is NIPPV during sleep. NIPPV helps 
mitigate concomitant reductions in FEV1 and FVC. OHS 
patients should also see a dietician and be started on a weight 
loss plan. Obesity alone causes decreased chest wall compli-
ance and restrictive ventilation due to the weight of the chest 
wall. Weight loss has been shown to improve the respiratory 
mechanics and spirometry in these patients [ 194 ]. If neces-
sary surgical weight loss procedures may be performed. 

 There are a few pharmacotherapies used in OHS with 
the therapeutic goal of increasing minute ventilation. 
Medroxyprogesterone has been shown to produce a decrease 
in PaCO 2  and an increase in PaO 2  [ 195 ]. These improvements 
do not come without risk, the most worrisome of which is the 
possibility of inducing a hypercoagulable state, thereby 
increasing risk of venous thromboembolism. Acetazolamide 
has also been studied in OHS, the goal to reduce serum bicar-
bonate and produce a mild metabolic acidosis to induce an 
increase in minute ventilation and decreased in PaCO 2  [ 196 ]. 
Medroxyprogesterone and acetazolamide may alter the acid 
base status to help increase minute ventilation, however, there 
are no strong  recommendations for their use given the lack of 
data on long term safety or reductions in morbidity and mor-
tality [ 174 ].  

    Lung Transplantation 
 In many of the diseases causing Group 3 PH, lung transplan-
tation is the only therapy that can improve quality of life and 
prolong life. One of the most important steps is determining 
if a patient is a suitable transplant candidate. Relative contra-
indications include age ≥ 65 years, BMI ≥ 30 kg/m 2 , severe 
osteoporosis, previous chest surgery, previous non- 
compliance and extracorporeal membrane oxygenation 
(ECMO) or mechanical ventilatory support [ 197 ]. The tim-
ing of transplantation is very important, in particular when 
considering the presence of right heart failure. IPF is the 
most common reason for lung transplantation worldwide, 
composing 23 % of those who have had the procedure, with 
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a mean pulmonary arterial pressure >25 mmHg being one of 
the indications to consider transplantation [ 197 ,  198 ]. 

 Lung transplant in itself has many complications and the 
median survival is around 5.7 years [ 199 ]. Of those trans-
planted, the median survival often correlates with disease 
process, with IPF and iPAH having the shortest median sur-
vival times at less than 5 years [ 199 ]. In patients with Group 
3 PH, there has been shown to be an increased risk of reper-
fusion injury after transplant, but the survival is equivalent 
[ 200 ]. Better RV systolic function on exercise echocardio-
grams, were associated with better survival post lung trans-
plant [ 201 ]. Overall, in lung transplant patients, exercise 
capacity and severity of exercise-induced hypoxemia have 
been shown to be good indicators of prognosis [ 202 ]. Of 
note, Huerd and colleagues showed that in patients with 
Group 3 PH who underwent single lung transplant, the sur-
vival outcomes were the same as those patients without pul-
monary hypertension [ 203 ], however there is considerably 
variability in this practice.   

    Role of Pulmonary Vasodilators 

 As of today, there are no recommendations for the use of 
targeted PH therapy in Group 2 PH (Table  3.4 ).

      COPD 
 Targeted PH therapy in COPD has been studied without 
observed benefi t. The results of calcium channel blockers, for 
example, have been disappointing. In one study, the use of 
nifedipine improved mPAP, but inhibited hypoxia mediated 
vasoconstriction and, thus, worsened arterial oxygenation 
[ 223 ]. In a small study, the administration of inhaled iloprost 
worsened hypoxemia at rest and did not improve 6MWD 
[ 221 ]. Sildenafi l has been shown to decrease brain natriuretic 
peptide (BNP) and pulmonary artery systolic pressure on 
echocardiogram, however, tadalafi l did not change 6MWD or 
quality of life measures [ 212 ,  213 ]. Bosentan decreased PVR 
but did not change 6MWD or other echocardiographic param-
eters [ 215 ]. In emphysema there appears to be a downregula-
tion of soluble guanylate cyclase (sGC) expression, and in a 
mouse model, riociguat, the sGC stimulator, protected against 
development of PH, vascular wall remodeling and right ven-
tricular failure [ 224 ]. Thus far, targeted therapies have been 
inconsistent in their ability to improve 6MWD and hemody-
namics, and, little data exists on the impact on morbidity and 
mortality in these populations.  

    ILD 
 In patients with lung fi brosis and hypoxia, vasodilators have 
been shown to worsen hypoxia, likely due to increased 
ventilation- perfusion mismatch from removal of hypoxia- 
mediated vasoconstriction. In IPF studies examining the 

effects of bosentan, ambrisentan and macitentan, these 
agents have all failed to show an effect on IPF progression 
and time to death. However, none of these studies focused on 
patients who had PH [ 216 – 218 ]. A recent pilot trial of rio-
ciguat for PH in ILD showed decrease in PVR with increase 
in CI and 6MWD [ 225 ]. One small study of subcutaneous 
treprostinil in IPF showed increase in 6MWD and improved 
hemodynamics [ 222 ]. Currently the B-PHIT trial is under-
way, evaluating bosentan in IPF patients with diagnosed PH 
[ 226 ] Tadalafi l is also currently being studied in Group 3 PH 
by Maron and colleagues [ 227 ]. A few small studies have 
individually shown hemodynamic improvement or increased 
6MWD for patients with IPF, however, the fi ndings are not 
consistent across all studies [ 204 – 207 ,  211 ].  

    HAPH 
 Although, as previously mentioned, HAPH has been shown 
to correct after prolonged relocation to sea level, this may not 
be feasible for all sufferers [ 128 ]. In acute HAPH, short-term 
sildenafi l has been shown to decrease mPAP elevations 
[ 125 ]. The use of fasudil, a Rho-kinase inhibitor and potent 
vasodilator, in HAPH showed signifi cant decrease in mPAP 
[ 228 ]. Bosentan has also been studied in HAPH and pro-
duced an acute decrease in mPAP, while demonstrating that 
circulating ET-1 levels were signifi cantly higher in HAPH 
compared with healthy high altitude inhabitants [ 229 ]. There 
is data showing changes in the Renin-Angiotensin- 
Aldosterone system in patients with HAPH, suggesting a 
possible therapeutic target in ACEi’s [ 230 ]. Overall, small 
studies have shown benefi t of targeted therapies, however, 
clinical use has not been widely accepted.   

    Future Directions 

 A few novel therapies are on the horizon, most notably pirfeni-
done for IPF. Pirfenidone is an oral anti-fi brotic and anti- 
infl ammatory therapy that is thought to work by inhibiting 
fi broblast proliferation via DNA synthesis. It may also inhibit 
fi broblast proliferation, as well as TGF-β, thereby decreasing 
downstream fi bronectin production [ 231 ]. Pirfenidone has 
been studied in randomized controlled trials of IPF patients; 
CAPACITY 1 and 2 found a reduced decline in FVC as well 
as progression-free survival [ 232 ]. King and colleagues dem-
onstrated improvement in decline of FVC and death by 47.9 % 
with pirfenidone treatment [ 233 ]. Adverse events in both stud-
ies centered on gastrointestinal complaints including nausea, 
dyspepsia, elevated transaminases and anorexia. This medica-
tion recently fi nished Phase 3 trials and has been granted 
Breakthrough Therapy Designation by the FDA [ 233 ]. 

 Nintedanib is another novel therapy that has shown recent 
promise in patients with IPF. Nintedanib is an inhibitor of 
tyrosine kinase targeting VEGF and fi broblast growth factor 
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   Table 3.4    Pulmonary vasodilators studied in chronic hypoxic lung disease   

 Study and year 
published  Methods  Inclusion criteria  PH at entry 

 Average mPAP at 
entry (mmHg)  Results 

 Ghofrani et al. [ 204 ] 
 2002 

 Sildenafi l 50 mg, 
Epoprostenol 8 ng/kg/
min acute response 
during RHC 
 n = 16 
 Randomized 

 Lung fi brosis patients 
 mPAP > 35 mmHg 
 PCWP <15 mmHg 

 Yes  mPAP = 40 (25–60)  Decreased PVR in all 
groups 

 Madden et al. [ 205 ] 
 2006 

 Sildenafi l 50 mg TID 
 n = 7 
 8 week study 
 Non-randomized 

 End stage COPD & IPF 
patients 

 Yes  mPAP = 39  Unchanged mPAP, CO 
 Increase 6MWD 

 Collard et al. [ 206 ] 
 2007 

 Sildenafi l 20–50 mg TID 
 n = 14 
 12 week study 

 IPF patients 
 mPAP ≥ 25 mmHg of 
catheterization or PASP 
≥35 mmHg on Echo 

 Yes  mPAP = 30.7 ± 5.7  Improvement of 
6MWD 

 Corte et al. [ 207 ] 
 2010 

 Sildenafi l 10–25 mg TID 
 6 month study 
 n = 15 
 Retrospective, 
non-randomized 

 ILD on Sildenafi l 
compassionate use 

 Yes  mPAP = 41.3 ± 11 
 PASP = 73.8 ± 17.8 

 Decreased BNP 
 Unchanged PASP 
 Increased 6MWD 

 STEP-IPF [ 208 ] 2010  Sildenafi l 20 mg TID 
 n = 180 
 Randomized 

 Advanced IPF 
 DLCO < 35 % predicted 

 No  Unchanged 6MWD 
 Improved Shortness of 
Breath score, St 
George’s QoL score 
 Increased DLCO and 
PaO 2  

 Rao et al. [ 209 ] 
 2011 

 Sildenafi l 20 mg TID 
 12 weeks 
 n = 37 
 randomized 

 severe COPD 
 20 pack year TOB 

 Yes  mPAP = 52.7 ± 11.9  Increase 6MWD 
 Decreased mPAP 

 Blanco et al. [ 210 ] 
 2010 

 Sildenafi l 20 mg, 40 mg 
Once 
 n = 20 
 randomized 

 COPD with PH  Yes  mPAP = 27 ± 10  Decreased mPAP 
 Decreased PaO 2  at rest 

 Zimmermann et al. 
[ 211 ] 
 2014 

 Sildenafi l 20 mg TID or 
Tadalafi l 40 mg QD 
 12 month study 
 n = 10 
 Non-randomized 

 ILD patients, stable 
within previous 3 months 

 Yes  mPAP = 42.9 ± 5.4  Increased CI 
 Decreased mPAP (not 
signifi cant) 
 Decreased PVR 

 Sharif-kashani et al. 
[ 212 ] 
 2014 

 Sildenafi l 25–50 mg 
BID vs. Amlodipine 
2.5–7.5 mg QDay 
 2 week study 
 n = 40 
 randomized 

 18–75 yrs 
 RVSP >45 mmHg 
 COPD without 
hospitalization or 
exacerbation in 2 months 
 NT-proBNP >100 

 Yes (by 
Echo) 

 PASP = 60 ± 12.3  Decreased NT-proBNP 
levels 
 Decreased PASP 

 Goudie et al. [ 213 ] 
 2014 

 Tadalafi l 10 mg QD vs. 
placebo 
 n = 113 
 Randomized 

 Moderate to Severe 
COPD (FEV1/FVC 
<0.70) 
 Age 35–85 years 
   FEV1 < 80 % 
   RVSP > 30 mmHg or 

Pulmonary 
Acceleration time 
<120 ms 

 Yes  Unchanged in 6MWD 
 Unchanged in quality 
of life measures 

 Seibold et al. [ 214 ] 
 2010 

 Bosentan 62.5 mg BID × 
4 weeks then 125 mg 
BID 
 12 month study 
 n = 163 
 Randomized 

 >18 yrs 
 Interstitial pulmonary 
disease 
 Systemic sclerosis 
 DLCO <80 % 
 6MWD 150–500 m or 
>500 mg with decreased 
O 2  sat 

 No  Unchanged 6MWD 
 Unchanged DLCO and 
FVC 

(continued)
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Table 3.4 (continued)

 Study and year 
published  Methods  Inclusion criteria  PH at entry 

 Average mPAP at 
entry (mmHg)  Results 

 Stolz et al. [ 215 ] 
 2008 

 Bosentan 62.5 mg BID × 
2 weeks the 125 mg BID 
 12 week study 
 n = 30 
 Randomized 

 COPD GOLD III-IV 
 Optimal medical therapy 
 No exacerbations within 
1 month 
 No heart failure 

 No  PASP = 32 ± 3  Unchanged 6MWD 
 Decreased PVR, other 
Echo parameter 
unchanged 

 BUILD-3 
 King et al. [ 216 ] 
 2011 

 Bosentan 62.5 BID × 4 
weeks, then 125 mg BID 
 20 months 
 n = 520 
 Randomized 

 ≥18 yrs 
 IPF (confi rmed by lung 
biopsy) 

 No  Unchanged time to IPF 
worsening or death 
 Unchanged QoL or 
dyspnea index 

 MUSIC 
 Raghu et al. [ 217 ] 
 2013 

 Macitentan 10 mg Qday 
 1 year 
 n = 178 
 Randomized 

 >18 yrs 
 IPF (confi rmed by lung 
biopsy) 

 Unchanged worsening 
of FVC 
 Unchanged time to fi rst 
IPF worsening or death 
 Improvement in 
dyspnea index 

 ARTEMIS-IPF [ 218 ] 
 Raghu et al. 
 2013 

 Ambrisentan 5md/day × 
2 weeks then 10 mg/day 
 34 weeks 
 n = 494 
 Randomized 

 40–80 yrs 
 IPF diagnosed for at least 
3 mos 
 Excluded if > 5 % 
honeycombing 

 No  mPAP = 20.3 ± 6.3  Stopped early 
 No difference in DLco, 
FVC, 6MWD decline 
 Increased disease 
progression 
 Increased respiratory 
hospitalizations 

 Corte et al. [ 219 ] 
 2014 

 Bosentan 62.5 mg BID × 
4 weeks then 125 mg 
BID 
 16 week study 
 n = 39 
 Randomized 

 ILD: IPF or NSIP  Yes  mPAP = 36 ± 8.9  Unchanged PVR 
 Unchanged 
hemodynamic and 
Echo parameters 

 Olschewski et al. [ 220 ] 
 1999 

 IV Epoprostenol 2 ng/
kg/min up to max dose 
of 16 ng/kg/min, then 
 Inhaled prostacyclin 
54–68 μg total 
 n = 8 

 PASP >50 and mPAP 
>30 
 Dx of ILD 

 Yes  mPAP = 40.2  IV: Increased CO, 
Decreased mPAP 
 Inhaled: Decreased 
mPAP (> than IV) 

 Boeck et al. [ 221 ] 
 2012 

 Inhaled iloprost 10 μg, 
20 μg 
 n = 16 
 Randomized 

 >40 years 
 COPD 
 20 py ROB history 

 Yes  mPAP = 51.8 ± 8.6  Unchanged 6MWD 
 Worsened hypoxemia 
at rest 
 Unchanged peak O2 
consumption 

 Saggar et al. [ 222 ] 
 2014 

 Treprostinil 
subcutaneously (one IV) 
 12 week study 
 n = 15 

 Pulmonary fi brosis  Yes  mPAP = 47 ± 8  Increased 6MWD 
 Improved QoL 
 Decrease mPAP, PVR, 
RAP 
 Decreased BNP 

   Abbreviations :  PH  pulmonary hypertension,  PASP  pulmonary artery systolic pressure,  n  number,  yrs  years old,  NYHA  New York Heart Association, 
 CHF  congestive heart failure,  LVEF  left ventricle ejection fraction,  mPAP  mean pulmonary artery pressure,  DLco  diffusion capacity,  VO   2   peak 
oxygen consumption,  tid  three times a day,  mPAP  mean pulmonary arterial pressure,  6MWD  6 min walk distance,  bid  twice a day,  HFpEF  heart 
failure with preserved ejection fraction,  mo  months,  RV  right ventricle,  PVR  pulmonary vascular resistance,  FEV1  forced expiratory volume in 1 s, 
 FVC  forced vital capacity,  RVSP  right ventricular systolic pressure, DLCO,  ILD  interstitial lung disease,  BNP  brain natriuretic peptide,  QoL  qual-
ity of life,  RAP  right atrial pressure,  CO  cardiac output  

(FGF). INPULSIS-1 & -2 and TOMORROW were random-
ized controlled trials that demonstrated a decrease in the 
decline of FVC with nintedanib treatment at 1 year of ther-
apy. The TOMORROW study showed a decrease in exacer-
bations and quality of life, as well as a dose-dependent trend 
towards fewer respiratory deaths, though these fi ndings were 
not confi rmed by the INPULSIS studies. Neither trial 

resulted in a decrease in respiratory or all-cause mortality. 
The primary adverse event in both trials was gastrointestinal, 
primarily diarrhea. Nintedanib has also received 
Breakthrough Therapy Designation by the FDA [ 184 ,  234 ]. 

 Currently, end stage pulmonary patients lack mechanical 
support to the same extent that LVAD has transformed destina-
tion therapy in advanced heart failure. In acute situations of 

3 Pulmonary Hypertension in Patients Without Pulmonary Arterial Hypertension



50

respiratory compromise ECMO has been used to oxygenate 
the blood when the lungs were damaged. The advent of the 
 Novalung  may be the fi rst step towards a pulmonary LVAD 
equivalent. The initial  Novalung  was a pumpless system with 
a low-resistance diffusion membrane attached to an oxygen 
source, designed to treat hypercapneic respiratory failure in a 
spontaneously ventilated patient. The  Novalung  has been suc-
cessfully used as a bridge to transplant in patients with hyper-
capneic respiratory failure and respiratory acidosis [ 235 ]. This 
is remarkable because ECMO and mechanical ventilation are 
both risk factors for post- transplant mortality. Subsequent tri-
als have used a  Novalung  veno-venous pump driven device in 
patients with hypoxemic respiratory failure with success 
[ 236 ]. The  Novalung  is not without risks, with adverse events 
including catheter thrombosis and infection. Despite these 
risks, the use of  Novalung  as bridge to transplant in awake 
patient allows participation in physical therapy, normal eating 
habits and ambulation in the pre-transplant period, therefore 
minimizing several of the known risks for increased mortality 
after transplant [ 237 ]. There are a few projects focused on 
designing devices as a bridge to transplant for end-stage lung 
disease. The emergence of an ventilatory therapy for COPD 
and ILD patients, the most severe of which often develop PH, 
is an exciting advance as it has the potential to relieve hypox-
emia and hypercapnea prior to transplant.   

    Overlap Syndromes 

 Systemic Sclerosis (SSc), lymphangioleiomyomatosis 
(LAM), pulmonary langerhans cell histiocytosis (PLCH) 
and sarcoidosis have signifi cant overlap between Group 1, 2, 
and 3 PH as they can develop pulmonary vascular disease, 
diastolic dysfunction and parenchymal lung destruction. 
These diseases pose signifi cant PH therapeutic challenges. 

    Systemic Sclerosis 

 Systemic sclerosis (SSc), or scleroderma, is a rare autoim-
mune disorder characterized by diffuse fi brosis, dysimmu-
nity and vasculopathy [ 238 ]. Abnormal vascular endothelium 
and dysregulation of fi broblast activity with excessive colla-
gen deposition culminate in poor blood supply to various 
organs resulting in a variety of disease manifestations [ 239 ]. 
Clinically, SSc is divided into limited cutaneous and diffuse 
cutaneous SSc, based on serologic testing and clinical symp-
toms [ 240 ]. Limited systemic sclerosis, previous referred as 
CREST syndrome, tends have limited organ involvement 
and has an overall better prognosis [ 241 ]. 

 The prevalence of SSc has a wide range from 7 to 489 
cases per million population, with the United States preva-
lence reportedly 240 cases per million [ 242 – 244 ]. At  present, 
60 % of mortality in patients with SSc is attributed to lung 

disease [ 245 ]. The pulmonary manifestations of SSc include 
interstitial lung disease (SSc-ILD) and pulmonary hyperten-
sion, either in isolation or concomitantly. 

 Interstitial lung disease is the most common pulmonary 
manifestation of SSc affecting around 40 % of patients [ 239 ]. 
However, autopsy reports suggest that parenchymal involve-
ment approaches 100 % [ 246 ]. Early SSc-ILD often precedes 
radiographic fi ndings and diffusion impairment is one of earli-
est detectable signs of lung involvement [ 247 ]. The histologic 
pattern of SSc-ILD is most commonly non-specifi c interstitial 
pneumonitis (NSIP), but organizing pneumonia and diffuse 
alveolar damage have been reported [ 248 ]. However, due to 
the commonality of SSc-ILD, lung biopsies are rarely per-
formed except to rule out other parenchymal processes. 

 Pulmonary hypertension in SSc (SSc-PH) is also very 
common and some estimations approach 40 % of patients 
affected, depending on the PH defi nition and screening 
method applied [ 122 ,  249 ,  250 ]. PH associated with SSc 
maybe the consequence of SSc-ILD, left heart disease or 
pulmonary arterial hypertension (SSc-PAH), thus rigorous 
evaluation must be performed. 

 Therapy for SSc-ILD has mainly focused on anti- 
infl ammatory medications based on evidence from bron-
choalveolar lavage and biopsy suggesting abnormal 
infl ammatory response and fi brosis as the etiology of lung 
parenchymal destruction [ 251 – 253 ]. Numerous studies have 
demonstrated limited treatment success but cyclophospha-
mide is currently considered the mainstay of therapy [ 254 –
 256 ]. A large multi-center study suggested therapy with daily 
oral cyclophosphamide preserved lung function and symp-
tomatology in patients with SSc-ILD with active alveolitis 
[ 257 ]. Other studies have used the combination of cyclo-
phosphamide with systemic steroids with some success as 
well [ 258 – 260 ]. However, due to the increased risks of renal 
crisis with systemic steroids, current management attempts 
to minimize systemic steroid use. Alternative therapies 
include mycophenolate mofetil and azathioprine, which have 
been shown to have some benefi t in SSc-ILD. Mycophenolate 
has preserved lung function in small trials but no large ran-
domized trials have been completed [ 261 ]. Azathioprine is 
useful following induction therapy with cyclophosphamide 
[ 262 ,  263 ]. Current recommendations include initial therapy 
with cyclophosphamide followed by maintenance therapy 
with mycophenolate or azithropine [ 264 ]. 

 Management of scleroderma-associated diastolic dys-
function, and subsequent Group 2 PH, concentrates on man-
aging comorbidities including blood pressure control with 
ACEi and encouraging exercise.  

    Lymphangioleiomyomatosis (LAM) 

 LAM is a rare disorder mostly seen in women of childbear-
ing age. It commonly presents as an inherited syndrome 
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called the tuberous sclerosis complex. It also occurs alone as 
isolated or sporadic LAM. Genetic mutations have been 
described on the in the tuberous sclerosis 1 or 2 genes ( TSC1  
or  TSC2 ). The  TSC1  and  TSC2  genes regulate the production 
of proteins hamartin and tuberin, respectively. These two 
proteins act as tumor suppressors, regulating cell growth and 
apoptosis. This disease requires both copies of the  TSC1  
gene or  TSC2  gene to be mutated with complete loss of func-
tional hamartin or tuberin. The loss of these proteins allows 
unregulated cell grow and division resulting in smooth mus-
cle cells (LAM cells), which lead to both parenchymal and 
vascular lung disease. 

 The dysregulation of smooth muscle proliferation is noted 
within the airways of the lung, blood vessels, and lymphatic 
system. Within the lungs, dysregulation of smooth muscle 
growth in the walls of the airways results in narrowing and 
clinically relevant obstructive lung disease. Progressive air-
way obstruction and air trapping lead to cyst formation 
which is characteristic of this disease. A similar process 
occurs in the pulmonary vasculature resulting in progressive 
blood vessel occlusion contributing to the development of 
PH. Lymphatic occlusion within the lung parenchyma results 
in fl uid fi lled cysts and pleural effusions. 

 Patients often present with variable clinical symptoms 
including shortness of breath, cough, hemoptysis or sponta-
neous pneumothorax. Thin wall cysts within the lung along 
with pleural effusions are the classic fi ndings seen on chest 
imaging, but imaging may be normal as well. The diagnosis 
of LAM is diffi cult and should be entertained in any young 
woman who presents with obstructive lung disease, sponta-
neous or recurrent pneumothorax or chylous pleural effu-
sion. High resolution CT scan can often assist with the 
diagnoses but lung biopsy is often required for concrete 
diagnoses. Variable results have been obtained with trans-
bronchial biopsies and surgical lung biopsy is often needed 
to diagnoses this disease. 

 There is currently no universally accepted therapy for 
LAM [ 265 ]. Pulmonary complications such as pneumothorax 
should be treated conservatively with standard therapies . 
Chylothorax is often recurrent even in the setting of a low- fat 
diet, requiring pleurodesis in many cases [ 266 ]. There is no 
specifi c therapy for the progressive parenchymal destruction 
noted with LAM. In the past, therapy has focused on treating 
with hormonal manipulation with some reports of success 
with anti-estrogen therapy [ 267 ]. However, the use of bilat-
eral oophorectomy and progesterone therapies are controver-
sial with a meta-analysis revealing no benefi t of progesterone 
therapy [ 268 ]. More recently, sirolimus has shown promise 
with stabilization of lung function and improved symptom-
atology and should be consider as therapy once drug toxici-
ties have been discussed [ 269 ]. Due to the progressive nature 
of this disease, lung transplantation is often indicated in 
patients with advanced disease and has comparable survival 
versus patients with other lung diseases [ 270 ]. 

 Currently, PH associated with LAM is categorized as 
Group 5 PH [ 2 ]. At least in some part, the pathogenesis of 
PH in LAM is related to hypoxemia and reduced vascular 
compliance due the cystic lesions and vascular compression 
[ 271 ]. However, surgical biopsies have revealed abnormal 
pulmonary vasculature with LAM cell invasion and pulmo-
nary blood vessel obstruction. Based on these fi ndings, inde-
pendent pulmonary vascular disease may also be contributing 
to the PH noted in LAM patients. PH has been noted in 8 % 
of patients with LAM based on echocardiography but very 
little data is available regarding pulmonary hemodynamics 
[ 271 ]. Only two studies have even evaluated the hemody-
namic profi les of patients with PH and LAM [ 272 ,  273 ]. Pre- 
capillary hypertension was felt to be clinically evident in 20 
of 29 patients with six undergoing specifi c vasodilator ther-
apy approved for PH. The pulmonary vascular resistance and 
mean pulmonary artery pressures improved in this study sug-
gesting PAH therapies may have a role in selected patients 
with LAM [ 273 ].  

    Pulmonary Langerhans Cell Histiocytosis 

 Pulmonary Langerhans cell histiocytosis (PLCH) is a very 
rare disease characterized by the abnormal infi ltration of the 
lung parenchyma, lymphoid tissue and vasculature with den-
dritic cells known as Langerhans cells [ 274 ]. Langerhans 
cells are a distinct population of dendritic cells located in the 
epithelium of the tracheobronchial tree. These Langerhans 
cells express CD1a and contain Birbeck granules [ 275 ,  276 ]. 
Normally, these cells actively survey the tracheobronchial 
tree for antigen deposition and encounters with antigens lead 
to cellular activation with antigen presentation and migration 
to lymphoid tissue [ 277 ]. In PLCH, this process becomes 
dysregulated with abnormal accumulation of Langerhans 
cells. This accumulation clearly plays a role in disease devel-
opment however the etiology of the disease process and the 
origin of these cells remains poorly understood. 

 PLCH occurs almost exclusively in smokers and there 
does not appear to be a major gender difference [ 278 ,  279 ]. 
Further epidemiological data are not currently available and 
the true prevalence is largely unknown. Various studies have 
attempted to estimate the prevalence of this disease, but due 
to heterogeneity it is very diffi cult to study. One study sug-
gested the prevalence to be 0.7–2.7 cases per million in a 
Japanese population [ 280 ]. PLCH tends to affect young 
adults with a peak age frequency of 20–40 years old [ 281 ]. 
Clinical presentation is highly variable ranging from asymp-
tomatic with incidental chest x-ray diagnosis to respiratory 
failure. Spontaneous pneumothorax is the initial presenting 
symptoms in 10–20 % of the cases and tends to be more 
common in males [ 279 ]. Physical examination is usually 
normal unless a pneumothorax or advance parenchymal 
disease is noted. 
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 Reticular nodular pattern with or without cysts in the 
upper and middle lung zones are the most common patterns 
seen on chest x-ray [ 282 ,  283 ]. As the disease progresses, the 
parenchymal fi ndings transition to cysts, giving the x-ray an 
emphysematous pattern. High resolution CT is currently rec-
ommended when PLCH is being entertained as a potential 
diagnosis. The typical pattern seen is small nodules with 
thick and thin walled cysts surrounded by normal appearing 
lung parenchyma [ 279 ]. Following the CT imaging over time 
has revealed progression of the lesions from nodules to cavi-
tated nodules, followed by thick walled cyst which subse-
quently evolve to thin walled nodules [ 284 ]. Spirometry 
often reveals obstructive lung disease but may be normal in 
early disease [ 285 ]. Most commonly, diffusion impairment is 
noted in 70–90 % of patients [ 278 ,  286 ]. Bronchoscopy is 
rarely helpful in making the diagnoses but may rule out other 
diseases such as atypical infections and obtaining lung tissue 
remains the gold standard for diagnosis. Defi nitive diagnosis 
require the identifi cation of Langerhans cell histocytes 
within a granuloma in the lung parenchyma [ 279 ]. 

 Pre-capillary pulmonary hypertension is common in 
PLCH when patients are referred for transplantation and is 
commonly attributed to ILD and chronic hypoxemia [ 287 ]. 
However, PH associated with PLCH is often noted in patients 
with minor ventilation abnormalities which suggest pulmo-
nary vascular dysfunction [ 285 ]. Histopathological fi ndings 
not only reveal parenchymal lung disease but widespread 
pulmonary vascular involvement has been noted [ 286 ,  288 ]. 
Langerhans cell granuloma formation has been described in 
the small and medium sized pulmonary arteries, contributing 
to the vasculopathy and pulmonary hypertension. 

 The progression of PLCH disease is highly variable and 
specifi c therapies are largely unproven. Spontaneous remis-
sion has been described and tobacco cessation may lead to 
complete resolution of disease as well [ 289 ]. Poor prognosis 
is associated with numerous factors including advanced age, 
multi-organ involvement, and reduced diffusion capacity, but 
pulmonary hypertension most reliably predicts a worse prog-
nosis [ 278 ,  290 ]. Pulmonary hypertension has been noted in 
up to 92 % of patients referred for lung transplantation at a 
single center but specifi c PH therapies have not been studied 
and are unproven [ 287 ]. One reason for the lack of data 
relates to the high incidence of pulmonary venular obstruc-
tion and the risk of pulmonary edema with vasodilation. 
Prior publications have reported clinically relevant pulmo-
nary edema with the use of epoprostenol and suggest it may 
be hazardous in this group of patients [ 291 ]. However, other 
studies suggest the use of PAH therapies improved hemody-
namics without worsening oxygenation. There was also an 
insignifi cant trend toward better survival in the 29 patients 
studied [ 292 ]. Currently, there is no consensus about the use 

of PAH therapies in PLCH associated PAH and clinical judg-
ment should be used until further studies are available.  

    Sarcoidosis 

 Sarcoidosis is a granulomatous disease of unknown etiology 
that may affect the pulmonary parenchyma or vasculature. 
Current literature suggests this disease is an abnormal 
response to an unknown antigen resulting in T cell activa-
tion, cellular recruitment, proliferation and differentiation 
leading to non-caseating granuloma formation [ 293 ]. Genetic 
risk factors have been linked to specifi c HLA alleles along 
with non-HLA genes, but these associations need further 
investigation [ 294 ,  295 ]. The reported prevalence of sarcoid-
osis varies based on sex, racial groups and geographic loca-
tion [ 296 ]. However, due to the variability of disease 
presentation and symptomatology an accurate prevalence is 
largely unknown. The diagnosis of sarcoidosis is based on a 
various clinic symptoms or incidental fi ndings and a docu-
mented granulomatous process of unknown etiology. Clinical 
symptoms are highly variable involving a single organ or 
widespread infl ammation but common pulmonary symptoms 
include dyspnea, cough, and chest pain. 

 Pulmonary disease is present in greater than 90 % of 
patients diagnosed with sarcoidosis and pulmonary function 
testing is often abnormal [ 297 ]. Pulmonary function testing 
has been reported to reveal restrictive along with obstructive 
lung disease without a clear diagnostic pattern being 
described [ 298 ,  299 ]. Chest imaging is also highly variable 
but classic fi ndings include adenopathy and pulmonary infi l-
trates, upon which the current staging system is based [ 300 ]. 
Initiating therapy with corticosteroids is subsequently based 
on chest x-ray staging and symptomatology and not all 
patients require therapy [ 293 ]. Corticosteroid therapy has 
been linked to chest x-ray improvements and symptoms, 
however, there is limited evidence of lung function improve-
ment [ 301 ]. Anti-TNF agents such as infl iximab have been 
recently looked promising in the therapy of sarcoidosis 
[ 302 ]. These agents tend to be more useful in patients with 
an forced vital capacity less than 70 % and signifi cant extra-
pulmonary disease [ 303 ]. Spontaneous remission is not 
uncommon, even in the higher stages of disease, which 
makes the decision to initiate therapy challenging [ 304 ]. 

 The prevalence of pulmonary hypertension related to sar-
coidosis (SAPH) SAPH is highly variable and ranges from 
4.1 to 79 % with prevalence increasing with disease severity 
[ 305 – 307 ]. Pathologic studies have reported 69–100 % pul-
monary artery involvement with invasion of the vessel walls 
with granulomas that result in various vascular changes 
including vessel occlusion [ 308 ,  309 ]. These vascular 
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changes are ultimately felt to cause the SAPH found in 
patients. The resulting PH is thought to be secondary to 
parenchymal destruction and distortion of lung vasculature 
(Fig.  3.10 ) [ 310 ]. The optimum therapeutic strategy is largely 
unknown for SAPH. Vasodilator therapy has been reported 
to be safe and effective in numerous case reports and case 
series but large randomized studies have not been conducted. 
These studies have reported the use of prostacyclin analogs, 
inhaled NO and PDE5i. However, the largest study to evalu-
ate the use of bosentan was in 35 patients with SAPH [ 311 ]. 

This study revealed signifi cant hemodynamic improvement 
with bosentan after 16 weeks of therapy. This is the fi rst rela-
tively large study to truly evaluated vasodilator therapy in 
SAPH and suggests PAH therapies may be a therapeutic 
option in select patients with SAPH.

        Conclusion 

 PH is often present in cardiac disease and hypoxic lung 
disease. The diagnostic and therapeutic challenge is to 
determine what proportion is secondary to Group 2 or 
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  Fig. 3.10    PH from sarcoidosis (Group 2/3 Overlap). ( a ) Chest CT with 
upper lobe fi brosis, ( b ) Ventilation-Perfusion scan showing matched 
defects, ( c ) Parasternal long axis showing enlarged RV, ( d ) Parasternal 

short axis showing enlarged RV and mild septal fl attening, ( e ) Apical 4 
chamber with large RV, ( f ) RHC tracing of the pulmonary artery pres-
sures, mPAP 71 mmHg       
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Group 3 PH. Research has yet to confi rm that pulmonary 
vasodilator therapy is benefi cial in these conditions and 
treatment goals currently focus on treating the underlying 
disease process. The reality of the current classifi cations 
of PH is that many of the vascular process overlap and 
individual patients can often demonstrate characteristics 
of multiple groups of PH. There is still signifi cant research 
to be done to determine the effi cacy of therapeutically tar-
geting PH in Group 2 and Group 3 PH.     
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            Introduction 

 Pulmonary hypertension (PH) is defi ned as a mean pulmo-
nary artery pressure (mPAP) ≥ 25 mm Hg at rest and is clini-
cally classifi ed into fi ve groups (World Health Organization 
[WHO] Groups 1–5) based on the predominant underlying 
pathology [ 1 ]. Registries including largely WHO Group 1 
pulmonary arterial hypertension (PAH) and to a lesser extent 
population-based studies of patients with PH due to primary 
cardiopulmonary diseases (WHO Group 2 and 3, respec-
tively), have enhanced our understanding of the epidemiol-
ogy of pulmonary vascular disease. Less is known about 
chronic thromboembolic disease (WHO Group 4), and the 
miscellaneous systemic conditions included in WHO Group 
5. Finding common epidemiologic trends across the classes 
may enhance our understanding of pathophysiology and ulti-
mately enhance our approach to treatment. In modern prac-
tice, patients often have a mix of features from several 
sub-groups, and require comprehensive diagnostic testing. 
Given this overlap, this review will begin with a broad over-
view of what is known about the epidemiology of PH in the 
general adult population and common clinical risk factors 
that may play a role in PH pathogenesis, and then the discus-
sion will be focused on the epidemiology of individual WHO 
Groups as a means for reviewing recent registry data and 
ongoing gaps in knowledge.  

    Defi ning Pulmonary Hypertension 
in Population-Based Studies 

 While the diagnosis of PH requires direct measurement of 
mPAP by right heart catheterization, the initial test that sug-
gests the presence of PH is often echocardiography. 
Echocardiography is non-invasive and can be used in 
population- based studies to ascertain the prevalence of 
PH. About 2/3 of subjects in the general population have 
measurable tricuspid regurgitant (TR) velocity, which can be 
used to estimate pulmonary artery systolic pressures (PASP) 
[ 2 ,  3 ]. However, use of echocardiography in the assessment 
and management of PH remains an area of much controversy 
and right heart catheterization remains the  sine qua non  of 
PAH diagnosis [ 4 ,  5 ]. While echocardiography derived PASP 
has been shown to lack precision when compared to right 
heart catheterization-derived PASP [ 6 ,  7 ], the sensitivity and 
specifi city of echo derived PASP (>39 mmHg) has been 
reported as 87 % and 81 %, respectively [ 8 ]. In a meta- 
analysis, the sensitivity and specifi city of echocardiographi-
cally derived PASP (using variable cut-offs) in diagnosing 
PH was reported as 83 % and 72 %, respectively. Hence, 
despite its inherent limitations, echocardiography remains a 
useful tool for screening for PH and in large-scale epidemio-
logical studies.  

    Prevalence of Pulmonary Hypertension 
in the General Population 

 Only a handful of studies have looked at the prevalence of 
PH in the general adult population. In a community-based 
cohort, Lam et al. [ 2 ] reported that median PASP (assuming 
a right atrial pressure [RAP] of 5 mmHg) in a random sample 
of the Olmsted County population ≥45 years of age (n = 1413, 
white, 43 % male) was 26 mmHg (IQ Range 6 mmHg) cor-
responding to an estimated PH prevalence of 2–3 % 
(PASP ≥ 40 mmHg, assumed RAP = 5 mmHg). In contrast, in 
an African American (AA) cohort from Jackson Heart Study 
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(n = 3282, 32.5 % male), the median PASP was 27 mmHg 
(IQ range 18 mmHg) and the prevalence of PH 
(PASP ≥ 40 mmHg, assumed RA pressure = 5 mmHg) was 
6.8 % [ 3 ]. Large data base studies looking at patients referred 
for echocardiograms have reported the prevalence of PH as 
6.6 % (n = 21,483, TR gradient ≥ 36 mmHg) [ 9 ], 9.1 % 
(n = 10,314, PASP > 40 assuming RAP as 10 mmHg) [ 10 ] 
and 14 % (n = 10,471, PASP ≥ 40) [ 11 ]. The variability in 
prevalence in these cohorts is likely related to different popu-
lation demographic characteristics, co- morbidities, and 
assumptions related to estimation of right atrial pressure. 

 Among patients that have PH, the most prevalent group is 
Group 2 PH (i.e., PH related to left heart disease). It is esti-
mated that about three to four million adults in the US may 
have group 2 PH [ 12 ]. This is followed by PH associated with 
parenchymal lung diseases and/or hypoxemia (Group 3 PH), 
which affects up to 20 % of patients with a prior hospitaliza-
tion for chronic obstructive pulmonary disease (COPD) exac-
erbation and 32–39 % of patients with interstitial lung disease 
[ 12 ]. Compared to Groups 2 and 3, PH associated with 
chronic thromboembolic disease (Group 4) and PAH (Group 
1 PAH, prevalence ~15 cases/ million) is rare (Fig.  4.1 ).

   Temporal trends in mortality and hospitalization where 
PH was listed as any contributing cause of death or any-listed 
hospital diagnosis in the National Vital Statistic System and 
hospital discharge data from the National Hospital Discharge 
Survey for 1980–2002 show stability in PH-related mortality 
(per 100,000: 5.2 in 1980 to 5.4 in 2002), but an increase in 
hospitalizations (per 100,000: 40.8 in 1980 to 90.1 in 2002) 
over the same two decade time period [ 13 ]. However, the 
mortality rates increased among women but decreased 
among men during this period. In Medicare enrollees aged 
>65 years, the annual number of hospitalizations for pulmo-
nary hypertension as any-listed diagnosis tripled from 1990 
to 2002. The age-standardized hospitalization rate per 
100,000 in this group was 197.8 in 1990 and 649.7 in 2002 

[ 13 ]. Since these data are dependent on appropriate ICD cod-
ing, it is unclear if the increase is due to an increased aware-
ness of the diagnosis versus an actual increase in the number 
of incident PH cases. However, ageing and an attendant 
increase in the burden of heart failure in the general popula-
tion suggests that PH might continue to be a more frequent 
diagnosis associated with hospitalizations and mortality.  

    Pulmonary Hypertension: Demographics 
and Comorbidities 

    Age 

 The PASP and prevalence of PH increases with age [ 2 ,  3 , 
 14 ]. This relationship is independent of other comorbidities 
and cardiopulmonary function [ 3 ]. The prevalence ratio of 
having PH in subjects >65 years of age is tenfold higher 
compared to those younger than 45 years of age. The higher 
prevalence of PH in older people may be related to decreas-
ing vascular compliance of the pulmonary arteries with age, 
which also occurs in the systemic arteries [ 2 ,  3 ].  

    Sex 

 Studies reporting on the relationship between PASP and PH 
and sex in the general population have yielded confl icting 
results. In the AA population, women have an increased age-
adjusted prevalence of PH compared to men that is indepen-
dent of other comorbidities. Fifteen percent of AA women 
over 65 years of age have PH compared to 9 % of AA men 
[ 3 ] (Fig.  4.2 ). In contrast, studies performed in a general 
population of young adults [ 15 ], and in normal echocardio-
grams performed over a decade at Massachusetts General 
Hospital [ 14 ] showed higher PASP in males, while in the 
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Olmstead County population cohort [ 2 ] no relationship 
between sex and PA pressure was observed. Determining 
whether the relationship between sex and PH is race-specifi c 
and relates to specifi c biologic factors such as estrogen and 
estrogen metabolites needs further validation in additional 
population-based cohorts [ 16 – 20 ].

       Race/Ethnicity 

 Little data is available comparing PASP or PH prevalence 
according to race. In the CARDIA (Coronary Artery Risk 
Development in Young Adults) study, AAs were found to 
have higher mPAP (assessed by pulmonary artery accelera-
tion time on echocardiography) independent of age, sex, 
body mass index (BMI), smoking status, and presence of 
diastolic dysfunction [ 15 ]. Similarly, in one community- 
based cohort, PH prevalence was 6.8 % in AA compared to 
an estimated prevalence of ~2–3 % in whites based on the 
cumulative frequency of PASP [ 2 ,  3 ]. However, these cohorts 
had differences in cardiopulmonary co-morbidities, and it 
remains to be determined if race is an independent risk factor 
for developing PH after adjusting for age and other chronic 
conditions.  

    Obesity 

 Obesity or higher BMI is positively associated with PH prev-
alence and PASP [ 2 ,  3 ,  14 ,  15 ]. For example, in AA, the pres-
ence of obesity increases the adjusted prevalence of PH by 
66 % compared to individuals with normal BMI [ 3 ]. A simi-
lar relationship between obesity and PASP > 30 mmHg (odds 
ratio of 1.67) was observed by McQuillan and colleagues 
[ 14 ]. The pathophysiological mechanisms are not delineated 
clearly, but may be related to the presence of left ventricular 

diastolic dysfunction, sleep disordered breathing, obesity- 
hypoventilation syndrome or insulin resistance/adipose lead-
ing to vascular infl ammation.  

    Cardiovascular Comorbidities 

 Considering that the most common cause of PH is related to 
left ventricular (LV) dysfunction and left atrial (LA) hyper-
tension, it is not surprising that the presence of PH is related 
to changes in LV systolic and diastolic function and left 
sided valvular diseases. Hypertension, coronary artery dis-
ease, diabetes, congestive heart failure and severe mitral and 
aortic valvular disease are more common in subjects with PH 
[ 2 ,  3 ]. The underlying mechanism(s) to account for these 
relationships are likely related to presence of diastolic dys-
function and elevated LA pressures. Indeed, echocardio-
graphic markers of systolic dysfunction and LV diastolic 
function (LV hypertrophy, LA size and Doppler indices of 
diastolic function) are correlated with PASP and PH [ 2 ,  3 , 
 14 ,  15 ].  

    Pulmonary Comorbidities 

 COPD is associated with PH [ 21 ] and the underlying 
mechanism(s) are multifactorial. Hypoxia, vascular remod-
eling, destruction of capillaries in emphysema, hyperinfl a-
tion, and LV diastolic dysfunction constitute likely 
mechanisms responsible for increased PASP in the settings 
of parenchymal lung diseases. The prevalence of chronic 
lung diseases increases with increasing PASP in the general 
population [ 2 ,  3 ]. Also, airway obstruction assessed by spi-
rometry is associated with a twofold increase in the adjusted 
risk for PH independent of other co- morbidities [ 3 ]. A sig-
nifi cant association between a restrictive spirometry pattern 
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  Fig. 4.2    Prevalence of 
pulmonary hypertension in 
African-American men and 
women across age groups [ 3 ]       
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[ 22 – 26 ] and the presence of PH was also observed in the 
Jackson Heart Study Cohort [ 3 ]. A restrictive spirometry pat-
tern can be caused by fi brotic lung disease, obesity, diabetes, 
heart disease, and hypertension [ 22 ,  25 ]. However, the rela-
tionship between restriction and PH was independent of 
these co-morbidities suggesting other as yet unrecognized 
factors contribute to these associations.   

    Pulmonary Hypertension: Prognosis 

 Elevated PASP has been shown to result in higher mortality 
in the general population. This was demonstrated in the both 
Caucasian (Adjusted HR: 1.46 per 10 mmHg) [ 2 ] and AA 
cohorts (Adjusted HR: 1.38 per 10 mmHg) [ 27 ]. Also, ele-
vated PASP is an independent predictor of admissions for 
congestive heart failure in the general population (Adjusted 
HR: 2.03 per 10 mmHg). Higher mortality has been noted in 
patient cohorts with multiple cardiopulmonary morbidities 
such as the U.S. military Veteran population in which 
44.1 % of patients with echocardiographically-determined 
PASP > 60 mmHg were deceased at a median follow up of 
832 days [ 9 ].  

    World Health Organization Group 1 
Pulmonary Arterial Hypertension 

 The epidemiology of WHO Group 1 PAH is the most well 
defi ned among the fi ve WHO groups. The earliest prospec-
tive multicenter registry from the National Institutes of 
Health, which included patients with idiopathic PAH (IPAH), 
heritable PAH (HPAH), and PAH associated with anorexigen 
use, reported a mean age of 36 ± 15 years and a female:male 
ratio of 1.7:1 overall (Table  4.1 ). Before the advent of tar-
geted PAH therapy, 1-, 3-, and 5-year survival for this cohort 
was 68 %, 48 %, and 34 %, respectively, with an estimated 
median survival of 2.8 years (95 % confi dence interval 1.9–
3.7 years) [ 28 ] (Table  4.2 ). This early snapshot of what was 
then known as “primary pulmonary hypertension”, a rare 
disease affecting young females of child-bearing age, has 
evolved in recent years as we have come to understand more 
about WHO Group 1 disease including PAH associated with 
conditions such as connective tissue disease (CTD).

        Prevalence and Incidence 

 A number of population-based registries have offered insight 
into PAH prevalence and incidence. In several countries in 
Europe, the centralization of PAH care has allowed for wide- 
scale estimates of pulmonary vascular disease burden. The 
network of French centers (n = 17) described a prevalence of 

15 cases/million for WHO Group 1 PAH (5.9 cases/million 
for IPAH), although signifi cant regional variation was noted 
(5–25 cases/million French adults), and an incidence of 2.4 
cases/million/year in 2002–2003 [ 35 ]. The prevalence of 
IPAH, HPAH, and anorexigen-associated PAH was 6.6 cases/
million in 2009, with an estimated incidence of 1.1 cases/
million/year in the United Kingdom (UK) and Ireland [ 34 ]. 
Across Spain, the prevalence of PAH has been reported to be 
16 cases per million and the incidence 3.7 cases/million/year 
[ 38 ]. The overall population prevalence of PAH in Scotland 
was 52 cases per million population; prevalence estimates 
were higher when compared to an expert referral center (the 
Scottish Pulmonary Vascular Unit), raising the question of 
whether registries from expert centers adequately capture the 
true population impact of pulmonary vascular disease. The 
overall annual incidence of PAH over a 16 year study period 
as estimated from the Scottish Morbidity Record was 7.1 
cases per million population; the incidence of IPAH, CTD- 
associated PAH and congenital heart disease (CHD) associ-
ated PAH respectively was 3.3, 2.1 and 1.7 cases per million 
population [ 31 ].  

    Survival 

 Multiple registries have captured survival in both the pre- 
and post-PAH treatment eras (Table  4.2 ) [ 28 ,  32 – 34 ,  38 – 43 ]. 
Comparing these estimates, it appears that short-term sur-
vival has improved over time and is approximately 90 % at 1 
year and 75 % at 3 years. Longer-term survival remains poor, 
however, with registries reporting survival rates between 21 
and 75 % at 5 years. Of course, registries are susceptible to 
survivor bias and outcome estimates may be heavily infl u-
enced by mixing of prevalent versus incident cases.  

    Demographics: Age, Sex, and Race 

 Single center US-based registries including various WHO 
Group 1 etiologies have reported slightly older average 
age (4th–5th decade of life) than that reported in the NIH 
registry, but confi rmed 70 % female predominance, as 
have other national reports [ 30 – 32 ,  35 ,  40 ]. In 2006, the 
Registry to Evaluate Early And Long-term pulmonary 
arterial hypertension disease management (REVEAL) 
began enrolling patients with WHO Group 1 PAH as tradi-
tionally defi ned as well as patients with PH and elevated 
left heart fi lling pressures (pulmonary capillary wedge 
pressure 16–18 mmHg) from 54 US-based community and 
academic sites [ 36 ,  44 ]. In patients with IPAH, the average 
age at enrollment was 53 ± 15 years of age and 80 % were 
female, signaling a possible shift in demographics as com-
pared to earlier PAH registries. 
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 Whether the observations from REVEAL signal a true 
change in disease biology (e.g., via epigenetic infl uences), 
greater disease awareness in an aging population, and/or that 
the “pure” idiopathic PAH pathophenotype has been diluted to 
include overlapping forms of PH in modern clinical practice is 
not known. Similar trends were observed in the UK and Ireland 
registry, where patients enrolled later (2007–2009) tended to be 
older, more obese, and have more comorbid diabetes and isch-
emic heart disease as compared to PAH patients enrolled ear-
lier (2001–2003) [ 34 ]. The Comparative Prospective Registry 
of Newly Initiated Therapies for Pulmonary Hypertension 
(COMPERA) database, which commenced in 2007 and 
included patients from multinational European centers, 
reported an average age at diagnosis of 71 ± 16 years among 
incident IPAH cases [ 37 ]. Patients diagnosed at a younger age 
appear to have worse hemodynamic burden, yet better func-
tional tolerance and survival as compared to older aged patients, 
who have more comorbidities and are more commonly obese 
[ 34 ,  37 ]. In addition,  survival with modern PAH treatment had 
improved. This has been shown in a retrospective evaluation of 
cohort of patients from 2007 to 2009 in China, where targeted 
PAH therapy was introduced in 2006 [ 39 ]. While baseline char-
acteristics for incident IPAH patients remained similar to the 
NIH registry, survival with modern PAH treatment had 
improved, as has been observed in other cohorts [ 45 ]. 

 Female sex has long been established as the major clinical 
risk factor for PAH, but recent epidemiologic data has sug-
gested that males have poorer survival than females and that 
age may be an important modifi er of the relationship between 
sex and outcomes [ 13 ,  38 ,  41 – 43 ,  46 ]. Lifetime hormonal 
fl uctuations (e.g., menarche, menopause, androgen fl uctua-
tions at puberty and in older age) that differentially regulate 
cardiopulmonary function as well as sex-specifi c responses 

to therapy have been proposed as possible explanations for 
these observations [ 20 ,  47 – 49 ]. In fact, among older patients, 
sex-based differences in PAH prevalence appear to be dimin-
ished [ 34 ,  37 ,  46 ]. Males have greater hemodynamic burden 
at diagnosis as compared to females, but these differences 
are attenuated after age 45 in a cohort of clinical trial partici-
pants [ 46 ]. Similarly, in the REVEAL registry, men had 
higher RAP and mPAP at diagnosis (as well as worse sur-
vival especially in those older than 60 years of age) [ 42 ,  50 ]. 
These observations have not been consistent across all regis-
tries, however, and further work is needed to refi ne the sex- 
age interaction in pulmonary vascular disease [ 34 ,  39 ]. 

 Less is known about the role of race/ethnicity in disease 
prevalence and outcomes. In the NIH registry, the distribution 
of race/ethnicity observed in patients was similar to that of the 
general US population, although there was a greater 
female:male predominance among blacks (4.3:1) [ 28 ]. This 
observation was also made in the UK and Ireland, where 
12.3 % of 424 patients were nonwhite, 85 % of whom were 
female (as compared to 70 % female in white patients) and in 
the US, where a 5.4:1 female to male ratio was observed in AA 
from the REVEAL registry [ 34 ,  36 ]. AA have higher rates of 
hospitalization and death as compared to whites, and appear to 
have a less robust response to treatment with endothelin recep-
tor antagonists in PAH clinical trials [ 13 ,  47 ,  51 ,  52 ]. Han 
Chinese patients appear to have similar characteristics to white 
patients at baseline; in a small cohort from a single US center, 
Asian descent was an independent predictor of death [ 33 ,  52 ]. 
While neither sex nor race/ethnicity were associated with delay 
in diagnosis (>2 years between symptom onset and evaluation 
for PAH) in the REVEAL registry, it is unknown whether these 
possible differences in outcomes are due to true differences in 
disease biology, variable therapeutic responses, and/or con-
founding by socioeconomic status such as limited access to 
care as has been noted in other cardiopulmonary diseases [ 53 ]. 
Irrespective of the precise reason, it is important to note that 
lower socioeconomic status (assessed as a composite of level of 
education, medical reimbursement, employment status, and 
household income) was strongly associated with mortality after 
adjustment for age, sex, disease factors, and PAH treatments in 
the Chinese cohort [ 54 ].  

    Group 1 Pulmonary Arterial Hypertension 
Subtypes and Associated Conditions 

    Heritable Pulmonary Hypertension 

 Mutations in the bone morphogenic protein receptor type 2 
(BMPR2), a member of the transforming growth factor 
[TGF]-β family, are present in 70–80 % of families with PAH 
and roughly 25 % of patients with IPAH [ 55 ,  56 ]. These muta-
tions are transmitted in an autosomal dominant fashion with 

    Table 4.2    Survival rates at 1, 3, and 5 years among patients enrolled in 
registries   

 Registry  Years  1 year, %  3 year, %  5 year, % 

 NIH [ 28 ]  1981–1985  68  48  34 

 PHC [ 40 ]  1982–2007  86  69  61 

 Mayo [ 32 ]  1995–2004  81  61  48 

 Chinese [ 33 ]  1999–2004  68  39  21 

 UK/Ireland [ 34 ]  2001–2009  93  73  61 

 French [ 41 ]  2002–2003  83  67  58 

 REVEAL [ 42 ]  2006–2007  91  74  65 

 COMPERA 
[ 43 ] 

 2007  93  84 b   – 

 Spain [ 38 ]  2007–2008  89  77  66 a  

 Chinese [ 39 ]  2007–2009  92  80  75 a  

   PHC  pulmonary hypertension connection,  REVEAL  Registry to 
Evaluate Early and Long-term PAH disease management,  COMPERA  
Comparative, Prospective Registry of Newly Initiated Therapies for 
Pulmonary Hypertension 
  a Idiopathic pulmonary arterial hypertension 
  b In anticoagulation group  
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incomplete penetrance. TGF-β signaling including the 
BMPR2 pathway is felt to play a major role in disease patho-
genesis. Further evidence is provided by rarer mutations in 
TGF-β receptor components activin-like receptor kinase-1 
(ALK-1) and endoglin (ENG), both of which have been impli-
cated in hereditary hemorrhagic telangiectasia and PAH [ 57 , 
 58 ]. Variants in other genes, including mothers against deca-
pentaplegic homologue (SMADs), proteins in the TGF-β sig-
naling pathway, and more recently caviolin 1 (CAV1) and the 
potassium channel subfamily K member 3 (KCNK3) (neither 
of which directly relate to TGF-β) have also been implicated 
in heritable disease although are less common than BMPR2 
mutations [ 59 – 62 ]. BMPR2 mutation carriers tend to present 
at a younger age and with more severe hemodynamic compro-
mise and ALK-1 carriers may have a worse overall prognosis 
as compared to other idiopathic and heritable patients [ 63 ,  64 ]. 
Patients with HPAH otherwise have similar features to those 
with IPAH, and as such many registries and clinical trials have 
approached these two entities as one sub-group.  

    Drug- and Toxin-Induced Pulmonary 
Hypertension 

 A number of drugs and toxins have been implicated in the 
development of pulmonary vascular disease, some with more 
defi nitive epidemiologic links than others [ 65 ]. A compre-
hensive list and ranking of defi nite, possible, likely, and 
unlikely agents was updated during the 5th World Symposium 
in Nice, France in 2013 [ 65 ]. The most classic example of 
drug-induced PAH are the anorexigens such as fenfl uramine, 
in which risk appears to be exposure duration-dependent 
(particularly beyond several months), although fatal cases 
have been reported from just short-term use [ 66 – 72 ]. 
Fenfl uramine products were withdrawn from the market 
worldwide in the 1990s, but a related available compound, 
benfl uorex, has been linked to PH as well as to valvular dis-
ease [ 71 ]. Although tyrosine kinase inhibitors have been 
studied to treat PAH, the use of dasatinib for chronic myelog-
enous leukemia has been associated with the development of 

PAH [ 73 – 75 ]. Treatment with interferon has also been iden-
tifi ed as a possible risk factor after case reports emerged of 
patients treated with interferon for hepatitis C, multiple scle-
rosis, and oncologic conditions developed PAH [ 65 ,  76 – 81 ]. 
Drug- and toxin-associated PAH accounted for 2 % of PAH 
patients in the UK and Ireland, 7 % of incident and 13 % of 
prevalent cases in France, and 11 % of patients in REVEAL, 
with similar baseline characteristics to those patients with 
IPAH [ 36 ,  41 ,  82 ].  

    Connective Tissue Disease 

 A number of systemic diseases are associated with the devel-
opment of pulmonary vasculopathy, although the mecha-
nisms by which PAH develops in these varied conditions are 
generally poorly understood. In patients with CTD, those 
with systemic sclerosis are at greatest risk. Roughly 12 % of 
CTD patients develop PAH and it is a major cause of death in 
systemic sclerosis [ 83 – 85 ]. To that end, current recommen-
dations are to screen patients with systemic sclerosis or 
scleroderma spectrum disorders for PAH using noninvasive 
testing (echocardiogram, diffusion capacity of the lungs for 
carbon monoxide) and biomarkers (N-terminal pro-brain 
natriuretic peptide) annually [ 86 ,  87 ] (Table  4.3 ). Additional 
CTDs such as systemic lupus erythematosus, mixed connec-
tive tissue disease, and rheumatoid arthritis have been linked 
to pulmonary vascular disease, and while the true prevalence 
of PAH in these conditions is unknown PAH appears to occur 
less commonly and is associated with better outcomes than 
when associated with systemic sclerosis [ 101 ,  102 ].

   After IPAH, CTD-PAH patients tend to be the second 
most represented subgroup in registries, allowing for com-
parisons between these groups [ 31 ,  35 ,  36 ,  38 ]. CTD-PAH 
patients tend to be older, have less hemodynamic impair-
ment, and may have left-sided abnormalities such as left 
atrial enlargement and increased left-ventricular end-dia-
stolic diameter, signaling the potential role of pulmonary 
venous hypertension in some patients [ 36 ,  39 ]. Survival is 
poorer in CTD-PAH as compared to idiopathic disease and, 

    Table 4.3    Conditions associated with pulmonary hypertension and considerations for screening   

 WHO group  Associated condition  Estimated prevalence, %  Screening 

 I.  Systemic sclerosis and scleroderma 
spectrum disorders 

 ~12 % [ 83 ,  84 ]  Yes; annually with echocardiogram, 
DLCO, NT-proBNP [ 86 ,  87 ] 

 Human immunodefi ciency virus 
infection 

 0.5 % [ 88 – 90 ]  None recommended 

 Portopulmonary hypertension  2 % [ 91 – 95 ], higher in those 
referred for orthotopic liver 
transplant 

 Pre-transplant evaluation 

 Congenital heart disease  ~30 % [ 96 – 98 ]  At diagnosis 

 V.  Sickle cell disease  10 % PAH, higher using 
tricuspid jet velocity [ 99 ] 

 Adults > 18 years of age, 
echocardiography every 1–3 years [ 100 ] 
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among CTD-PAH, lowest in patients with systemic sclerosis 
[ 29 ,  39 ,  102 ,  103 ].  

    Human Immunodefi ciency Virus 

 Non-rheumatologic systemic diseases that are associated 
with the development of PAH include human immunodefi -
ciency virus (HIV) infection [ 65 ,  104 ]. Over the past several 
decades, multiple studies have estimated the prevalence of 
pulmonary vascular disease in HIV infected patients to be 
approximately 0.5 % [ 88 – 90 ]. While rare, PAH complicating 
HIV infection has not decreased appreciably in frequency 
despite the advent of antiretroviral therapy, and the mecha-
nistic link between PAH and HIV has not been clearly estab-
lished [ 89 ]. HIV ribonucleic acid has not been isolated in the 
pulmonary vasculature, but HIV proteins such as Tat and Nef 
cause endothelial dysfunction [ 105 – 111 ]. Disease character-
istics are similar to IPAH patients, although female sex does 
not appear to be a risk factor for the development of PAH in 
HIV [ 35 ,  112 ]. While HIV-associated PAH has historically 
had the least favorable prognosis among PAH subtypes, 
patients may respond well to targeted PAH therapy and con-
temporary survival rates compared to those with IPAH (88 % 
at 1 year and 72 % at 3 years) [ 38 ,  113 ,  114 ].  

    Portopulmonary Hypertension 

 The presence of portal hypertension without other clinical 
risk factors or associated conditions in a patient with PAH is 
designated as portopulmonary hypertension [ 115 ]. Between 
3 and 6 % of patients referred for liver transplantation have 
associated PAH; the prevalence of pulmonary arteriopathy 
was lower in an autopsy study of unselected patients with 
cirrhosis [ 91 – 95 ]. Neither degree of cirrhosis nor portal 
hypertension appears to be related to the risk of portopulmo-
nary hypertension, whereas female sex and autoimmune 
hepatitis are independent risk factors for the development of 
PAH in these patients [ 92 ,  116 ,  117 ]. While the pathogenesis 
of portopulmonary hypertension has not been entirely eluci-
dated, abnormalities to endothelin-, sex hormone-, and nitric 
oxide biology have been implicated in disease development 
[ 118 ,  119 ]. In pulmonary vascular disease registries, porto-
pulmonary hypertension accounts for 4–11 % of Group 1 
patients [ 35 – 37 ,  53 ]. Although the degree of hemodynamic 
impairment appears to be milder, survival was poorer in por-
topulmonary hypertension as compared to IPAH/HPAH 
(67 % vs. 85 % at 2 years and 40 % vs. 64 % at 5 years, 
respectively) in a US-based registry [ 120 ]. Because of the 
very high rate of peri-operative mortality in patients with 
portpulmonary hypertension undergoing liver transplanta-
tion (100 % in those with mPAP > 50 mmHg), all patients 

undergoing evaluation for liver transplant should be screened 
for the presence of pulmonary vascular disease (Table  4.3 ) 
[ 121 ].  

    Congenital Heart Disease 

 Adults constitute a signifi cant and increasing proportion of 
patients with CHD [ 122 ]. Depending on the nature of the 
defect (closed vs. open) and the population studied, PAH has 
been reported in 4–34 % of adults with CHD and confers a 
worse outcome when present [ 96 – 98 ]. Chronic left-to-right 
shunting that increases pulmonary blood fl ow results in pul-
monary vascular changes and, depending on the nature of the 
defect, increased right heart volume and pressure to induce 
endothelial damage, cytotoxicity, and, ultimately, precapil-
lary pulmonary vascular disease [ 123 ]. Because of the high 
prevalence of PAH associated with CHD, all congenital 
patients should be assessed and followed for the develop-
ment of PAH. Modern PAH registries have reported CHD- 
associated PAH in 11–24 % of Group 1 disease [ 34 – 36 ,  38 , 
 124 ] The most recent consensus guidelines from the 5th 
World Symposium in Nice, France included a more detailed 
sub-classifi cation of PAH associated with CHD (in both chil-
dren and adults) as well as an approach to correction of open 
shunts [ 1 ].  

    Schistosomiasis 

 Chronic schistosomiasis is perhaps the most common cause 
of PAH owing to the widespread prevalence of  schistosomia-
sis mansoni  infection worldwide. However, since parasite 
exposure tends to occur in developing countries, this PAH 
subtype remains incompletely studied. Cardiopulmonary 
complications including PAH are believed to occur when 
embolized worm eggs become trapped in the presinusoidal 
vasculature and result in portal hypertension and portosys-
temic shunt. Whereas direct pulmonary vascular exposure to 
egg antigens does not appear to underlie the pathobiology of 
schistosomiasis-PAH, many of the mechanistic pathways 
implicated in IPAH (e.g., TGF-β and infl ammatory cyto-
kines) have been implicated in the development of 
schistosoma- related pulmonary vascular injury experimen-
tally  in vivo  [ 125 – 127 ]. In a prospective screening study of 
65 patients with the hepatosplenic form of disease in Brazil, 
the prevalence of hemodynamic PAH was 4.6 % [ 128 ]. 
Untreated patients with schistosoma-related PAH may have 
less severe hemodynamic changes (i.e., lower mPAP and 
pulmonary vascular resistance, higher cardiac output) as 
compared to treated idiopathic patients, with similar rates of 
survival [ 129 ]. Although the role of targeted PAH therapy is 
undefi ned in this population, a small uncontrolled study of 
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schistosomiasis-associated PAH demonstrated improve-
ments in exercise tolerance and hemodynamics with oral 
PAH therapy [ 130 ].   

    WHO Group 2 Pulmonary Hypertension 
with Left Heart Disease 

 Pulmonary hypertension with left heart disease is observed 
in patients with heart failure (preserved and reduced LV ejec-
tion fraction) and mitral/aortic valvular disease [ 131 ]. The 
true prevalence of PH in this population is diffi cult to ascer-
tain because of heterogeneity of study cohorts, comorbidi-
ties, different methods of defi ning PH and use of either 
echocardiographic or invasive hemodynamics. In a commu-
nity based heart failure population in Olmstead county 
(n = 1049), the overall prevalence of PH (PASP > =35 mmHg) 
was noted to be 79 % [ 132 ] while a prevalence of 50 % was 
noted in a sub-population of Danish patients with heart fail-
ure (n = 388, PASP > 39 mmHg) [ 133 ]. 

 Little data is available for community-based populations 
with heart failure with reduced ejection fraction (HFrEF) and 
prevalence of PH. Using a cut-off of 20 mmHg of mPAP 
measured during right heart catheterization, Ghio and col-
leagues estimated a prevalence of 62 % in patients with left 
ventricular ejection fraction (LVEF) <35 % [ 134 ]. In selected 
populations, a prevelance of 40 % was noted using a mPAP 
cut-off of 25 mmHg in patients with Class III and IV heart 
failure and a mean EF of 27 ± 9 % [ 135 ] and 47 % of patients 
in ESCAPE trial (EF ≤ 30 %, NYHA Class IV) had PH 
(mPAP ≥25, PCWP > 15 and PVR ≥ 3WU) [ 136 ]. 

 Pulmonary hypertension is appears to be more prevalent 
in heart failure with preserved ejection fraction (HFpEF) 
than in HFrEF. In a community-based cohort at Olmstead 
county, the prevalence of PH (PASP > 35 mmHg) was pres-
ent in about 83 % of patients [ 137 ] with HFpEF. In hospital-
ized patients with HFpEF, the prevalence estimates have 
been 43 % (moderate PH, mean RVSP 47 ± 17 mmHg) [ 138 ], 
while in a large cardiac catheterization database the preva-
lence was reported as 52.5 % (mean PAP > 25 and 
LVEDP > 15) [ 139 ]. Also, PH (TR velocity >2.9 m/s) was 
present in 36 % of patients enrolled in the TOPCAT study 
that evaluated the role of aldosterone antagonism in HFpEF 
[ 140 ]. The high prevalence of PH in HFpEF is likely related 
to high burden of cardiopulmonary comorbidities and 
advanced age in this population [ 141 ]. Up to 73 % of patients 
with severe mitral valve disorders may have PH [ 142 ]. Also, 
patients with severe aortic stenosis may have a prevalence of 
30–50 % [ 143 – 145 ]. 

 Presence of PH in left heart disease is associated with a 
worse prognosis compared to those without PH. Elevated 
PASP was associated with high morbidity and mortality in 
heart failure patients with either reduced or preserved ejec-

tion fraction [ 133 ,  135 ,  137 ,  146 ]. Presence of PH on right 
heart catheterization in functional class III and IV heart fail-
ure patients increased the relative risk of acute heart failure 
or cardiovascular death by 2.6 fold [ 135 ], and the hazards of 
mortality increased by 30 % with every 10 mmHg increase in 
PASP in the community based HFpEF cohort [ 137 ]. 
Similarly, presence of PH increases operative mortality and 
decreases long-term survival (Relative risk: 1.7) in patients 
undergoing aortic valve replacement for severe aortic steno-
sis [ 143 ].  

    WHO Group 3 Pulmonary Hypertension 
Associated with Lung diseases and/or 
Hypoxemia 

 Hypoxia causes vasoconstriction in the pulmonary circula-
tion and, if prolonged, results in irreversible pulmonary vas-
cular remodeling that increases pulmonary vascular 
resistance and pressure. In addition, chronic lung diseases 
such as emphysema are associated with hyperinfl ation and 
alveolar capillary destruction and chronic alveolar hypoven-
tilation (as can occur in sleep disordered breathing and other 
neuromuscular disorders) that further contribute to the devel-
opment of PH in this population. In a cohort of 998 patients 
admitted with COPD as the only risk factor for PH, Chaouat 
and colleagues reported that about 50 % of patients had a 
mPAP > 20 mmHg and 1.1 % with mPAP ≥ 40 mmHg [ 21 ]. 
In patients with more severe lung disease, such as those with 
severe COPD and referred for lung volume reduction surgery 
or transplantation, the prevalence may range from 50 to 90 % 
[ 147 ,  148 ]. However, PH in COPD patients is mostly mild- 
moderate in severity [ 21 ,  149 ]. PH is more prevalent and is 
hemodynamically severe (mPAP >40 mmHg) in about half 
of patients with combined pulmonary fi brosis and emphy-
sema [ 150 ]. 

 In patients with idiopathic pulmonary fi brosis, the preva-
lence of PH as assessed by right heart catheterization has 
been reported in two retrospective studies as 31.6 % [ 151 ] 
and 33.9 % [ 152 ]. Shorr and colleagues reported that of the 
3457 patients that were listed for lung transplant over a 10 
year period 46.1 % had PH by right heart catheterization 
[ 153 ]. The presence of PH correlates linearly with mortality 
in patients with IPF [ 151 ], a PASP > 50 mmHg by echocar-
diography [ 154 ] and mPAP > 17 [ 155 ], in particular, predict 
mortality in IPF. The prevalence of PH in other types of 
interstitial lung disease and in pulmonary fi brosis patients 
with less severe disease is not well established. 

 The presence of PH in patients with COPD [ 156 – 158 ] 
and pulmonary fi brosis [ 153 – 155 ,  159 ] portends poor prog-
nosis. In patients with COPD that were started on long term 
oxygen therapy (n = 84), co-morbid PH (mPAP > 25 mmHg) 
was associated with 36 % survival at 5 years compared to 
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62 % in those without PH [ 158 ] and was a better predictor of 
survival than the forced expiratory volume in 1 s (FEV1), 
hypoxemia or hypercapnia. Also, presence of elevated mPAP 
(>18 mmHg) was independently associated with risk of 
COPD exacerbation in cohort of moderate to severe COPD 
patients [ 160 ]. Similarly dilated pulmonary artery (ratio of 
the diameter of the pulmonary artery to the diameter of the 
aorta > 1), a marker of elevated PAP was associated with 
severe exacerbations of COPD [ 161 ]. 

 While several studies have reported that the prevalence of 
PH in sleep disordered breathing ranges from 17 to 52 %, 
many investigators used a cut-off of mPAP > 20 mmHg and 
did not control for concomitant heart and lung disease that 
are associated with PH [ 162 ]. The presence of PH in sleep 
disordered breathing has been shown to correlate with age, 
BMI, pO 2 , pCO 2  pulmonary capillary wedge pressure, FEV1 
and forced vital capacity [ 162 ]. 

 Exposure to chronic hypoxia at high altitude results in 
pulmonary vasoconstriction and vascular remodeling lead-
ing to PH that is associated with chronic mountain sickness 
[ 163 ]. However, there are limited number of studies evaluat-
ing the true prevalence of PH in general high altitude 
 residents using echocardiography or right heart catheteriza-
tion [ 164 ].  

    WHO Group 4 Chronic Thromboembolic 
Pulmonary Hypertension 

 Chronic thromboembolic pulmonary hypertension (CTEPH) 
is distinct from the other WHO groups as a potentially cur-
able form of pulmonary vascular disease. Despite advances 
in our understanding of best practices for diagnosis and treat-
ment of CTEPH, less is known about the epidemiology of 
this form of PH [ 165 ]. Although some series have suggested 
that up to 42 % of patients diagnosed with CTEPH had no 
known history of venous thromboembolism, current evi-
dence supports a thromboembolic mechanism even in cases 
without known prior acute VTE, although the pathogenesis 
of vascular remodeling may be more complex than a failure 
to resorb acute thrombi alone [ 166 – 169 ]. 

 In patients with prior pulmonary embolus (PE) the pub-
lished incidence rate of CTEPH varies widely, but does not 
exceed 10 % [ 167 ,  170 – 173 ]. In one prospective cohort of 
unselected patients with PE routinely screened 1 year after 
their index event, the incidence of CTEPH was 0.57 % (95 % 
confi dence interval 0.02–1.2 %) [ 173 ]. A second study that 
screened for CTEPH only in the presence of symptoms doc-
umented CTEPH in ~1 % of the study sample [ 171 ]. The 
incidence of symptomatic (persistent dyspnea after 
unselected PE) CTEPH was 1 % and 4 % at 1 and 2 years, 
respectively, in a study that used gold standard diagnostic 
testing (ventilation-perfusion lung scanning, pulmonary 

angiogram, and right heart catheterization) and followed 
patients prospectively for a median of 94 months [ 170 ]. In 
Spain, CTEPH burden was evaluated as part of a country- 
wide registry for pulmonary vascular disease; the prevalence 
of CTEPH was 3.2 cases/million adults and the incidence 
was 0.9 cases/million/year, with reported 1-, 3-, and 5-year 
survival rates of 93 %, 75 %, and 65 % [ 38 ]. 

 Observational studies have identifi ed various risk factors 
for the development of CTEPH. These include a history of 
prior or recurrent VTE, prior splenectomy, and the presence 
of shunt or indwelling foreign bodies (such as pacemakers) 
[ 170 ,  174 ]. Some but not all clotting diatheses, such as the 
presence of lupus anticoagulant or antiphospholipid antibod-
ies in 10–20 % of patients and higher factor VIII levels, 
increase the risk of CTEPH [ 175 – 177 ]. While many studies 
have examind unselected cohorts of PE patients not enriched 
for right ventricular dysfunction or high-risk features, size of 
perfusion defect on presentation has been shown to confer an 
increased risk of CTEPH, although there are currently no 
recommendations to screen such patients for the develop-
ment of chronic disease after their acute event [ 170 ].  

    WHO Group 5 Pulmonary Hypertension 
with Unclear or Multifactorial Mechanisms 

 The etiology of PH in Group 5 is either unclear or as a 
result of pathophysiological mechanisms observed in 
Groups 1 to 4 (For detailed review see [ 178 ]). The underly-
ing mechanism of PH in this group varies and includes 
vasoconstriction, pulmonary vascular remodeling, vascular 
occlusion with thrombi/ tumors, external compression, 
increased cardiac output, pulmonary venous hypertension 
or veno-occlusion. 

 The hematologic disorders associated with PH include 
myeloproliferative disorders, splenectomy, and hemoglobin-
opathies. It has been estimated that PH defi ned by echocar-
diography (RVSP > 35 mm Hg) complicates 13–50 % of 
patients with polycythemia vera, essential thrombocythemia, 
and primary myelofi brosis [ 179 – 184 ]. The underlying mech-
anism may be related to thromboembolic disease, precapil-
lary PH (similar to IPAH), or extra-medullary hematopoiesis 
in the lung [ 178 ,  179 ]. Anagrelide and dasatinib used in the 
treatment of certain myeloproliferative disorders have been 
shown to promote PH as well [ 74 ,  185 ,  186 ]. A history of 
splenectomy has been reported in 2.5–11.5 % of patients 
with IPAH and 8.5 % of patients with CTEPH [ 187 ,  188 ]. 
The most likely mechanism of PH in asplenic patients is due 
to hypercoagulopathy resulting in in situ thrombosis and 
delayed thrombus resolution [ 178 ,  189 ]. 

 Approximately 30 % of adult sickle cell (SC) patients have 
abnormal TR velocities, but only 10 % of patients meet hemo-
dynamic criteria for PAH, as other cardiopulmonary effects in 
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SC may cause PH (e.g., left heart/valvular disease, high-out-
put failure related to hemolysis) [ 99 ]. For these reasons, PH 
related to the chronic hemolytic anemia (including SC, thalas-
semia, spherocytosis, and stomatacytosis) was reclassifi ed 
during the World Symposium in Nice from WHO Group 1 to 
WHO Group 5 (and has also transiently been in Group 4) [ 1 ]. 
Pulmonary vascular disease complicated SC disease has been 
associated with increased mortality [ 190 ,  191 ]. Higher TR 
velocity on Doppler echocardiography is a correlate for pul-
monary pressures and has been shown to identify patients at 
risk for death [ 192 ]. As such, the American Thoracic Society 
recommends all adults with SS disease > 18 years of age be 
screened with echocardiography every 1–3 years, although 
this is an area of considerable controversy [ 100 ,  193 ]. Older 
age and markers of poorer disease control (e.g., more severe 
anemia, hemolysis, and renal dysfunction) have been associ-
ated with a higher risk of PH in some studies [ 99 ,  190 ,  191 ]. 
Treatment of PH (without confi rmation of PAH by RHC) with 
phosphodiesterase-type 5 inhibitors led to increased morbidity 
in a clinical trial of SC patients, highlighting the complexities 
of this PH phenotype [ 194 ]. 

 Other systemic disorders associated with PH include sar-
coidosis, pulmonary Langerhans cell histiocytosis (PLCH), 
lymphangioleiomyomatosis (LAM), neurofi bromatosis, vas-
culitis, Whipple disease, and POEMS (Polyneuropathy, 
Organomegaly, Endocrinopathy, Monoclonal protein, Skin 
changes) syndrome. The development in PH in such condi-
tions portends a poor prognosis [ 178 ]. The overall preva-
lence of PH in sarcoidosis is 5–15 % [ 195 ,  196 ], in PLCH is 
11 % [ 197 ] and LAM is 7 % [ 198 ]. However the prevalence 
is much higher in patients referred for transplantation with 
these diseases (74–79 % in sarcoidosis [ 199 ,  200 ], 92–100 % 
in PLCH [ 201 ,  202 ] and 45 % in LAM [ 203 ]). 

 Metabolic disorders such as glycogen storage disorders, 
Gaucher disease, thyroid disorders and Hurler syndrome/
Hurler-Scheie syndrome have been shown to be associated 
with PH. The data on prevalence of PH in these diseases is 
limited and is discussed in detail in a recent review by Lahm 
et al. [ 178 ]. Other associated conditions with PH include 
those related to the compression of pulmonary vessels 
(fi brosing mediastinitis, lymphadenopathy, tumor) and 
obstruction of the pulmonary vessels (endovascular tumor, 
tumor emboli, pulmonary tumor thrombotic microangiopa-
thy, pulmonary vein stenosis). 

 Chronic renal failure patients may develop PH due to 
underlying pulmonary venous hypertension from volume 
overload and/or intrinsic left heart disease, true pulmonary 
arterial vasculopathy, or high-output cardiac failure related 
to long-standing fi stulas. Impaired endothelial function, met-
abolic and hormonal changes, vascular calcifi cation and cal-
cium/phosphate imbalance have been proposed as potential 
additional mechanisms [ 204 ,  205 ] Small retrospective stud-
ies have demonstrated a high prevalence of echocardio-

graphic PH among patients with end-stage renal disease, 
ranging from 19 % to as high at 56 % [ 204 – 210 ]. Advanced 
chronic kidney disease and hemodialysis via arteriovenous 
access appear to be independent risk factors for the develop-
ment and progression of PH [ 205 ,  206 ]. Pre-transplantation 
echocardiographic PH may also be a predictor of post- 
transplant allograft failure and survival [ 204 ]. Further studies 
are needed to better characterize PH in renal failure as well 
as other etiologies in WHO Group 5.  

    Summary and Conclusions 

 Considerable progress has been made in our understand-
ing of the epidemiology of pulmonary vascular disease. 
To this point, predominantly center-based registries have 
informed our knowledge of current PAH characteristics 
and population- based observational studies have pro-
vided a snapshot of PH complicating chronic cardiopul-
monary disease. Modern therapy has no doubt improved 
prognosis in PAH. Yet, how basic demographic charac-
teristics such as age and sex modify risk (regardless of 
clinical sub-type) and survival in PH or PAH remain 
poorly understood. A comprehensive and multi- faceted 
approach that captures patients across settings, time, and 
geography will likely be required to address further the 
unsolved epidemiologic issues of pulmonary vascular 
disease.     
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            Introduction 

 Infl ammation is increasingly recognized as an important 
pathogenetic element in PH [ 1 – 4 ]. Expanding on initial 
observations of accumulation of infl ammatory cells in PH, it 
has recently been documented by members of our investiga-
tive team that the amount of perivascular infl ammatory infi l-
trate correlates with parameters of vascular remodeling and 
hemodynamics in PH [ 5 – 8 ]. Thus, it is increasingly clear 
that early (animal models) and persistent infl ammation (ani-
mals and humans) is present and contributes to pulmonary 
vascular disease [ 3 ,  9 ]. Importantly, infl ammatory cell infi l-
trates in nearly all experimental animal models of PH and 
human PH are largely adventitial and/or perivascular in 
nature [ 9 – 12 ]. Accordingly, these and other observations 
support a paradigm of vascular infl ammation in which cells 
in the adventitia form a suitable niche to promote infl amma-
tion, which progresses inward toward the media and intima 
[ 9 ,  12 – 15 ]. In support of this so called “outside-in” hypoth-
esis of adventitial regulation of infl ammation are observa-
tions that in a wide variety of vascular injuries, notably those 
associated with PH, there is a rapid infl ux of leukocytes into 
the adventitial compartment [ 10 ,  16 ]. Both adventitial fi bro-
blasts and recruited macrophages, in response to a variety of 
stimuli (including hypoxia, cytokines, and vascular injury) 

activate, in a time-dependent and pulmonary artery specifi c 
manner, expression of  cytokines and chemokines, their 
receptors and adhesion molecules making it possible for 
these cells to initiate and perpetuate infl ammatory responses 
in an “outside-in” fashion. Studies have also demonstrated 
that abrogating mononuclear phagocyte accumulation in the 
vessel wall completely attenuated the pulmonary vascular 
remodeling process [ 16 ,  17 ]. These observations therefore 
support the idea that temporal/spatial dysregulation and/or 
failure of the normal switch-off signal in resident vascular 
cells and/or macrophages may directly contribute to the per-
sistence of a chronic infl ammatory immune response and 
ultimately to vascular remodeling. 

 It has been proposed that a positive feedback loop between 
the resident stromal/mesenchymal cells and resident/infi l-
trating macrophages is a key candidate mechanism for per-
sistence of infl ammation in a variety of diseases ranging 
from cancer to PH [ 18 – 21 ]. Moreover, growing evidence has 
indicated that epigenetic marks may “lock” innate immune 
cells into distinct functional phenotypes with loss of func-
tional plasticity and failure to respond to regulatory signals. 
The infl ammatory microenvironment in the pulmonary vas-
cular circulation could therefore promote epigenetic marks 
in fi broblasts and macrophages, locking their functional phe-
notype into a pro-fi brogenic and pro-remodeling phenotypes 
[ 22 – 26 ]. Different signaling processes mediated largely by 
STAT1, STAT3, and STAT6 may drive macrophage gene 
expression patterns that promote remodeling [ 27 ]. 

 The focus of this review will be specifi cally on the cellu-
lar and molecular mechanisms leading to the development of 
infl ammation and pulmonary vascular remodeling in the 
context of hypoxia and chronic lung disease herein known as 
hypoxic PH or World Health Organization (WHO) Group 3 
PH. While we focus on mesenchymal-macrophage interac-
tions, which occur during the development of PH, our pri-
mary goal is to elucidate new concepts involving the 
intertwining roles of hypoxia, infl ammation, and their effects 
on recruited immune and progenitor cells in the setting of 
hypoxic PH. It is our belief that a better understanding of 
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disease mechanisms in hypoxia-related lung diseases will 
lead to improved targeted therapies at least for patients with 
WHO Group 3 PH.  

    The Effect of Acute and Chronic Hypoxia 
on the Infl ammatory Status of Resident 
Pulmonary Vascular Cells 

 In an effort to better understand the pathophysiologic mecha-
nisms involved in forms of PH related to lung disease and/or 
global hypoxia (WHO Group 3 PH), several animal models 
have been used; namely the hypoxic mouse, rat, calf, lamb, 
and pig models [ 9 ,  28 ]. While there are differences between 
humans with Group 3 PH and animal models, several key 
conserved pathologic features exist that characterize the 
changes observed in the three compartments of the vascular 
wall (intima, media, adventitia) and their respective resident 
cells (endothelial, smooth muscle, and fi broblasts). It should 
be noted that the degree of pulmonary vascular remodeling 
in response to hypoxia increases with phylogenic order of 
species (cow > rat > mouse) and directly correlates to the 
amount of perivascular infl ammation [ 12 ]. We discuss below 
the effects of chronic hypoxia on the pathology of the vascu-
lar wall as well as on resident cells both in vivo and in vitro 
and underscore the importance of these cells with respect to 
the initiation and perpetuation of remodeling and 
infl ammation. 

    The Intima: Endothelial Cells 

 Hypoxia has signifi cant effects on the regulation of synthesis 
and secretion of vasoactive factors and infl ammatory cyto-
kines in PAECs. Hypoxia causes PAECs to induce a vaso-
constrictive environment through decreased production and/
or activity of prostacyclin and nitric oxide (NO) as well as 
increased production of endothelin, serotonin, leukotrienes, 
and other mediators [ 29 – 35 ]. In vitro studies also demon-
strate that exposure of PAECs to hypoxia causes the synthe-
sis and release of pro-infl ammatory (IL1, IL6, IL8), 
pro-mitogenic (VEGF-1, endothelin-1, thromboxane, 
PDGF-B, CX3CL1) and anti-thrombic mediators, (increased 
tissue factor, decreased thrombomodulin) as well as increased 
expression of infl ammatory cell adhesion molecules (VCAM, 
ICAM, P-selectin) [ 29 ,  36 – 40 ]. These fi ndings support a 
PAEC contribution to the observation that hypoxic forms of 
PH have a consistent and important infl ammatory compo-
nent and that the endothelium likely plays a role. However, 
they do not fully explain the observations that infl ammatory 
cells aggregate mostly in the adventitia of chronically 
hypoxic animals [ 9 ,  10 ,  12 ,  13 ,  16 ,  25 ]. It is possible that 
ECs of the vasa vasorum exhibit specifi c upregulation of 

adhesion molecules and cytokines that could facilitate it act-
ing as a conduit for leukocyte delivery to the hypoxic vessel. 
This possibly should be explored as emerging evidence 
points to distinct EC-infl ammatory cell interactions in EC’s 
of different organs [ 41 ,  42 ]. The role of the vasa in hypoxia- 
induced pulmonary vascular remodeling and infl ammation is 
discussed in detail below.  

    The Media: Smooth Muscle Cells 

 The sine qua non of vessel remodeling in hypoxic PH is 
thickening of the media at all levels of the pulmonary arterial 
bed and the appearance of cells expressing alpha-smooth 
muscle actin (α-SMA) in partially muscular or non-muscular 
small pulmonary arteries. Because the small pulmonary 
arteries account for the majority of total cross sectional area 
in the pulmonary vascular bed, it is these changes in the dis-
tal pulmonary arteries that account for the greatest changes 
in pulmonary vascular resistance [ 8 ,  43 – 46 ]. The thickening 
of muscular and large elastic vessels can include both hyper-
plastic and hyperproliferative responses as well changes as 
changes in extracellular matrix composition. These changes 
likely contribute to decreases in compliance of the large ves-
sels, a functional change increasingly thought to be impor-
tant in PH disease progression [ 47 ]. 

 The data regarding SMC proliferation under hypoxic con-
ditions has recently been extensively reviewed [ 48 ]. To sum-
marize, there is evidence of a modest increase in SMC 
proliferation in rodents and large animals in response to 
chronic hypoxia. In vivo studies in large animal models sug-
gest that there are subsets of undifferentiated resident cells 
with high proliferative potential in proximal PAs and undif-
ferentiated resident and perhaps non-resident cells in distal 
PAs that proliferate in response to hypoxia. Regarding 
in vitro studies, our work in large animal models demon-
strate that in proximal PAs there are different SMC popula-
tions, with a continuum of proliferative potential whereby 
the least differentiated cells have the highest proliferative 
potential. In SMCs isolated from distal PAs of normal ani-
mals, there exists a uniform population of well differentiated 
non proliferative cells, while a second population of highly 
proliferative non resident cells can be isolated from hypoxic 
animals. Regarding the vast literature of whether SMCs pro-
liferate in response to hypoxia in vitro, it becomes nearly 
impossible to be concrete in the answer to this question. This 
is because the differences in any of the following factors can 
infl uence the results of the experiment: species, location of 
PA from which cells are isolated, cell population within spe-
cifi c location of PA used, severity of hypoxia, seeding den-
sity, presence or absence of co-mitogens (e.g. presence of 
serum or even low concentrations of growth factors), and 
duration of hypoxia [ 49 ]. A review by Pak et al notes 
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 confl icting reports on 16 studies that try to answer this very 
question and elucidates how each of these conditions can 
alter the results of the experiment [ 49 ]. While SMC prolif-
eration cannot be studied in vivo in humans, more recent 
work has demonstrated distal well- differentiated PASMCs, 
characterized by α-SMA and SMMHC expression, isolated 
from humans with PAH appear to be hyperproliferative at 
baseline compared to SMCs from control patients [ 50 ]. 
Questions remain regarding whether in vitro culture selects 
for a subset of cells that are hyperproliferative and may only 
represent a small number of cells in vivo. Nonetheless, this 
data suggests that there are important differences between 
SMCs isolated from hypoxic animal models and humans 
with PAH with regard to their ability to proliferate without 
exogenous growth factors and mitogens. 

 Medial smooth muscle cells may also have important 
functions with regard to recruitment of circulating infl amma-
tory and progenitor cells as well as in the activation of resi-
dent progenitor cells. Horita et al reported mice with an 
inducible smooth muscle-specifi c PTEN deletion develop 
severe PH with intimal obliteration after 4 weeks of chronic 
hypoxia [ 51 ]. Furthermore, there was increased whole lung 
expression of infl ammatory mediators (SDF-1, IL6) and 
increased perivascular macrophage recruitment. Interestingly, 
hypoxia induced perivascular proliferation in the SMC- 
specifi c PTEN knockout mice was most dramatically 
increased in α-SMA negative cells. While the authors show 
decreased PASMC PTEN expression in patients with IPAH, 
we do not know whether this leads to increased perivascular 
infl ammation in humans, especially in those with hypoxic 
PH. It is therefore possible that in patients with hypoxic PH, 
the combination of hypoxia plus a second hit (PTEN dele-
tion) can transform resident SMC’s into cells that are capable 
of infl ammatory cell recruitment, local endothelial cell pro-
liferation and proliferation and migration to distal previously 
non-muscularized vessels. Also of possible relevance are 
studies showing that decreases in myocardin related tran-
scription factor-A (MRTF-A) in SMCs, which can occur 
when BMPR2 signaling is impaired as has been reported to 
occur in response to chronic hypoxia, may lead to a pro- 
infl ammatory SMC [ 52 ,  53 ]. 

 Interestingly, MRTF-A inhibits RelA/p65 in a BMP- 
dependent manner [ 53 ]. Similarly Yeager et al has shown 
that endothelin-1 (ET-1)-stimulated pulmonary artery SMCs, 
via the unfolded protein response, release pro-infl ammatory 
and chemotactic mediators [ 54 ]. While this experiment was 
not performed in a hypoxic model of PH, given local endo-
thelin- 1 production in response to hypoxia by endothelial 
cells, this process likely occurs in hypoxic models of PH as 
well. There is evidence that hypoxia induces PASMC ET-1 in 
a HIF1 dependent manner which induces a feed forward loop 
whereby ET-1 further stimulates HIF1α protein and HIF1 
gene expression [ 55 ]. On the other hand, at least in hypoxic 

animal models, there is evidence that recruited pro- 
infl ammatory cells exert mitogenic effects on medial pulmo-
nary artery SMCs in vitro [ 56 ,  57 ]. These data above raise 
the possibility that resident SMCs have the potential to 
induce a feed-forward loop whereby they induce a pro- 
infl ammatory and pro-mitogenic environment and in turn 
respond with increased proliferation.  

    The Adventitia: Resident Fibroblasts 
and Immune Cells 

 The outermost portion of the vessel wall, the adventitia, 
serves the vessel as an extracellular matrix (ECM) scaffold 
that contains conduits for nutrient supply and removal, that is 
the vasa vasorum, lymphatic vessels and trophic nerves, as 
well as resident cells such as fi broblasts, progenitor cells, 
immune cells (macrophages and dendritic cells). Due to this 
cellular and structural complexity the adventitia is the most 
heterogeneous compartment of the vessel wall. In response 
to hypoxia in humans and in animal models of PH, the 
adventitia undergoes substantial thickening due to a signifi -
cant increase in collagen and ECM protein deposition, 
marked expansion of the vasa vasorum, proliferation of resi-
dent fi broblasts and possibly macrophages, activation of 
resident progenitor cells, as well as recruitment of circulat-
ing immune and progenitor cells [ 12 ]. Accumulating experi-
mental data suggest that, in response to vascular stresses, 
including hypoxia and over-distention, the resident adventi-
tial fi broblast, in the function of a sentinel cell, is the fi rst to 
become activated and to respond through proliferation, 
upregulation of contractile and extracellular matrix proteins, 
and to release factors that can directly affect medial SMC 
tone and growth as well as stimulate the recruitment of 
infl ammatory and progenitor cells [ 25 ,  58 ,  59 ]. This has led 
to the idea that as opposed to the usual paradigm of infl am-
mation and remodeling being driven from the inside-out that 
an alternative paradigm of an “outside-in” hypothesis, in 
which vascular infl ammation is initiated in the adventitia and 
progresses inward toward the media and intima driving with 
it the remodeling process [ 12 ,  13 ,  15 ]. In support of the “out-
side- in” hypothesis of adventitial regulation of infl ammation 
are observations that, in a wide variety of vascular injuries, 
there is a rapid infl ux of leukocytes into the adventitial com-
partment [ 14 ,  60 – 63 ]. In experimental models of PH, both 
chronic hypoxic exposure and monocrotaline treatment lead 
to the early appearance and persistence of infl ammatory/pro-
genitor cells in the adventitia of both large and small pulmo-
nary arteries, followed by prominent vascular remodeling [ 9 , 
 11 ,  16 ,  25 ,  64 – 66 ]. Studies in the hypoxic pulmonary circu-
lation have demonstrated a complex, time-dependent and 
pulmonary artery-specifi c upregulation of several cytokines/
chemokines, their receptors, and adhesion molecules, which 
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appear to be produced/expressed by adventitial fi broblasts 
and recruited monocytes, and are likely involved in the ini-
tiation and perpetuation of the infl ammatory response in a 
“outside-in” fashion [ 10 ,  11 ,  67 ]. 

 The adventitia can therefore be regarded as playing a crit-
ical role in initial steps of the pathogenesis of vascular 
infl ammation and remodeling [ 63 ]. The adventitia comprises 
canonical innate immune cells, specifi cally macrophages 
and dendritic cells (DCs), but also cells that have only 
recently been regarded capable of exerting immune func-
tions, such as the adventitial fi broblast [ 25 ]. Macrophages 
and DCs are diffusely scattered in the pulmonary arteries of 
man and animals [ 10 ,  68 ]. Increases in their numbers are 
observed in Pulmonary Arteries (PA) in the setting of PH 
raising the possibility for a role in perpetuating infl ammation 
just as in the systemic circulation [ 10 ,  68 ]. Additionally, in a 
variety of pathological conditions such as asthma [ 69 ], 
COPD [ 70 ], and PH [ 3 ,  4 ,  7 ], DCs demonstrate a marked 
proclivity to reside in the adventitia, likely modulating 
infl ammatory, immunological, and vascular cell proliferative 
processes. The presence of dendritic cells (DCs) in the lung 
has been known for over 25 years [ 71 ]. The principal job of 
pulmonary DCs is to encounter putative self and non-self/
environmental antigens, primarily at epithelial surfaces, and 
coordinate appropriate innate and acquired immunity 
responses [ 72 ]. Circulating or tissue-resident, DCs are nor-
mally immature until triggered by a multitude of signals, 
including ingestion of apoptotic cells, to express DC-SIGN, 
CD83, and additional markers of maturation [ 73 ]. 

 Macrophages, DCs, and adventitial fi broblasts are all 
equipped with the necessary machinery, (e.g. toll-like recep-
tors [TLRs], infl ammasome components [NLRs], to potently 
respond to a variety of exogenous and endogenous danger 
signals. Such activation results in generation of a host of 
cytokines, chemokines, as well as mediators of oxidative 
stress (ROS, NOS) and tissue remodeling (TIMPS, MMPs) 
by macrophages/DCs and also fi broblasts [ 25 ,  74 – 76 ]. 
Interestingly, the pattern of expression of TLRs appears to be 
vessel specifi c, which contributes to vessel-specifi c risk for 
infl ammatory vasculopathies [ 77 ]. Monocytes/macrophages 
and classical and plasmacytoid DCs originate from hemato-
poietic stem cells and are replaced continually from a com-
mon macrophage and DC precursor [ 78 ,  79 ]. It has now 
become evident that certain tissue resident macrophages 
such as liver Kupffer cells, epidermal Langerhans cells, 
microglia, and pleural macrophages are able to proliferate 
and renew independently from the bone marrow. These cells 
represent a lineage of tissue macrophages that derive from 
the yolk sac and are genetically distinct from bone marrow 
derived macrophages [ 79 ]. Therefore, certain populations of 
tissue resident macrophages and DCs may be present in the 
adventitia and may constitute a distinct population with the 
ability to self renew and to exert distinct functional 

 phenotypes. Functional plasticity and diversity is increas-
ingly recognized to be an essential feature of the mononu-
clear phagocyte system and may be regarded a condition sine 
qua non for the coordinated initiation, propagation and reso-
lution of local immune responses [ 74 ,  80 ,  81 ]. A diverse set 
of macrophage functional phenotypes has thus been demon-
strated to be involved in a wide variety of pathologies: mac-
rophages can promote or resolve fi brosis, promote insulin 
resistance and obesity, are essential in thermoregulation 
through generation of catecholamines, are essential for 
wound healing, can promote and restrict T cell responses, 
promote angiogenesis, promote or suppress tumor growth, 
fi ght pathogens, and control homeostasis in local immune 
networks such as the gut [ 22 ,  74 ,  80 – 84 ]. 

 One recently discussed idea is that macrophages and DCs, 
based on the fact that no surface or functional marker defi ni-
tively distinguishes macrophages from dendritic cells, do not 
represent separate entities but rather two extremes of regu-
lated functional activation states on a continuum of a yet 
unknown number of functional activities [ 85 ]. Chief among 
these are the capability of macrophages to mount strong pro- 
infl ammatory cytokine responses (initiating innate immune 
responses) and DCs to be strong antigen presenters and 
inducers of T cell responses (initiating adaptive immune 
response). However, as pointed out, both cell types can per-
form both functions in response to adequate stimulation [ 85 ]. 

 For a long period of time, fi broblast activation was 
regarded as relatively insignifi cant in regulating immune 
responses and focus was placed primarily on immune inter-
actions between lymphocytes, macrophages and dendritic 
cells. It is now becoming clear that many danger signals are 
not antigen-specifi c, and, currently, focus is shifting toward 
an extended immune system in which fi broblasts play an 
important role in innate immune responses. Importantly, 
there is convincing evidence that fi broblasts taken from dis-
eased tissue display a fundamentally different phenotype 
compared with fi broblasts taken from normal tissues at the 
same anatomical site [ 20 ,  25 ,  26 ,  86 ,  87 ]. 

 The activated adventitial fi broblast appears to exert a 
functional plasticity reminiscent of that of macrophages/DCs 
in that they have been shown to express a combination of 
functional phenotypes including generation of pro- 
infl ammatory cytokines and molecules necessary for antigen 
presentation and T-cell stimulation [ 25 ]. This functional 
plasticity of the activated adventitial fi broblast may therefore 
play a key role in initiating and propagating adventitial 
infl ammation through generation of numerous cytokines and 
chemokines that create a microenvironment tailored to fi ne- 
tuning the activation of tissue resident macrophages and DCs 
as well as promoting recruitment of blood derived infl amma-
tory monocytes [ 15 ,  25 ]. 

 Therefore, in infl ammatory responses in the adventitia of the 
PA, macrophage, DC and fi broblast activation can be  fi ne-tuned 
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over a large scale of functional phenotypes, including switching 
from pro-infl ammatory to pro-fi brotic or pro-resolving func-
tional phenotypes or complete deactivation. In the absence of a 
specifi c antigen, as could be the case in initiating stages of 
hypoxia induced or idiopathic PH initially a functional pheno-
type characterized by generation of pro-infl ammatory media-
tors may be displayed by macrophages, DCs and fi broblasts. 
Over time this phenotype maybe fi ne-tuned toward generation 
of pro-remodeling and pro-fi brogenic mediators generated by 
macrophages and fi broblasts. In contrast, in the presence of spe-
cifi c antigen, an antigen processing and T cell activating func-
tional phenotype (dendritic cell phenotype) may prevail [ 15 ,  22 , 
 23 ,  74 ,  80 ,  81 ]. 

 Importantly, there is growing evidence that epigenetic 
marks may “lock” innate immune cells into a distinct func-
tional phenotype, which may result in loss of functional plas-
ticity and failure to respond to regulatory signals, such that 
adventitial fi broblasts retain a pro-infl ammatory phenotype 
driving recruitment of infl ammatory monocytes and DC pre-
cursors and promoting epigenetic marks in macrophages 
locking their functional phenotype into a pro-fi brogenic and 
pro-remodeling macrophage [ 22 – 24 ,  88 ,  89 ]. The molecular 
basis for this persistently activated fi broblast phenotype at 
sites of chronic infl ammation remains unclear, although fi nd-
ings suggest that NF-κB signaling pathway plays a critical 
role in perpetuating chronic persistent infl ammatory 
responses [ 90 ,  91 ]. Therefore, temporal-spatial dysregula-
tion and/or failure in the normal “switch-off signal” in fi bro-
blasts and/or macrophages/DCs may directly contribute to 
the persistence of a chronic infl ammatory immune response. 

 The transition to a chronic infl ammatory phenotype also 
requires changes in the adhesion molecule and chemokine 
receptor expression on fi broblasts and recruited hematopo-
etic cells respectively. Fibroblasts express and upregulate 
adhesion molecules, including ICAM-1 and VCAM-1 that 
cause adhesion of leukocytes in response to a variety of stim-
uli. Secretion of cytokines, including Transforming growth 
factor-β (TGF-β), by the activated fi broblast cause activation 
and upregulation of receptors such as CXCR4 on newly 
recruited hematopoetic cells, as well as secretion of SDF-1, 
the cognate ligand for CXCR4 [ 92 ]. Thus, an environment is 
created in chronically infl amed tissues, whereby the adventi-
tia acts as a “foster home” for leukocytes leading to their 
inappropriate/pathologic retention and survival [ 90 ].   

    Cell and Molecular Mechanisms Involved 
in Hypoxia-Induced Vascular Remodeling 

    Alveolar Macrophages 

 In rodent and large animal models of PH, acute exposure to 
hypoxia leads to increased expression of infl ammatory 

 mediators and increased numbers of infl ammatory cells in 
both the alveolar space and around the pulmonary artery [ 10 , 
 93 – 95 ]. Mice exposed to acute hypoxia (8–10 % FIO 2 ) show 
increased expression of MCP1, macrophage infl ammatory 
protein (MIP)-2, IL1a, and IL6 in whole lung [ 93 ]. Similarly, 
in rats exposed to acute hypoxia, there are increased numbers 
of alveolar macrophages and infl ammatory mediators includ-
ing HIF1 in bronchoalveolar lavage (BAL) fl uid [ 96 ]. 
Importantly, depletion of alveolar macrophages using clodro-
nate liposomes attenuates alveolar infl ammation suggesting a 
role in either the initiation or maintenance of hypoxia-induced 
infl ammation [ 96 ]. Wood and Gonzalez have elegantly 
described the role of alveolar macrophages as hypoxia sen-
sors that secrete MCP1 and induce both local (alveolar com-
partment) and systemic infl ammation in the mesentery and 
skeletal muscle through local mast cell degranulation [ 97 ]. In 
hypoxic rats, by artifi cially maintaining normoxia in the mes-
entery and skeletal muscle (while the alveolar compartment is 
hypoxic), they demonstrate these effects are mediated through 
MCP1 and not regional hypoxemia. While they did not deter-
mine the effect on mast cells in the pulmonary vasculature, 
many other groups have confi rmed the importance of mast 
cells in hypoxic PH, IPAH, and other forms of PH [ 98 – 102 ]. 

 Unfortunately, in the aforementioned experiments [ 96 ], 
the effect of alveolar macrophage depletion on hypoxia- 
induced PH was not examined and thus the role of alveolar 
macrophages in the pathogenesis of hypoxic PH remains 
unclear. However, Vergadi et al showed that early recruitment 
and alternative activation of alveolar macrophages is impor-
tant for the later development of hypoxic PH [ 57 ]. 
Furthermore, soluble factors generated by alveolar macro-
phages were able to induce smooth muscle proliferation 
in vitro [ 57 ]. Finally, transgenic and inducible overexpression 
of lung specifi c heme oxygenase (HO)-1, an anti- infl ammatory 
mediator, resulted in down regulation of alveolar compart-
ment infl ammatory cytokines, and conversion of the alterna-
tively activated macrophage phenotype into anti-infl ammatory 
IL-10 producing phenotype [ 57 ]. These studies suggest that 
HO-1 plays a critical role in regulating cellular phenotypes. 
Infl ammatory cytokines/mediators, including leukotrienes in 
the alveolar compartment have also been reported in the 
monocrotaline rat model of PH and in infants with persistent 
PH of the newborn [ 103 – 105 ]. These studies suggest that the 
alveolar macrophage and mediators derived thereof affect 
cellular phenotypes in the pulmonary vascular wall thorough 
paracrine signaling pathways.  

    Resident and Recruited Perivascular 
Macrophages 

 The role of resident and recruited perivascular macrophages 
in shaping pulmonary vascular remodeling also remains 
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largely unknown. Due to the inherent diffi culty associated 
with isolating perivascular macrophages, very little is known 
regarding the importance of these cells in hypoxic 
PH. However, recent work supports the hypothesis that resi-
dent tissue macrophages play important roles in maintaining 
tissue homeostasis by communicating with the local paren-
chymal and non-parenchymal cells (i.e. “client” cells) [ 106 ]. 
It is believed that under tissue stress, resident macrophages 
instruct their client cells to mount an appropriate response, 
including the recruitment of blood monocytes to comple-
ment the resident macrophage pool (e.g. recruitment of 
CCR2+ cells) [ 106 ]. Recruitment of CCR2+ infl ammatory 
macrophages has been shown to be critical in a wide variety 
of acute and chronic infl ammatory disease models [ 107 –
 110 ]. Consistent with this hypothesis, Frid et al, have dem-
onstrated that ablation of circulating blood monocytes in a 
rat model of hypoxic PH prevented both remodeling and PH 
[ 16 ]. It can be hypothesized further that ‘client cells’ play a 
critical role in providing turn off signals to both resident and 
recruited macrophages and resident cells, like fi broblasts, in 
order to promote resolution of infl ammation. Thus, intricate 
cross-talk between resident and recruited macrophages with 
their client cells is key in maintaining tissue homeostasis, 
coordinating an appropriate infl ammatory response tailored 
to the inciting noxious agent and fi nally providing signals 
that allow for resolution when the infl ammatory trigger has 
been removed. Malfunctioning of this cross-talk is thus 
hypothesized to result in aberrant permanent activation of 
macrophages and “client cells” with subsequent progression 
to chronic non-resolving infl ammation as the driver of patho-
logic tissue remodeling. Consistent with this hypothesis, El 
Kasmi et al recently published that activated adventitial 
fi broblasts, derived from humans with IPAH and animal 
models of PH, polarize naïve macrophages via paracrine IL6 
and induce a pro-infl ammatory, pro-fi brotic phenotype regu-
lated by STAT3-HIF1-C/EBPβ and independent of IL4/
IL13-STAT6 signaling [ 20 ]. More importantly, this paper 
brings to light important macrophage signaling pathways 
(IL6-STAT3-HIF1-C/EBPβ) which have previously been 
implicated in PH and hypoxia-induced infl ammation, and 
challenge the current paradigm of IL-4/IL-13–STAT6–medi-
ated alternative activation of macrophages hypoxic PH. It 
should be mentioned that this work was largely done using 
fi broblasts from a hypoxic calf model of PH and from 
patients with IPAH, establishing conserved signaling path-
ways between the two forms of PH. This study also raises 
important questions about the role of resident macrophages 
in instructing adventitial fi broblasts (i.e. client cell) into an 
activated phenotype. Evidence of macrophage stromal cell 
infl ammatory crosstalk has been reported in adipose tissue, 
cancer, and rheumatoid arthritis [ 111 – 113 ]. 

 In the study mentioned earlier, Vergadi et al show early 
alveolar macrophage recruitment (day 4) and elevated IL4 

and IL13 in BAL fl uid in hypoxic mice [ 57 ]. This macro-
phage phenotype was characterized by expression of Arg 1, 
Fizz1, Ym1 and CD206, canonical IL4/IL13-STAT6 target 
genes. Overexpression of lung specifi c HO-1, an anti- 
infl ammatory anti-oxidant enzyme, resulted in attenuation of 
hypoxic PH, down regulation of infl ammatory cytokines, 
and a change in macrophage phenotype to an “anti- 
infl ammatory” IL-10 producing cell. While this paper sup-
ports the role of IL4/IL13 –STAT6 signaling in hypoxic PH, 
the target genes examined can also be induced by hypoxia/
HIF signaling and metabolites involved in aerobic glycolysis 
such as lactate and thus more rigorous characterization is 
warranted in future studies to defi ne the functional pheno-
type of macrophages in mouse models of hypoxic PH [ 18 ]. 
Nevertheless, this work and prior studies by the Kourembanas 
group highlight the therapeutic potential of HO-1 signaling 
as a novel anti-infl ammatory pathway and specifi cally in 
modulating macrophage programming [ 93 ,  114 ].  

    Molecular Mediators of Hypoxia-Induced 
Infl ammation: RELM 

 Work from the John’s laboratory has implicated hypoxia- 
induced mitogenic factor (HIMF, also known as FIZZ1 or 
RELM), a member of the resistin family of proteins, in the 
pathogenesis of hypoxic PH. They have demonstrated both 
alveolar epithelium and perivascular expression of HIMF 
in the hypoxic mouse model of PH [ 115 ]. Additionally, 
RELM-b, the closest human homolog to HIMF, is expressed 
in the endothelium and vascular smooth muscle of remod-
eled vessels, as well as in plexiform lesions, macrophages, 
T cells, and myofi broblast-like cells in humans with sclero-
derma PH [ 116 ]. Because HIMF expression in macro-
phages has been involved in canonical TH2 responses 
mediated through IL4 and STAT6, it is noteworthy that 
HIMF expression in hypoxic mice is not attenuated in IL4 
or STAT6 knockout mice. These data suggests that other 
pathways, such as hypoxia/HIF1 signaling can induce 
HIMF expression [ 115 ]. Interestingly, intravenous injec-
tion of HIMF results in PH and pulmonary vascular remod-
eling in wild type but not IL4 knockout mice mediated, at 
least in part, by inducing endothelial cell apoptosis [ 117 ]. 
Exactly how IL4 facilitates HIMF induced pulmonary vas-
cular remodeling independent of the canonical IL4-STAT6 
pathway remains to be determined. Intriguingly, recent 
work by Colegio et al shows that tumor-derived lactic acid 
can lead to FIZZ1 expression in tumor-associated macro-
phages in a HIF1 dependent and IL4/IL13 independent 
manner [ 18 ]. This work supports the idea that mediators 
produced downstream of glycolysis, which occurs in 
hypoxic PH and PAH, are able to directly affect pulmonary 
vascular remodeling [ 118 ]. 
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 NF-κB is important in the initiation of infl ammation espe-
cially with regard to hypoxia, but little is known about NF-κB 
signaling in macrophages and fi broblasts in hypoxic 
PH. NF-κB expression is increased in the lungs in animal 
models of PH, including hypoxic PH, and chemical inhibi-
tors attenuate experimental PH [ 119 – 122 ]. NF-κB is also 
activated in macrophages, perivascular lymphocytes, smooth 
muscle cells and endothelial cells the vessel wall of patients 
with IPAH [ 123 ]. Unpublished data from our lab using 
RNAseq in adventitial fi broblasts from calves with hypoxic 
PH show the NF-κB pathway to be signifi cantly up-regulated 
compared to control fi broblasts. This is consistent with 
increased fi broblast NF-κB signaling in other infl ammatory 
diseases [ 90 ,  124 ]. We have also demonstrated that these 
fi broblasts produce large amounts of MCP1 and in turn can 
induce naïve monocytes to produce MCP1 [ 25 ]. A similar 
feed forward loop of human mesenchymal stromal cell 
(MSC) activation of naïve macrophages that in turn induce 
MSC migration has previously been described [ 125 ]. MCP1 
has been shown to induce smooth muscle cell proliferation 
and increased IL6 production in an NF-κB dependent fash-
ion [ 126 ]. We suspect that the NF-κB pathway is necessary 
for IL6 production in adventitial fi broblasts and is also up- 
regulated in activated perivascular macrophages in response 
to paracrine MCP1, although more work is necessary to 
prove this hypothesis. 

 While more work needs to be done regarding IL6, STAT3, 
and HIF1 signaling in macrophage polarization and pulmo-
nary vascular remodeling in PH, numerous recently pub-
lished papers suggest these pathways are essential for 
immune cell recruitment, hypoxia-induced infl ammation, 
and chronic non-resolving infl ammation in other diseases. 
Using a wire-induced femoral artery injury model in mice 
with macrophage-specifi c deletion (LysMcre) of HIF1α, 
Nakayama et al found a reduction in vascular remodeling, 
macrophage recruitment, and perivascular infl ammation 
(IL6, TNF-α) [ 127 ]. Fielding et al recently used a mouse 
model of acute peritoneal infl ammation to demonstrate that 
IL6 was required to switch from acute infl ammation to a 
chronic pro-fi brotic state and the development of peritoneal 
fi brosis [ 128 ]. Lastly, in human rheumatoid arthritis synovial 
fi broblasts, STAT3 was required for hypoxia-induced infl am-
mation [ 129 ]. Although not yet demonstrated in macro-
phages with regard to infl ammation, cooperative signaling 
between STAT3 and HIF1 modulates hypoxia induced sig-
naling in cancer cells [ 130 ]. Future studies need to be 
designed to dissect and defi ne the role of IL6, STAT3, and 
HIF1 in regulating the transition from acute to chronic 
infl ammation and promoting “arrest” of vascular cells in a 
pro-fi brotic phenotype that propagates pulmonary vascular 
remodeling. 

 In summary, several signaling pathways (HIF1, IL6- 
STAT3, NF-κB, HIMF, IL4/IL13-STAT6) with regard to 

macrophage activation have been implicated in hypoxic 
PH. We believe that fi broblast-macrophage crosstalk is 
essential for chronic non-resolving infl ammation in hypoxic 
PH and through epigenetic mechanisms discussed in detail 
below, involves an epigenetically “locked in” activated mes-
enchymal cells that stimulate macrophage activation. We 
acknowledge that macrophages constantly survey local tis-
sue status and alter their phenotype based on the changing 
tissue microenvironment [ 131 ]. Therefore, it is more than 
likely that an activated pro-infl ammatory macrophage phe-
notype has a reversible transcriptional program that can be 
transformed into an anti-infl ammatory pro-resolution macro-
phage based on local stimuli. This may have important thera-
peutic implications in reversing chronic non-resolving 
infl ammatory processes (Fig.  5.1 ).

       Role of Extracellular Purine Nucleotides 
and Adenosine as Regulators of Pulmonary 
Arterial Infl ammation and Remodeling 

 Extracellular ATP and other nucleotides (ADP, UTP, UDP) 
and adenosine have long been known as regulators of vascu-
lar function, particularly involved in control of blood fl ow, 
vascular cell proliferation, migration, chemotaxis, and 
infl ammatory responses [ 132 – 134 ]. Although extracellular 
nucleotides are the most ubiquitous, they remain the least 
investigated endogenous signaling molecules. Evidence is 
accumulating that vascular EC, as well as smooth muscle, 
epithelial, hematopoietic and other cells, can release ATP in 
response to hypoxia, infl ammation, fl uid shear stress, neuro-
transmission, and other stress-related stimuli and trigger 
diverse cell-specifi c responses through metabotropic (P2Y) 
and ligand-gated (P2X) receptors [ 134 ,  135 ] Most of these 
environmental stimuli may play a role in controlling extra-
cellular ATP levels in vascular wall adventitia. 

 A number of studies support the idea that extracellular 
nucleotides could contribute to the development of vascular 
disease [ 136 – 139 ]. Extracellular ATP has been implicated in 
the hyperplasia and hypertrophy of arterial walls in sponta-
neously hypertensive rats, in regulation of vascular permea-
bility [ 140 ,  141 ], and in control of proliferation and migration 
of vascular and hematopoietic cells including monocytes 
[ 136 ,  139 ,  142 – 144 ]. Importantly, in stimulating cell prolif-
eration and migration, ATP acts synergistically with cyto-
kines and integrins [ 136 ,  143 – 146 ] thereby supporting the 
physiological relevance of extracellular ATP under hypoxic 
and infl ammatory conditions. 

 Previously, we demonstrated that pulmonary artery 
adventitial fi broblasts and vasa vasorum endothelial cells 
(VVECs) are a potent source of extracellular ATP, which acts 
as an autocrine/paracrine factor augmenting hypoxia- 
induced VVEC angiogenesis [ 147 ,  148 ]. These angiogenic 
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effects of ATP in VVECs are mediated through P2Y1, and 
P2Y13 purinergic receptors, prolonged/dramatic activation 
of PI3K/mTOR and ERK1/2 pathways, and the elevation of 
cytoplasmic and nucleoplasmic Ca2+ [ 149 ]. The responses 
to extracellular ATP might be particularly important in the 
hypoxic and infl amed adventitial microenvironment where 
increased extracellular ATP level can be expected. 

 In addition to endogenous ATP release, the concentrations 
of extracellular nucleotides near purinergic receptor are reg-
ulated by ecto-nucleoside triphosphate diphospho-hydro-
lase- 1 (NTPDase1/CD39) and ecto-5′-nucleotidase/CD73 
[ 150 – 152 ] responsible for extracellular adenosine produc-
tion from ATP and ADP. However, it is unresolved whether 
ecto-nucleotidase expression and activities are altered in EC 
from vessels undergoing hypoxia-induced remodeling. In the 

vascular system, endothelial E-NTPDase1/CD39 in conjunc-
tion with ecto-5’-nucleotidase/CD73, have been implicated 
in playing a critical role through the termination of pro-
thrombotic and pro-infl ammatory effects of circulating ATP 
and ADP and their conversion into adenosine. This keeps the 
haemostatic process tightly regulated by preventing exces-
sive clot formation and vessel occlusion [ 152 – 154 ]. Data on 
disordered cellular migration, vascular infl ammation, 
enhanced leakiness, pathological angiogenesis and neo-
intima formation in mice defi cient in NTPDase1 
( Cd39 / Entpd  −/− ) [ 150 ,  155 ] or ecto-5′-nucleotidase/CD73 
[ 156 ] demonstrated the importance of coordinated purine 
homeostasis for proper vascular endothelial functions. 

 It was demonstrated that signifi cant down-regulation of 
ecto-nucleotidase activities on vascular endothelium and 

  Fig. 5.1    Proposed intra- and inter-cellular signaling mechanisms 
involved in fi broblast-macrophage crosstalk in chronic non-resolving 
perivascular infl ammation underlying irreversible pulmonary vascular 
remodeling. In this process, the adventitial fi broblast undergoes epi-
genetic changes that “lock” this cell into a pro-infl ammatory and pro- 
mitogenic phenotype. Central drivers of this phenotypic arrest are 
continuously increased NF-κB and HIF signaling, increased PKM2 to 
PKM1 ratio, increased aerobic glycolysis, suppression of micro-
RNAs ( mIRs ), increased histone deacetylase ( HDAC ) activity and 
DNA methylation, and suppressed anti-infl ammatory IL-10 genera-
tion. The functional consequences are promotion of SMC hypertro-
phy and proliferation, and activation of resident and recruited 
macrophages/monocytes into a pro-infl ammatory and pro-remodeling 
phenotype. Activation of the transcription factors STAT3, C/EBPβ, 

HIF1 alters PKM2 to PKM1 ratio, drives increases in aerobic glycoly-
sis and promotes succinate accumulation. Activation of Arginase1 
and decreased IL-10 are additional features of this macrophage phe-
notype. In a feed- forward loop, pro-infl ammatory cytokines and che-
mokines (IL-6, IL-1, MCP1), metabolites (ATP and lactate), and 
tissue availability of Arginine and Glutamine, enables the fi broblast-
macrophage signaling unit to persist in an activated state and perpetu-
ate vascular remodeling and fi brosis.  TIMPs  tissue inhibitors of 
metalloproteinases,  MMPs  matrix metalloproteinases,  SDF-1 , stromal 
cell-derived factor 1,  MCP- 1   monocyte chemoattractant protein-1, 
 CCR2  C-C chemokine receptor type 2,  VWGF  vascular endothelial 
growth factor,  HIF1  hypoxia inducible factor 1,  HDAC  histone 
deacetylase,  STAT3  Signal transducer and activator of transcription 3, 
 PKM1/2  Pyruvate kinase  isozymes M1/M2       
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other cell types during chronic hypoxia and oxidative stress 
was accompanied by elevated ATP and ADP levels, increased 
endothelial activation, and concomitant development of vas-
cular disorders [ 136 ,  156 ,  157 ]. On the other hand, other 
investigators have shown endothelial nucleotide-inactivating 
ectoenzymes NTPDase1/CD39 and ecto-5′-nucleotidase/
CD73 can be upregulated during acute hypoxia and infl am-
mation. This increases the intravascular adenosine concen-
trations and dampens excessive infl ammatory responses by 
affecting endothelial barrier function, adhesion and transmi-
gration of lymphoid cells, and expression of other molecules 
involved in the adhesion cascade [ 158 – 160 ]. Using a direct 
enzymatic approach, we found that NTPDase1/CD39 and 
ecto-5′-nucleotidase/CD73 are impaired in VVECs from 
chronically hypoxic calves, which may serve as an important 
pre-requisite for consistently elevated ATP and ADP levels at 
sites of vasa vasorum angiogenesis, enhanced EC prolifera-
tion and, eventually, the exacerbation of pathological vascu-
lar remodeling [ 161 ]. 

 Another important consequence of hypoxia-induced pul-
monary vascular remodeling observed in chronically hypoxic 
animals is infi ltration and homing of circulating infl amma-
tory and progenitor cells to the PA adventitia and around the 
expanding VV, ultimately leading to adventitial infl amma-
tion and pathologic vascular remodeling [ 16 ,  56 ]. Although 
endothelial dysfunction and permeability changes have been 
intensively investigated in pulmonary artery endothelial 
cells, the mechanisms that control the pulmonary vasa vaso-
rum permeability remain largely unexplored. 

 Extracellular adenosine, a product of ATP hydrolysis, has 
been shown to play a protective role against vascular leak 
under conditions associated with hypoxia and infl ammation 
[ 158 ,  162 – 166 ]. Studies from CD73 (−/−) mice provided evi-
dence that extracellular adenosine reverses hypoxia- induced 
vascular leakage in different organs, especially in the lung 
[ 165 ]. Adenosine binds to A 2A  and A 2B  receptors that function 
by activating adenylyl cyclase and generation of cAMP, or to 
A 1  and A 3  receptors that function by inhibiting adenylyl 
cyclase and increasing intracellular Ca 2+  levels by a pathway 
involving phospholipase C [ 135 ,  165 ,  167 – 169 ]. Previous 
studies demonstrated a protective role of A2B adenosine 
receptors in hypoxia-induced vascular leak in adenosine 
receptor-knockout mice [ 164 ,  165 ]. Consistent with this 
observation, a recent report indicated permeability of pulmo-
nary artery endothelial cells is regulated by A2A and A2B 
adenosine receptors and an adenosine transporter, pointing 
out an importance of both the extracellular and intracellular 
adenosine [ 170 ]. However the role of individual adenosine 
receptor subtypes in vasa vasorum permeability was unknown. 

 In agreement with previous fi ndings, our recent study 
revealed a potent barrier protective effect of extracellular 
adenosine on the VVEC. The response was observed in 
VVEC isolated from both control and chronically hypoxic 

animals, but the cells from control animals exhibited more 
prominent response. Using pharmacological and genetic 
approaches, we found that the effect of adenosine on VVEC 
permeability is mediated mostly by A1R, while A2AR, 
A2BR and A3R are not likely to be involved. Importantly, a 
decrease in expression of A1R in VVEC of hypoxic animals 
correlates with a lower Trans Endothelial Resistance (TER) 
compared to VVEC of controls. The evidence of A1R 
involvement in barrier protection is also consistent with an 
anti-infl ammatory role of A1R in several tissues [ 171 – 173 ] 
and may explain both anti-infl ammatory and barrier- 
protective functions of A1R in vasa vasorum. For example, 
recent studies reported that A1R in lung microvascular endo-
thelial cells participates in microvascular permeability and 
leukocyte transmigration [ 173 ] and in anti-infl ammatory 
preconditioning [ 174 ]. Data from animal models also indi-
cate the involvement of A1R in attenuation of endotoxin- 
induced lung injury, pulmonary edema, and alveolar 
destruction. Activation of adenosine A1 and A2 receptors 
have also been shown to reduce endotoxin-induced cellular 
energy depletion and edema formation in the lung [ 175 ]. 
However, our fi ndings are different from the results in human 
lung microvascular endothelial cells, which demonstrated a 
role of A2AR in adenosine-induced barrier enhancement 
[ 175 – 177 ]. In contrast to studies showing cAMP-dependent 
regulation of endothelial barrier function, our studies 
revealed a role of Gαi/PI3K/Akt pathway actin cytoskeleton 
remodeling in mediating the effects of A1R activation, sug-
gesting a non-canonical (possibly cAMP–independent) path-
way of VVEC barrier regulation [ 178 ].  

    TNF-α and Vasa Vasorum Permeability 

 TNF-α, one of the most potent pro-infl ammatory factors, 
regulates vascular endothelial cell permeability through 
stress fi ber formation and interruption of cellular junctions 
[ 179 – 181 ]. TNF-α expression level and activity can be up- 
regulated under hypoxia, infl ammation, and PH [ 182 – 185 ]. 
It has been shown that among several cell types, macro-
phages and perivascular adipocytes are potent sources of 
TNF-α [ 185 ,  186 ]. As the presence of macrophages was 
observed in pulmonary artery adventitia of chronically 
hypoxic animals [ 16 ], it can be expected that TNF-α, may 
have a paracrine effect on adventitial vasa vasorum in the 
pulmonary artery wall. The data from our recent study also 
show that TNF-α decrease the TER in control VVECs 
(VVEC-Co), and this effect of TNF-α was blunted by ade-
nosine [ 178 ]. Interestingly, TNF-α failed to decrease TER in 
VVEC isolated from hypoxic animals. This suggests a pos-
sibility of persistent phenotypical changes in VVEC in 
response to chronic hypoxia that could involve TNF-α and 
adenosine receptors, as well as components of intracellular 
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signaling pathways. We demonstrated that TNF-α was 
unable to further impair barrier function in VVEC-Hyp, 
(contrary to VVEC-Co), suggesting that exposure of VVEC 
to chronic hypoxia impairs these cells’ permeability. Finally, 
we showed a signifi cant attenuation of TNF-α-induced 
VVEC permeability upon adenosine treatment, indicative of 
the barrier- protective effect of adenosine. 

 In a view of pathologic consequence of hypoxia-induced 
vasa vasorum neovascularization and its function as a con-
duit for circulating infl ammatory cells to the vascular wall, 
our data indicate that down-regulation of A1R in chronic 
hypoxia may represent a pathological mechanism of dysreg-
ulation of vasa vasorum barrier function. This may lead to 
pulmonary vascular remodeling and infl ammation, such as 
that observed in hypoxic PH. We propose that A1Rs can be 
recognized as a vascular bed-specifi c and novel therapeutic 
target to regulate vasa vasorum barrier function and patho-
logic vascular remodeling in chronic hypoxia.  

    Regulation of Infl ammatory Cells in Adventitia 
by Extracellular Nucleotides and Adenosine 

 As mentioned above, hypoxia-induced pulmonary vascular 
remodeling observed in chronically hypoxic animals is accom-
panied by extravasation and homing of circulating infl amma-
tory and progenitor cells to the PA adventitia and around the 
expanding VV network [ 16 ,  56 ]. A number of studies have 
demonstrated that monocyte/macrophage infl ammation func-
tions are tightly regulated by extracellular nucleotides and 
adenosine. Extracellular ATP exerts pro- infl ammatory and 
cytotoxic effects on monocytes/macrophages via regulation of 
cytokine and chemokine production including IL-1α, IL-6, 
IL-18, and TNFα, αϑδ eicosanoids, including leukotrienes 
LTB 4  and LTC 4  and prostaglandins PGE 2  and PGD 2  [ 132 ]. 
Therefore, it is expected that in the adventitial microenviron-
ment, extracellular ATP endogenously released by adventitial 
fi broblasts and vasa vasorum in response to local hypoxia and 
oxidative stress, functions as an infl ammatory mediator via 
activation of macrophages and another type of infl ammatory 
cells. In contrast, extracellular adenosine may prevent exces-
sive accumulation and the activation of infl ammatory cells in 
the adventitia via modulation of cytokine production and inhi-
bition of chemotactic response to ATP [ 132 ] (Fig.  5.2 ).

        Chronic Hypoxia, Infl ammation, 
and Pulmonary Vascular Function: 
Relationship to Oxidative Stress 

 To fully understand the impact of chronic hypoxia and unre-
solved infl ammation on the pathogenesis of pulmonary vas-
cular disease, it is essential to also recognize the relationship 

of infl ammation to oxidative stress and altered redox regu-
lated signaling. Accumulating evidence indicates that reac-
tive oxygen species (ROS) are increased in PH, including 
chronic hypoxia-induced PH, contributing to both vasocon-
striction and pulmonary vascular remodeling [ 187 – 193 ]. 
ROS are generated as a result of infl ammation, and con-
versely, ROS activate infl ammatory pathways, thus both pro-
cesses are closely linked and central to pulmonary vascular 
dysfunction. 

 The primary ROS implicated in cell signaling in the vas-
culature are superoxide and hydrogen peroxide. Superoxide 
is rapidly catalyzed to hydrogen peroxide and oxygen by the 
superoxide dismutase (SOD) family of antioxidant enzymes, 
or, in the face of inadequate SOD, reacts with nitric oxide, 
inactivating its bioactivity and forming toxic products like 
peroxynitrite. Hydrogen peroxide has been implicated in 
both normal cell signaling and pathologic signaling. It is 
scavenged by antioxidant enzymes including catalase and 
glutathione peroxidases, or in the presence of iron, can form 
the highly reactive hydroxyl radical. 

 The main sources of superoxide and hydrogen peroxide in 
the vasculature are the NAPDH oxidases, uncoupled eNOS, 
mitochondrial electron transport chain, and xanthine oxidase 
[ 194 ,  195 ]. The NADPH oxidases are a family of transmem-
brane multimeric proteins that are comprised of 7 different 
homologs with various regulatory subunits; Nox1, Nox2, 
Nox4 and Nox5 are expressed in the pulmonary vasculature. 
The Nox2 isoform of NADPH oxidase is abundantly 
expressed and induced in infl ammatory cells present in the 
vessel wall, in particular in the PA adventitial compartment. 
In addition, the PA adventitial fi broblasts contain predomi-
nantly Nox4, as well as Nox2, and are a major source of ROS 
contributing to the “outside-in” effects of the PA adventitia 
on pulmonary vasoconstriction and remodeling [ 12 ,  196 , 
 197 ]. Nox2 and Nox4 are also expressed in endothelial cells 
and PASMC, and collectively, the NADPH oxidases have 
been shown to promote vascular dysfunction. While endo-
thelial nitric oxide synthase (eNOS) generates nitric oxide 
under physiologic conditions, in disease states, the two enzy-
matic domains of eNOS become uncoupled, resulting in 
release of superoxide. The uncoupling of eNOS can occur 
with defi ciencies in  l -arginine substrate; increased ADMA, 
an  l -arginine analog; increased arginase activity; or BH 4  
defi ciency due to low production or oxidation. The mito-
chondrial electron transport chain is also well established to 
be a major source of ROS generation and numerous studies 
implicate mitochondrial dysfunction and mitochondrial- 
derived ROS in pulmonary vascular disease [ 198 – 200 ]. 
However, the role of the mitochondria in pulmonary vascular 
disease is complicated by the opposing observations that 
mitochondrial ROS production decreases in fawn hooded 
rats with spontaneous PH and mitochondrial ROS are 
decreased in the setting of hypoxia. Using new tools, there is 
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evidence that ROS production may even be regulated differ-
ently in the mitochondrial matrix compared to the mitochon-
drial intermembrane space [ 195 ,  201 ]. Xanthine 
dehydrogenase can be oxidized to xanthine oxidase (XO, 
also known as xanthine oxidoreductase, XOR), which then 
catalyzes the conversion of hypoxanthine and xanthine to 
uric acid with concurrent release of superoxide. XO has been 
shown to be an important source of oxidative stress in 
hypoxia induced PH and the lamb model of PH associated 
with elevated pulmonary blood fl ow [ 195 ,  202 – 205 ]. 
Furthermore, XO-derived ROS contribute to injury in a num-
ber of processes associated with infl ammation including 
ischemia-reperfusion injury, acute lung injury, COPD and 
cigarette exposure, and cancer [ 188 ,  196 ,  205 – 216 ]. Our 

recent work demonstrates that XO promotes the infl amma-
tory state of pulmonary mononuclear phagocytes through 
effects on HIF-1α, further supporting the close link between 
ROS and infl ammation [ 217 ]. The production of ROS by 
these important sources can be activated by pro- infl ammatory 
cytokines, including interleukins and tumor necrosis factor-α, 
and conversely, the ROS generated in the vessel wall can 
augment infl ammation by activating redox sensitive targets 
including key transcription factors, NF-κβ, AP-1, and HIF. In 
addition, ROS can modulate a wide range of other signaling 
molecules that impact infl ammation, proliferation, migra-
tion, differentiation, and matrix production [ 194 ]. The best 
described redox sensitive targets include receptor and non- 
receptor tyrosine kinases, serine/threonine kinases, protein 

  Fig. 5.2    Schematic view of the role of extracellular nucleotides in pul-
monary artery adventitia. Stress conditions such as hypoxia, infl amma-
tion, oxidative stress, and mechanical forces stimulate ATP release from 
adventitial fi broblasts, vasa vasorum endothelial cells, perivascular 
nerves, and infl ammatory cells. In addition, extracellular ATP stimu-
lates monocytes/macrophages to release multiple infl ammatory media-
tors that creates a pathologic microenvironment in the pulmonary artery 
adventitia. Endogenously released ATP, by acting on P2 purinergic 
receptors ( P2R ) results in angiogenic activation of the vasa vasorum, 
characterized by increased proliferation and dysregulated barrier prop-

erties. Elevated extracellular ATP is subsequently hydrolyzed by ecto- 
enzymes, NTPDase1/CD39 to ADP and AMP and by 
ecto-5′-nucleotidase/CD73 to Adenosine ( Ado ). In turn, extracellular 
adenosine by acting on P1 purinergic receptors ( P1R ) induces a pheno-
typic switch of the vasa vasorum endothelial cell to a more quiescent 
state, characterized by low proliferation rate and improved barrier func-
tion. Inhibition of NTPDase1/CD39 and ecto-5′-nucleotidase/CD73 
activities by hypoxia and oxidative stress results in consistently ele-
vated levels of extracellular ATP and lower levels of adenosine that 
eventually exacerbate pathological vascular remodeling       
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tyrosine phosphatases, growth factors, adhesion molecules 
and ion channels [ 194 – 196 ,  218 ]. 

 The importance of ROS in infl ammation and pulmonary 
vascular dysfunction is further evidenced by the critical role 
of antioxidant enzymes. The major vascular antioxidant 
enzymes are SOD, catalase and glutathione peroxidase 
[ 195 ]. The extracellular isoform of SOD, extracellular super-
oxide dismutase (EC-SOD or SOD3) is the dominant SOD 
isoform in the vasculature and is highly localized to the vas-
cular adventitia [ 219 ,  220 ]. In multiple models of vascular 
disease, including chronic hypoxic PH, loss of SOD3 
enhances infl ammation and vascular dysfunction, while 
overexpression of SOD3 protects [ 194 ,  221 – 223 ]. Mice 
lacking SOD1 also exhibit exaggerated chronic hypoxic PH 
[ 224 ] and SOD2 has been shown to be decreased in the lungs 
of fawn hooded rats, and the pulmonary arteries of patients 
with IPAH [ 225 – 229 ]. Though catalase or glutathione per-
oxidase have not been shown to be consistently altered in 
PH, loss of catalase can lead to hydrogen peroxide mediated 
inactivation of SOD3 and glutathione peroxidase may 

increase to compensate for oxidative stress but remain over-
all insuffi cient [ 195 ,  230 ]. 

 Collectively, these studies strongly support the premise 
that generation of ROS contribute to the chronic infl amma-
tion and pulmonary vascular dysfunction in the setting of 
hypoxia by further augmenting infl ammation as well as other 
redox sensitive signaling pathways involved in disease 
pathogenesis (Fig.  5.3 ).

       Contribution of Epigenetics to Chronic 
Hypoxia-Induced Lung Vascular 
Infl ammation and Remodeling in PH 

 It is increasingly appreciated that chronic infl ammatory micro-
environments lead to stable heritable changes in gene expres-
sion and cell function without modifi cation of the underlying 
DNA base composition; i.e. epigenetic change [ 231 ,  232 ]. 
There are at least three distinct mechanisms of epigenetic reg-
ulation, DNA methylation, histone  modifi cations, and gene 

  Fig. 5.3    Redox regulated signaling in pulmonary vascular remodel-
ing. ROS/RNS are important in cellular homeostasis and their levels 
are tightly controlled by enzymatic and non enzymatic antioxidant 
systems. In the setting of disease, an increase in ROS due to increased 
production or decreased antioxidant defenses may initially enable 
adaptive responses but eventually leads to oxidative stress. ROS can 
directly activate key redox sensitive targets that lead ultimately to 

pulmonary vasoconstriction, infl ammation, cell proliferation and 
vascular remodeling.  ROS  reactive oxygen species,  RNS  reactive 
nitrogen species,  NADPH  nicotinamide adenine dinucleotide phos-
phate,  NOS  nitric oxide synthase,  SOD  superoxide dismutase,  SOD3  
extracellular SOD,  SOD2  mitochondrial SOD,  Prx  peroxireductases, 
 Gpx  glutathione peroxidase,  GSH  glutathione,  GPCR  G-protein 
 coupled receptor       

 

K.R. Stenmark et al.



95

silencing, mediated by microRNAs (miRs). These pathways 
of gene regulation are often altered in human diseases such as 
cancer and are well recognized to contribute to uncontrolled 
cell growth, migration, and invasion [ 233 – 235 ]. Further, it is 
also important to note that there are substantial interactions 
between these epigenetic pathways involved in gene regula-
tion. Studies in a wide variety of cells, mostly cancerous, have 
demonstrated that hypoxia can regulate changes in all of these 
epigenetic regulatory pathways [ 236 ,  237 ]. 

 Changes in epigenetic modifi cations have recently been 
associated with PH, a disease characterized not only by 
chronic infl ammation but also by mesenchymal cell (SMC and 
fi broblast) proliferation, resistance to apoptosis, and fi brosis as 
noted above [ 15 ,  238 ]. For instance, recent studies have dem-
onstrated that superoxide dismutase (SOD) 2 expression is 
decreased in pulmonary arteries and plexiform lesions because 
of hypermethylation of CpG islands in the SOD2 gene [ 227 ]. 
Reversal of the methylation was shown to rescue SOD2 
expression and to inhibit proliferation and to increase cell 
apoptosis of PASMCs from the Fawn Hooded rat [ 227 ]. 
Histone acetylation has also been shown to play an important 
role in the development of PH, and specifi cally hypoxic 
PH. Increased HDAC expression has been reported in lung 
tissues of patients with IPAH as well as in tissues from hypoxia 
induced PH rats and calves [ 239 ]. Specifi c increases in Class I 
HDACs were observed in the fi broblast from hypoxic animals 
as well as in cells from IPAH patients. Treatment with Class I 
HDAC inhibitors markedly decreased cytokine/chemokine 
mRNA expression levels in fi broblasts as well as in their abil-
ity to induce monocyte migration and pro-infl ammatory acti-
vation. Most interestingly studies with several HDAC 
inhibitors, including the Class I specifi c HDAC inhibitor were 
shown to both suppress and reverse hypoxia induced cardio-
pulmonary remodeling in rats [ 88 ,  239 ]. 

 Increases in HDAC expression, and thus histone acetyla-
tion, also were shown to contribute to the abnormalities of 
mesenchymal cell proliferation in rats, calves, and sheep [ 26 , 
 88 ,  239 ,  240 ]. Studies in cells derived from the hypertensive 
pulmonary circulation of all three species have demonstrated 
that HDAC inhibition results in a decrease in proliferation 
mediated in part because regulation cell cycle regulatory 
genes, including p16 INK , p21, and p27. In PASMCs of 
hypoxic sheep fetuses, HDAC inhibition also decreased 
PDGF-induced cell migration and ERK activation as well as 
modulating global DNA methylation, again consistent with 
the idea that interactions among the epigenetic mechanisms 
are important in controlling cell phenotypes [ 239 ,  240 ]. It is 
also interesting to note that chromatin immunoprecipitation 
analysis experiments have shown that TGF-β which is 
thought to play an important role in hypoxic and other forms 
of PH, increases binding of Smad2/3, Smad4, and the tran-
scriptional co-repressor HDAC-1 to the PPAR-γ promoter. 
This reduces PPAR-γ, which has been shown to be  associated 

with heightened proliferation and other abnormal activities 
in cells from the PH animals. Treatment with the PPAR-γ 
agonist, rosiglitazone, prevented this interaction again 
 implicating the role of HDACs in chronic hypoxia induced 
remodeling [ 241 ]. 

 Recent studies have also implicated miRs in the develop-
ment of PH. miR204 expression has been shown to be 
decreased in animal models of PH and in human patient sam-
ples and rescue of miR204 reverses PH in rats [ 242 ]. miR17 
has also been shown to be upregulated in hypoxia and mono-
crotaline-induced PH and inhibition of miR17 improved miti-
gated PH in both species [ 243 ]. miR17 has also been shown 
to be upregulated by hypoxia in cultured human PASMCs. In 
addition, it was shown that inhibiting miR17-5P expression 
decreased hypoxia-induced arginase protein levels in human 
PASMCs, which has been shown to be involved in promoting 
proliferation [ 244 ]. Several other miRs and miR targets have 
been shown to be involved in the development of hypoxic 
PH. Studies by Gou et al. found that miR210 is the predomi-
nant miR induced by hypoxia in human PASMCs [ 245 ]. 
Others have called miR210 the master hypoxamir [ 246 ]. 
Transcriptional induction of miR210 is HIF1α dependent. 
Inhibition of miR210 in human PASMCs causes signifi cant 
decrease in cell number under hypoxic conditions due to 
increased apoptosis probably via regulation of the transcrip-
tion factor E2F3 [ 245 ]. Another interesting study has demon-
strated that hypoxia and miR210 increase proliferation in 
idiopathic pulmonary fi brosis (IPF) fi broblasts [ 247 ]. miR210 
expression markedly increases in IPF fi broblasts in response 
to hypoxia and knockdown of miR210 decreases hypoxia 
induced IPF-fi broblast proliferation. Importantly, the investi-
gators showed that silencing HIF2α inhibits the hypoxia 
mediated increase in miR210 expression, indicating that in 
certain cells HIF2 is upstream of miR210 [ 247 ]. Importantly, 
in situ analysis of IPF lung tissue demonstrated that miR210 
expression was distributed similarly with HIF2α and the 
hypoxic marker CA-1X in cells within the IPF fi brotic reticu-
lum. Thus, the authors raised the possibility that a pathologic 
feed-forward loop could exist in fi brotic lungs in which 
hypoxia promotes fi broblast proliferation via stimulation of 
miR210 expression, which in turn worsens hypoxia. Other 
miRs including miR-145, 21, and 206 have been implicated 
in hypoxic forms of PH [ 248 – 251 ]. miR 21 expression is 
increased in the distal PA’s of hypoxia exposed mice and 
putative targets of miR 21 including BMPR2 were increased 
[ 252 ]. Sequestration of miR21 diminished chronic hypoxia-
induced PH and vascular remodeling. miR145 is also of par-
ticular interest as it was shown that miR145 was increased in 
hypoxic mouse lungs and that miR145 defi ciency (KO mice) 
and anti-miR145 both resulted in signifi cant protection from 
hypoxia-induced PH. 

 Another recent study has demonstrated the complex rela-
tionship between gene regulation and gene expression with 
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regard to epigenetic mechanisms. Wang et al. demonstrated 
in adventitial fi broblasts from neonatal calves with severe 
hypoxia induced PH that miR124 expression was decreased 
and that miR124 directly regulated MCP1 expression and 
indirectly regulated proliferation through the alternative 
splicing factor PTBP1 [ 26 ]. Further, it was shown that 
down- regulation of miR124 was mediated through Class I 
specifi c HDACs. The authors discovered that treatment of 
PH fi broblasts with HDAC inhibitors, including SAHA, api-
cidin, and OSU42 led to signifi cant increases in miR124 
while decreasing direct targets of miR124, including the 
alternative splicing factor PTBP1 and the pro-infl ammatory 
cytokine MCP1. Thus, miR expression itself, under hypoxic 
conditions, is regulated by epigenetic modifi cations, specifi -
cally the removal of acetylation marks on histone resulting 
in more condensed chromatin structure and inhibition of 
transcription. Collectively, these epigenetic changes, which 
occur in the setting of hypoxia and infl ammation, begin to 
explain the constitutively activated phenotype of PH fi bro-
blasts [ 26 ]. 

 The aforementioned studies demonstrate that, while posi-
tive adaptive responses to acute hypoxia in the lung are prob-
ably crucial for maintaining homeostatic responses, 
long-term chronic hypoxia can result in responses that are 
detrimental to the lung and the lung vasculature. The classi-
cal adaptive responses to hypoxia, that aim to restore oxygen 
homeostasis in tissues, including the lung, are regulated by 
the HIF family of proteins. It is thus not surprising that in 
addition to work specifi cally in the lung that there is much 
current research, which implicates epigenetic mechanisms in 
modulating the cellular response to hypoxic environments 
[ 237 ,  253 ,  254 ]. There is increasing evidence supporting the 
idea that the activity of hypoxia induced transcription fac-
tors, including HIF is superimposed on a background of epi-
genetic changes that are essential for determining the cellular 
or tissues specifi c hypoxic response. For instance, interesting 
work demonstrates that epigenetic modifi cations at the DNA 
and histone level have the ability to dictate HIF binding to 
target gene promoters and thus to regulating hypoxic gene 
expression. Further, hypoxia itself is a potent inducer of 
chromatin remodeling via the regulation of enzymes that 
modulate DNA methylation and histone modifi cations. 
Long-term adaptation to chronic hypoxia involves signifi -
cant modifi cation of chromatin structure in order to maintain 
the hypoxic phenotype, even in the absence of HIF1. It is 
important to note that data in the pulmonary circulation, 
along with many other organs, suggest that chronic hypoxia 
is capable of inducing changes in gene expression that are 
independent of classical HIF pathway. Again, this is proba-
bly due to alterations in the methylation status of gene 
sequence or modifi cation of the histone code, which are 
likely mediated through prolonged alterations in epigenetic 
modifying enzymes. 

 There are four current opinions on the interactions of epi-
genetics and hypoxia:

    1.    HIF stabilization is infl uenced by the epigenetically con-
trolled expression of Von Hippel Lindau (VHL) and 
PHD3.   

   2.    Epigenetic mechanisms regulate HIF binding by main-
taining a transcriptionally active chromatin confi rmation 
within and around HIF binding site regions. This may 
occur through the action of the HIF1α co-activation com-
plex or through direct modifi cations of HR rebinding 
sites, which prevent HIF binding.   

   3.    A signifi cant number of histone dimethylase enzymes are 
direct HIF1 target genes and therefore play a role in the 
regulation of transcription during hypoxic responses.   

   4.    Signifi cant global changes in histone modifi cations and 
DNA methylation occur in response to hypoxic 
exposure.     

 Investigation of all these possibilities in the setting of 
chronic hypoxia in the lung will be important as it will likely 
dictate new therapeutic approaches to ameliorate chronic 
hypoxia induced lung tissue responses. At present, current 
data points to the possibility that HDAC inhibitors are impor-
tant in controlling hypoxic generated proliferative infl amma-
tory and fi brotic responses. Clearly, other possibilities that 
will be aimed at DNA methylation and/or histone methyla-
tion will be tested in the not too distant future.  

    Conclusion 

 Hypoxic, or WHO Group 3, PH comprises a heteroge-
neous group of diseases sharing the common feature of 
chronic hypoxia-induced pulmonary vascular remodel-
ing, which is usually mild to moderate in nature and 
which can be largely reversible as compared with the pro-
gressive irreversible disease seen in WHO Group I dis-
ease. Despite the fact that patients with WHO Group 3 PH 
are much more likely to die as a result of their underlying 
lung disease than from complications of PH, the presence 
of PH in these patients is the most important marker of 
morbidity and mortality. Furthermore, this patient popu-
lation is exponentially larger than that of patients with 
PAH, yet numerous clinical trials involving pulmonary 
vasodilators proven effi cacious for PAH have either failed 
or shown harm in patients with hypoxic PH. Further, there 
is a subset of hypoxic PH patients that develop severe 
“out-of-proportion” PH characterized by pulmonary vas-
cular remodeling that is irreversible and similar to that in 
WHO Group 1 disease. In both mild to moderate as well 
as severe forms of the disease, infl ammation appears to 
play an important role in the disease process. In this 
review, we highlight the mechanisms involved in both the 
initiation and perpetuation of infl ammation in the vessel 
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wall as well as the interplay between hypoxia, infl amma-
tion and their effects on resident pulmonary vascular cells 
and recruited immune and progenitor cells. We hypothe-
size that those patients with severe, “out of proportion” 
and irreversible hypoxic PH, experience an as yet unde-
fi ned “second hit” whereby the mechanisms involved go 
beyond those related to hypoxia alone, leading to chronic 
non-resolving infl ammation. We propose that important 
epigenetic changes, at least in mesenchymal cells, and 
possibly in perivascular macrophages, are paramount in 
“locking” cells into a pro- remodeling, pro-infl ammatory, 
and pro-mitogenic phenotype. Furthermore, these fi bro-
blast/macrophage-stromal cell interactions are necessary 
for the maintenance of chronic non-resolving infl amma-
tion and persistent pulmonary vascular remodeling. After 
nearly 20 years of vasodilator therapies that have reduced 
morbidity in patients with PAH, mortality remains unac-
ceptably high, forcing the fi eld to move toward treatments 
targeting the underlying pathogenesis of pulmonary vas-
cular remodeling. Similarly, the persistent failure of pul-
monary vasodilators in hypoxic PH urges us to shift away 
from recycling pulmonary vasodilator therapies proven to 
be benefi cial in PAH to those that aim to disrupt and repair 
the basic pathologic infl ammatory mechanisms responsi-
ble for the initiation and perpetuation of disease.     
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      Abbreviations 

   ACD/MPV    Alveolar capillary dysplasia with misalignment 
of the pulmonary veins   

  AK    Adenylate kinase   
  ALK1    Activin-like Kinase-Type I   
  ALK6    Activin Receptor-like Kinase-6   
  ANCAs    Anti-neutrophil cytoplasmic antibodies   
  AT-III    Antithrombin III ATS: Arterial tortuosity 
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  BAX    BCL-2 associated X-protein   
  BMPR2    Bone Morphogenetic Protein Receptor type 2 
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  BMPRIB    BMP receptor type IB   
  CAV1    Caveolin 1   
  CBLN2    Cerebellin 2   
  CCB    Calcium channel blockade   
  CHD    Congenital heart disease   
  COL3A1    Type III collagen   
  COPD    Chronic obstructive pulmonary disease   
  CSS    Churg-strauss syndrome   
  CTEPH    Chronic thrombotic embolic pulmonary 

hypertension   
  EIF2AK4    Eukaryotic Translation Initiation Factor 2 Alpha 

Kinase 4   

  ENG    Endoglin   
  F5    Coagulation factor V   
  FOXF1    Forkhead box F1   
  G-6-PD    Glucose-6-phosphate dehydrogenase   
  GCA    Giant cell arteritis   
  GLUT10    Glucose transporter 10   
  HDACs    Histone deacetylases   
  HHT    Hereditary hemorrhagic telangiectasia   
  HIF-1α    Hypoxia inducible factor 1α   
  HIV    Human immunodefi ciency virus   
  HK    Hexokinase   
  HLA    Human leukocyte antigen   
  HPAH    Hereditary pulmonary arterial hypertension   
  HPS    Hepatopulmonary syndrome   
  IL12B    Interleukin 12B   
  IPAH    Idiopathic pulmonary arterial hypertension   
  KCNK3    Potassium Channel subfamily K, member 3   
  MTHFR    Methylenetetrahydrofolate reductase   
  NT5C3A    uridine 5-prime monophosphate hydrolase   
  PAH    Pulmonary arterial hypertension   
  PAVMs    Pulmonary arteriovenous malformations   
  PCH    Pulmonary capillary hemangiomatosis   
  PE    Pulmonary emboli   
  PFK    Phosphofructokinase   
  PGK1    Phosphoglycerate kinase 1   
  PK    Pyruvate kinase   
  PON1    Paraoxonase 1   
  PPHN    Persistent pulmonary hypertension of the 

newborn   
  PTPN22    protein tyrosine phosphatases nonreceptor- 

type 22   
  PVH    Pulmonary venous hypertension   
  PVOD    Pulmonary veno-occlusive disease   
  RBC    Red blood cell   
  SCD    Sickle cell disease   
  SERPINA1    Serpin peptidase inhibitor clade A, member 1   
  SLC2A10    Solute carrier family 2 member 10   
  SMAD1    Mothers against decapentaplegic 1   
  SMAD2    Mothers against decapentaplegic 2   
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  SMAD3    Mothers against decapentaplegic 3   
  SMAD4    Mothers against decapentaplegic 4   
  SMAD8    Mothers against decapentaplegic 8   
  SOD2    Superoxide dismutase 2   
  SSc    Systemic sclerosis   
  TBX2    T-box transcription factor-2   
  TBX4    T-box transcription factor-4   
  TGFβ    Transforming growth factor β   
  TGFBR2    TGF-β receptor II   
  TMEM70    Transmembrane protein 70   
  VTE    Venous thromboembolism   
  GWAS    Genome-wide association study   

          Introduction 

 The pulmonary circulation is composed of large conduit 
arteries, small muscular arteries, a thin-walled capillary bed 
and pulmonary veins. Small intrapulmonary arteries control 
regional distribution of pulmonary blood fl ow and determine 
pulmonary vascular resistance. The major function of the 
pulmonary circulation is gas exchange that occurs in the cap-
illary bed. Pulmonary vascular disease for which genetic 
data are available includes pulmonary arterial hypertension, 
pulmonary veno-occlusive disease, pulmonary embolism, 
chronic thromboembolic and luminal pulmonary embolic 
disease, and arteriovenous malformations. This chapter 
reviews the genetic bases of pulmonary vascular diseases. 
Our increasing knowledge of these diseases has provided 
new opportunities for earlier diagnosis and treatment.  

    Pulmonary Arterial Hypertension 

 Pulmonary arterial hypertension (PAH) is a rare disease 
characterized by distinctive changes in pulmonary arterioles 
that lead to progressive elevation of pulmonary artery pres-
sure, pulmonary vascular resistance, right sided heart failure, 
and a high mortality rate. According to the Fourth World 
Symposium on Pulmonary Hypertension held in 2008 in 
Dana Point, California, pulmonary arterial hypertension can 
be categorized into fi ve groups including idiopathic pulmo-
nary arterial hypertension, hereditary pulmonary arterial 
hypertension, drug-induced or toxin-induced pulmonary 
arterial hypertension, PAH with identifi able causes, (such as 
connective tissue disease), and persistent pulmonary hyper-
tension of the newborn [ 105 ]. The incidence of idiopathic or 
familial pulmonary arterial hypertension is approximately 
seven to ten cases per million individuals. The incidence of 
pulmonary vascular disease in patients with other diseases is 
not known, but approximately 0.5–2 % of patients with por-
tal hypertension or HIV infection have pulmonary vascular 

disease [ 97 ]. The etiology of PAH is heterogeneous and 
incompletely understood. In the prospective National 
Institutes of Health registry, 6 % of PAH was familial, char-
acterized by autosomal dominant transmission with incom-
plete penetrance [ 8 ,  91 ]. Much of PAH is of unknown cause 
and termed idiopathic PAH (IPAH). Heritable PAH and idio-
pathic PAH have similar clinical courses. The disease is 
more frequent in adult women, with a range of 2:1 to 4:1 
women to men affected [ 40 ,  54 ]. 

    Genetics of PAH 

 Genes play an important role in the pathogenesis of idiopathic 
and heritable PAH. Germline mutations in bone morphoge-
netic protein receptor 2 ( BMPR2 ), a member of the trans-
forming growth factor β (TGFβ) superfamily of receptors, 
were identifi ed in 2000 as the major genetic cause for heredi-
tary and idiopathic PAH. Mutations in  BMPR2  have been 
identifi ed in 70 % of cases of familial PAH, as well as in 
10–40 % of cases of idiopathic PAH [ 2 ]. The wide range in 
prevalence of  BMPR2  mutations in IPAH is due to differences 
in study sample sizes, but, overall, approximately 20 % of 
IPAH patients carry  BMPR2  mutations. A total of 298  BMPR2  
unique mutations in PAH have been reported [ 70 ]. Patients 
with  BMPR2  mutations are less likely to respond to acute 
vasodilators or benefi t from calcium channel blockade (CCB) 
treatment than mutation-negative patients, and appear to have 
more severe disease at diagnosis [ 96 ]. 

 The mechanism by which these mutations contribute to 
the pathogenesis of PAH has been elucidated only partially. 
Mutations in  BMPR2  are all likely to be partial or complete 
loss of function [ 11 ,  68 ]. To investigate how heterozygous 
mutations in  BMPR2  cause PAH, mice with mutant  Bmpr2  
alleles were generated [ 10 ].  Bmpr2  homozygous mutant 
mice die early before embryonic day 9.5. Mice carrying one 
mutant allele of  Bmpr2  survive and reproduce normally [ 11 ]. 
However, these mice have increased mean pulmonary arte-
rial pressure and pulmonary vascular resistance compared 
with wild type littermates yet have no evidence of systemic 
hypertension. Histologically, the wall thickness of muscular-
ized pulmonary arteries (<100 μm in diameter) and the num-
ber of alveolar-capillary units are increased in  Bmpr2  
heterozygous mice, which occurs in the absence of systemic 
vascular remodeling. However, pathological changes are 
specifi c to the pulmonary vasculature. Pathological features 
of severe PAH such as intimal fi brosis, arterial occlusion, or 
plexiform lesions are not observed in heterozygous mice 
[ 115 ].  BMPR2  expression is almost completely absent in the 
endothelial cells of plexiform or concentric vascular lesions 
of familial PAH patients with heterozygous  BMPR2  muta-
tions [ 7 ]. In  Bmpr2  R899X heterozygous mice, one-third 
have pulmonary hypertension in association with extensive 
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pruning, muscularization of small pulmonary vessels, and 
development of large structural pulmonary vascular changes 
[ 116 ]. To investigate the role of BMPR2 signaling in pulmo-
nary vascular endothelium,  Bmpr2  was deleted in pulmonary 
endothelial cells using  Bmpr2  conditional knockout mice 
[ 52 ]. A subset of mice with heterozygous (20 %) and homo-
zygous (40 %) conditional deletion of  Bmpr2  in pulmonary 
endothelial cells developed pulmonary arterial hypertension. 
These mice have high right ventricular systolic pressure, 
excessive thickening of small arteries, occluded arteries,  in 
situ  thrombotic lesion, and higher proliferation index in 
endothelial cells and smooth muscle cells. Homozygous con-
ditional  Bmpr2  mutants had more severe histological fea-
tures than the heterozygous animals. This study indicated 
that  Bmpr2  defi ciency in the endothelium alone is suffi cient 
to predispose to PAH histopathological features [ 52 ]. Smooth 
muscle-specifi c transgenic mice expressing a dominant- 
negative  Bmpr2  genotype (c.504 insT, L168FfsX12) also 
developed pulmonary hypertension with no increase in sys-
temic arterial pressure [ 115 ]. 

 The penetrance of  BMPR2  mutations for PAH is low with 
an estimated lifetime risk of 20 % [ 65 ]. Alterations in 
BMPR2 isoform ratios or amount of  BMPR2  expression for 
the normal allele may provide an explanation of the reduced 
penetrance among  BMPR2  mutation carriers. On the other 
hand, a ‘second hit’ that involves other genetic and/or envi-
ronmental modifi ers of  BMPR2  may be necessary to induce 
development of PAH, as suggested by a linkage study indi-
cating that  BMPR2  and a 3q22 locus interact epistatically 
[ 94 ]. Candidates for modifi ers include sex hormones with 
altered androgen to estrogen balance, given the increased 
penetrance of PAH in female  BMPR2  carriers, and the obser-
vation that the majority of women with PAH are postmeno-
pausal [ 28 ,  66 ,  100 ]. Other somatic mutations of genes 
relevant to BMPR2 signaling and microsatellite instability 
have been demonstrated in the pulmonary arteries of PAH 
patients, including loss of chromosome 13 that, in turn, 
deletes  SMAD8  [ 3 ,  69 ]. 

 Mutations in other TGFβ family members are additional 
rare causes of PAH. Mutations in  ALK1  [ 111 ],  ENG  [ 24 ] and 
 SMAD4  cause hereditary hemorrhagic telangiectasia (HHT) 
and associated PAH (see arterial venous malformation sec-
tion). HHT is a systemic disease characterized by the pres-
ence of multiple arteriovenous malformations (AVMs) that 
lack intervening capillaries and results in direct connections 
between arteries and veins. The most frequent manifestations 
of HHT are epistaxis and mucocutaneous telangiectases, 
although a smaller percentage of patients develop clinically 
signifi cant AVMs, including pulmonary AVMs. Rarely, 
patients with HHT (<1 %) develop PAH that is histopatho-
logically indistinguishable from other forms of PAH [ 30 ]. 

 Homozygous  Endoglin  knockout mice die at gestational 
day 10.0–10.5 due to defects in vessel and heart development 

[ 15 ]. In this transgenic model, abnormal vascular smooth 
muscle cell formation and internal bleeding was seen in the 
peritoneal cavity due to fragile vessels, indicating endoglin is 
critical for angiogenesis. Mice heterozygous for a loss-of- 
function mutation in  Alk1  develop age-dependent dilation of 
thin-walled blood vessels of the skin, extremities, oral cavity, 
and solid internal organs (e.g., lung, liver, intestine, spleen, 
and brain), as well as occult gastrointestinal bleeding [ 108 ]. 
A missense mutation (K43E) and two nonsense mutations 
(C202X, R294X) in  SMAD8  are implicated as rare genetic 
causes of PAH [ 35 ,  84 ,  104 ]. The BMP receptor type IB 
( BMPR1B ), also called activin receptor-like kinase-6 ( ALK6 ) 
is rarely associated with PAH, and two missense variants in 
 BMPR1B  were found in IPAH patients [ 26 ]. 

 Caveolin 1 (CAV1) regulates Mothers against decapenta-
plegic 2/3 (SMAD2/3) phosphorylation. Two frameshift 
mutations (P158P fsX22 and P158H fxX22) were identifi ed 
in both familial cases (frequency 1/62) and in IPAH (fre-
quency 1/198) [ 9 ]. The expression of  CAV1  is necessary for 
the formation of caveolae, which are 50–100 nm diameter 
plasma membrane invaginations and cytoplasmic vesicles 
present in numerous cell types including endothelial and 
smooth muscle cells of the systemic and pulmonary vascula-
ture, and type I alveolar cells of the lung. CAV1 downregu-
lates Smad2/3 phosphorylation directly and loss of CAV1 
enhances Smad2/3 signaling, which has been observed in the 
lungs of patients with PAH, providing a mechanistic link to 
the TGFβ receptor superfamily abnormalities. KCNK3 is a 
member of the two pore domain potassium channels 
expressed in pulmonary artery smooth muscle cells, and 
mutations in  KCNK3  are a rare cause of both familial PAH 
and IPAH [ 66 ]. KCNK3 is believed to be responsible for set-
ting the resting membrane potential, responding to hypoxia, 
and regulating pulmonary vascular tone [ 47 ,  50 ,  83 ,  86 ,  87 ]. 
A novel heterozygous missense variant c.608 G > A, p.
G203D in  KCNK3  was identifi ed by whole exome sequenc-
ing in a familial PAH case. Five additional heterozygous 
missense variants (E182K, T8K, Y192C, G97R, and V221L) 
in 2 of 82 unrelated familial PAH patients and 3 of 230 idio-
pathic PAH patients were identifi ed by further screening for 
 KCNK3  genetic abnormalities. All six rare variants are novel, 
located in highly conserved protein domains, predicted to be 
damaging and were shown functionally to result in loss-of- 
function  in vitro . Application of a phospholipase A2 inhibitor 
was capable of rescuing channel activity in some but not all 
disease associated mutants, suggesting a potential novel 
mechanism for therapeutic intervention through KCNK3 in 
patients with pulmonary arterial hypertension [ 66 ]. 
Figure  6.1  summarizes the molecular pathogenesis and 
molecular genetics of HPAH.

   In addition to rare mutations as a monogenic cause of 
HPAH, GWAS performed in a cohort of idiopathic and 
familial PAH patients identifi ed an association of common 
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variants in  CBLN2  with a twofold increased risk of disease 
expression [ 43 ].  CBLN2  is expressed in the lung, with higher 
expression in explanted lungs from individuals with PAH 
and in endothelial cells cultured from explanted PAH lungs. 

 In addition to germ line mutations, somatic changes may 
also play a role in the pathogenesis of PAH. In normal pul-
monary arteries, endothelial cells grow in a monolayer. In 
the lungs of patients with severe pulmonary hypertension, 
there is dysregulation of endothelial cell growth, forming 
intravascular plexiform lesions [ 121 ]. Endothelial cells 
within the plexiform lesions are clonal and arise from a sin-
gle cell. These cells are genetically unstable and exhibit mic-
rosatellite instability and contain mutations in the TGF-β 
receptor II ( TGFBR2 ) and BCL-2 associated X-protein 
( BAX ) genes. Additionally, protein expression of TGF-BRII 
(6 of 19 lesions) and BAX (4 of 19 lesions) proteins was 
reduced in endothelial cells within plexiform lesions [ 121 ]. 
Chromosome abnormalities were identifi ed in fi ve out of 
nine pulmonary artery endothelial cells and smooth muscle 

cells analyzed by chromosome microarray from PAH 
patients [ 3 ]. Four of these were whole chromosome losses; 
the X chromosome was deleted in three female subjects, one 
patient harbored a germline  BMPR2  mutation and somatic 
loss of chromosome 13, which constitutes a second genetic 
hit in the same pathway by deleting  SMAD8 . The fi fth abnor-
mality was an interstitial deletion of the short arm of chro-
mosome- 8, 8p23.1-p12. These chromosome abnormalities 
may confer a growth advantage, and, thus, contribute to dis-
ease progression [ 3 ]. 

 Germline chromosome copy number changes and micro-
deletion/duplications associated with pulmonary hyperten-
sion have not been studied extensively. A germline micro 
deletion of 17q22q23.2, encompassing T-box transcription 
factor-2 and 4 ( TBX2  and  TBX4 ) was, however, identifi ed in 
a patient with a syndromic disorder that included pulmonary 
hypertension [ 85 ]. 

 Epigenetic changes do not alter the DNA sequence [ 17 ]. 
Changes in the methylation of superoxide dismutase were 
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  Fig. 6.1    Molecular pathogenesis of hereditary PAH. BMP binds to 
BMPR2. Upon ligand binding, the type II receptor phosphorylates a type 
I receptor, including ALK1, ALK2, ALK3 or ALK6. This leads to phos-
phorylation of Smad1/5/8 and phosphorylation of Smad4 with transloca-
tion of the phosphorylated Smads to the nucleus to modulate the 
expression of target genes. Upon TGFβ ligand binding, the TGFβ type II 
receptor phosphorylates a type I receptor, ALK5. This leads to phos-
phorylation of Smad2/3 which phosphorylate Smad4 and translocate to 
the nucleus. Endoglin is an accessory membrane glycoprotein that inter-
acts with signaling receptor complexes for the BMP and TGF-β super-
family. Caveolin-1 normally dampens BMP signaling by inhibiting 
receptors or their signaling downstream to prevent vascular prolifera-
tion. Lack of caveolin-1 causes activation of STAT3 and ERK1/2 

 signaling, activation of Ras/p42/44/MAP kinase and upregulation of 
cyclin D1. Caveolin-1 functions as a tonic inhibitor of eNOS to facilitate 
NO mediated relaxation. Caveolin-1 modifi es TGF beta signaling at the 
plasma membrane which may provide a mechanistic link between 
 Caveolin - 1  and  BMPR2  mutations in the pathogenesis of PAH. KCNK3 
is a potassium channel protein in pulmonary artery smooth muscle cells. 
Activation of K+ channel causes K+ effl ux, membrane hyper polariza-
tion, and vasodilatation [ 67 ].  PAH  pulmonary arterial hypertension, 
 BMP  bone morphogenetic protein,  BMPR2  bone morphogenetic protein 
receptor 2,  ALK  activin-like kinase,  TGFβ  transforming growth factor 
beta,  STAT3  signal transducer and activator of transcription 3, 
 ERK  extracellularly-regulated kinase,  MAP  mitogen activated kinase, 
 NO  nitric oxide,  KCNK3  Potassium channel subfamily K, member 3       
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found in cells from the pulmonary vasculature in PAH patients 
[ 5 ]. Down regulation of superoxide dismutase 2 (SOD2) and 
normoxic activation of hypoxia inducible factor (HIF-1α) 
were found in pulmonary arteries and plexiform lesions in 
PAH [ 14 ,  16 ]. Decrease in SOD2 results from methylation of 
CpG islands in  SOD2  by lung DNA methyltransferases. The 
partial silencing of  SOD2  alters redox  signaling, activates 
HIF-1α and leads to excessive cell proliferation. 

 Histone deacetylases (HDACs) catalyze removal of acetyl 
groups from lysine residues in a variety of proteins. HDACs 
regulate gene transcription by deacetylating nucleosomal 
histones. Expression of Class I HDACs is elevated dramati-
cally in pulmonary arteries of PAH patients [ 122 ], and recent 
studies have demonstrated that Class I specifi c HDAC inhibi-
tors can prevent hypoxia-induced pulmonary arteriole 
remodeling to preserve right ventricular function [ 22 ].  

    Pediatric PAH 

 PAH in children is much more heterogeneous than in adults 
and can be associated with congenital heart disease (CHD), 
bronchopulmonary dysplasia, vascular disease, pediatric lung 
disease, hepatic disease, pediatric thromboembolic disease 
and hematological disorders. The prevalence of IPAH/ HPAH 
in children was estimated to be ~2.2 cases per million with a 
lower female/male ratio (1.8:1) compared to adults [ 95 ]. The 
natural history of IPAH in children is poor, with a median 
untreated survival after diagnosis of 10 months compared to 
2.8 years for adults [ 32 ]. In children,  BMPR2  mutations have 
been evaluated with variable results. One study identifi ed no 
 BMPR2  mutations in 13 children with IPAH [ 46 ] while in a 
study reported by Harrison and colleagues, 22 % of children 
with IPAH or pulmonary hypertension associated with CHD 
had  ALK1 ,  ENG  or  BMPR2  mutations [ 49 ].  BMPR2  mutation 
positive children appeared less likely to respond to acute 
vasodilators than mutation negative children [ 95 ]. 

 Other genes are likely to play an important role in child-
hood PAH. Two novel missense mutations (c.479 G > A 
S160N, c.1176 C > A F392L) in  BMPR1B  were identifi ed in 
pediatric IPAH [ 26 ]. The F392L variant was inherited from 
unaffected father and S160N was not tested in proband’s par-
ents because their samples were not available. These two 
variants are located in highly conserved  BMPR1B  protein 
regions. Functional studies showed the transcriptional acti-
vation of the BMPR1B F392L protein with SMAD8 
increased above that of wild-type BMPR1B with SMAD8, 
and those of BMPR1B S160N and F392L with SMAD8 and 
SMAD4 were each increased above those of the wild-type 
BMPR1B with SMAD8 and SMAD4. 

 Two novel missense mutations (c.2519 G > A p.G840E, 
c.2698 A > C p.T900P) in  NOTCH3  were identifi ed in two 
PAH patients. Whether these two variants are inherited or 

 de novo  is unknown because samples from probands’ parents 
were not available. These variants are located in highly con-
served  NOTCH3  protein regions, and functional studies indi-
cated these mutations were involved in cell proliferation and 
viability [ 27 ].  

    Persistent Pulmonary Hypertension 
of the Newborn 

 Persistent pulmonary hypertension of the newborn (PPHN) is 
characterized by severe hypoxemia shortly after birth, absence 
of cyanotic congenital heart disease, marked pulmonary 
hypertension, and vasoreactivity with extrapulmonary right-
to-left shunting of blood across the ductus arteriosus and/or 
foramen ovale. A recent study suggested PPHN is a frequent 
and life-threatening complication in patients with mutations 
in  TMEM70  which causes a rare nuclear ATP synthase defi -
ciency in pulmonary vascular endothelial cells [ 21 ].  

    Pulmonary Hypertension Secondary to CHD 

 Pulmonary arterial hypertension is a complication of CHD, 
most commonly occurring in patients who have systemic-
to-pulmonary shunts with increased pulmonary blood fl ow. 
With increasing survival of patients with CHD after early 
surgical repair, PAH associated with CHD is now more 
common: approximately 5 % of adults with CHD develop 
PAH. Among adults with PAH, 11.3 % have PAH-CHD, 
whereas in children, almost half of all PAH cases are linked 
to CHD [ 42 ]. The pathophysiology of PAH with CHD var-
ies according to the underlying structural heart defect, pres-
ence and size of intra- or extra-cardiac shunt, and status of 
the right ventricle. There are cases in which the PAH-CHD 
cannot be explained fully by the associated cardiac defect 
alone, and in these cases other mechanisms are likely to be 
responsible for pulmonary vascular dysfunction. Examples 
include patients with PAH and small atrial or ventricular 
septal defects. Interestingly, in one study  BMPR2  muta-
tions were identifi ed in 6 % of adults and children with 
PAH-CHD [ 92 ], although this mutation is not known to 
associate with the pathogenesis of structural heart disease 
 per se . In a different study, one  BMPR2  mutation and one 
 Endoglin  mutation were identifi ed in 11 children with 
CHD-PAH [ 88 ].  

    Pulmonary Hypertension Associated 
with Chronic Obstructive Pulmonary Disease 

 Chronic obstructive pulmonary disease (COPD) is a group of 
obstructive lung diseases, primarily emphysema and chronic 
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bronchitis, which can lead to pulmonary hypertension and 
cor pulmonale. Alpha-1-antitrypsin defi ciency, caused by 
mutations in the serpin peptidase inhibitor, clade A, member 
1 ( SERPINA1 ) gene is inherited as an autosomal recessive 
disorder characterized by increased risk for the development 
of severe destructive lung disease, such as emphysema, at an 
early age [ 99 ]. Pulmonary hypertension occurs in one-third 
of these patients.  

    Co-morbidities Associated with PAH 

 Several coexisting medical conditions have been associated 
with pulmonary arterial hypertension including connective 
tissue disease, infection with the human immunodefi ciency 
virus (HIV), human herpes virus, portal hypertension, throm-
bocytosis, hemoglobinopathies, and hereditary hemorrhagic 
telangiectasia [ 38 ]. Hepatopulmonary syndrome (HPS) 
affects 10–30 % of patients with cirrhosis and portal hyper-
tension. One study showed that polymorphisms in eight 
genes ( Caveolin 3 ,  ENG ,  NADPH Oxidase 4 ,  Estrogen 
receptor 2 ,  von Willebrand factor ,  Runt - related transcription 
factor 1 ,  Tyrosine kinase with immunoglobulin and EGF fac-
tor homology domains factor 1 ) were associated with disease 
expression, possibly through the regulation of angiogenesis 
modulating the risk of HPS [ 93 ]. Connective tissue disease- 
associated PAH may be observed in systemic sclerosis (SSc), 
mixed connective tissue disease and systemic lupus erythe-
matosus, and is most commonly seen in systemic sclerosis 
(with reported prevalence varying from 4.9 to 26.7 %). 
Human leukocyte antigen (HLA) DRw52 and DRw6 are 
associated with signifi cantly increased risks of SSc-PAH 
[ 62 ]. However, sequencing has not identifi ed mutations in 
TGFβ receptor genes, including  BMPR2 ,  ALK1 ,  TGFBR2  
and  ENG , in SSc-PAH patients [ 60 ,  82 ,  101 ].   

    Pulmonary Venous Hypertension 

 Pulmonary venous hypertension (PVH) is a well-described 
cause of pulmonary hypertension in patients with left heart 
disease associated with elevated left heart fi lling pressure 
from a number of processes, including left ventricular sys-
tolic dysfunction, left-sided valvular disease, constrictive 
pericardial disease, and restrictive cardiomyopathies. 
Traditionally, PVH has been defi ned as a mean pulmonary 
artery pressure ≥25 mmHg, pulmonary capillary wedge 
pressure ≥15 mmHg, and transpulmonic gradient <10 mmHg. 
Risk factors associated with pulmonary venous hypertension 
are age ≥80 years, left ventricular end diastolic pressure 
≥25 mmHg, atrial arrhythmias, chronic obstructive pulmo-
nary disease, and dyspnea on exertion. The spectrum of vas-
cular remodeling seen in PVH varies widely among patients.  

    Pulmonary Veno-Occlusive Disease 

 Pulmonary veno-occlusive disease (PVOD) is a rare cause of 
pulmonary hypertension. Annual incidence of PVOD is 
approximately 0.1–0.2 cases per million persons in the gen-
eral population [ 97 ]. Unlike IPAH, there does not appear to 
be a clear gender imbalance among patients with PVOD 
[ 73 ]. Pathologically, PVOD is characterized by the extensive 
and diffuse obliteration of small pulmonary veins or venules 
by fi brous tissue. Pulmonary parenchymal abnormalities are 
common: interstitial edema, pleural effusions and areas of 
pulmonary hemorrhage are often present [ 73 ]. In PVOD, the 
pressure gradient between the pulmonary capillary wedge 
and left ventricular compartments at end-diastole is gener-
ally increased in affected vascular beds compared to normal 
lung vascular regions. 

 The etiology of PVOD remains largely unknown. 
Infection, toxic exposure, thrombophilia and autoimmune 
diseases are associated with development of the disease. 
PVOD presents both sporadically and as familial cases, indi-
cating a genetic cause for at least some forms of 
PVOD. Mutations in  BMPR2  have been reported in patients 
with PVOD [ 81 ]. Recently, mutations in Eukaryotic 
Translation Initiation Factor 2 Alpha Kinase 4 ( EIF2AK4 ) 
were identifi ed in multiple independent families with an 
autosomal recessive form of PVOD [ 13 ,  36 ]. All affected 
individuals in 13 familial cases carried deleterious homozy-
gous or compound- heterozygous rare variants in  EIF2AK4 . 
Additional mutation screening demonstrated  EIF2AK4  
mutations in 5/20 (25 %) of idiopathic cases of pulmonary 
capillary hemangiomatosis (PCH) /PVOD [ 13 ,  36 ]. The pro-
tein product of  EIF2AK4  belongs to a family of kinases that 
regulates angiogenesis, and the alpha subunit of this protein 
plays a critical role in the induction of angiogenesis, prolif-
eration, and resistance to apoptosis in stressful environments. 
Moreover, EIF2AK4 interacts with SMAD4, SMAD1, ALK-
1, ENG, and TGFBR2, thereby interacting with the BMPR2-
associated signaling network. 

 When hemoptysis or hemorrhagic pulmonary effusion, 
interstitial lung infi ltrates, or signs of post capillary pulmo-
nary hypertension are present in the setting of pulmonary 
hypertension, both PCH and pulmonary veno-occlusive dis-
ease should be considered [ 4 ]. PCH is caused by the prolif-
eration of pulmonary capillaries infi ltrating vascular, 
bronchial, and interstitial pulmonary structures. Most PCH 
cases are sporadic, but hereditary forms of PCH consistent 
with autosomal-recessive transmission have been reported. 
PCH occurs in young adults and is often only diagnosed after 
death on autopsy. Pathology demonstrates thickened inter 
alveolar septae infi ltrated by numerous thin-walled vessels 
and infi ltration by capillaries into the walls of pulmonary 
vessels and bronchi. Signs of post capillary pulmonary 
hypertension (Kerley B lines, transudative pleural effusion, 
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or a high pulmonary artery wedge pressure) are absent in 
pulmonary hypertension. 

 The classifi cation of pulmonary hypertension proposed 
in the new Dana Point Classifi cation was to maintain 
European Respiratory Society guidelines, which combined 
PCH and PVOD into a single subcategory within PAH 
because of specifi c similarities in their diagnosis, prognosis, 
and management. Genetic studies have identifi ed compound 
heterozygous mutations in  EIF2AK4  in familial PCH and in 
2/10 cases of sporadic PCH. Thus,  EIF2AK4  mutations are 
associated with both PCH and PVOD, which suggests there 
is a common underlying molecular etiology for PVOD and 
PCH. [ 13 ].  

    Pulmonary Hypertension due to Luminal 
Embolism or Chronic Thrombotic Embolic 
Disease 

    Pulmonary Embolism 

 Pulmonary embolism (PE) is common, with an incidence of 
one to two cases per 1000 person per year [ 123 ], which usu-
ally occurs in association with deep vein thrombosis. Both 
inherited and environmental risk factors such as immobility 
or estrogens predispose to venous thromboemboli (VTE). 
Approximately 20 % of patients with VTE are believed to 
have identifi able genetic risk factors, including factor V (F5) 
Leiden, prothrombin gene mutation G20210A, or defi cien-
cies of protein C, protein S or antithrombin III (AT-III) [ 12 , 
 29 ,  45 ,  89 ]. The prevalence of factor V Leiden mutations is 
9.1 % (272/2977) in patients with isolated PE and 19.4 % 
(1576/8140) in patients with VTE with or without concomi-
tant PE [ 34 ]. The most frequent point mutation in  F5  is 
R506Q. It occurs at one of three cleavage sites for activated 
protein C and renders factor V relatively resistant to degrada-
tion. This mutation is carried by approximately 2–7 % of 
Caucasians [ 72 ] and present in 1–2 % of African Americans 
[ 23 ,  44 ]. Several other missense mutations and small inser-
tion/deletions have been identifi ed in F5. Heterozygous car-
riers of Factor V Leiden have a fi vefold increased risk of 
venous thromboembolism, and that risk is increased 10- to 
80-fold in homozygotes [ 61 ]. According to American 
College of Medical Genetics, genetic testing should be per-
formed in patients presenting with idiopathic VTE at age <50 
or in recurrent VTE irrespective of age. Patients found to 
have the factor V Leiden mutation may require prolonged 
oral anticoagulation. 

 The prothrombin 20210G > A variant in the 3’ untrans-
lated region of the prothrombin gene is present in 2 % of the 
general population, 6–9 % of individuals with a single VTE, 
and up to 18 % of individuals with a personal and family his-
tory of thrombosis [ 33 ,  63 ,  75 ,  89 ]. Carriers of both Factor V 

Leiden and the  Prothrombin  20210G > A variant are found in 
approximately 0.1 % of the Caucasian population. Mutations 
in  Protein C  and  Protein S  are approximately tenfold less 
common than Factor V Leiden mutation, with a combined 
prevalence of 1 % of the population and are found in 1–3 % 
of individuals with VTE [ 77 ]. The 677C > T variant in the 
Methylenetetrahydrofolate reductase ( MTHFR ) gene results 
in a variant thermolabile enzyme with reduced activity for 
the remethylation of homocysteine. Homozygosity for 
677C > T occurs in 10–20 % of the general population and 
predisposes to mild hyperhomocysteinemia, usually in the 
setting of suboptimal folate levels [ 119 ]. One or more of the 
genetic variants described above was present in 62.2 % 
(56/90) of patients with PE [ 106 ].  

    Pulmonary Hypertension due to Chronic 
Thrombotic Embolic Disease 

 Patients with recurrent pulmonary emboli are at risk of 
developing chronic thrombotic embolic pulmonary hyper-
tension (CTEPH), although <1 % of patients with antecedent 
luminal PE later develop this form of pulmonary vascular 
disease. Patients with CTEPH have progressive dyspnea, and 
often present with normal chest radiographs and pulmonary 
function tests. The diagnosis is suggested when a ventilation 
perfusion scan shows large perfusion defects with relatively 
normal ventilation. Pulmonary endarterectomy remains the 
primary treatment for CTEPH, although recently the soluble 
guanylyl cyclase stimulator riociguat was demonstrated to 
signifi cantly improve exercise tolerance and survival in the 
patient population. Importantly, CTEPH can develop in the 
setting of chronic PE and is associated with some of the same 
genetic thromboembolic risk factors reviewed above includ-
ing factor VIII [ 55 ,  59 ].  

    Pulmonary Embolism and Pulmonary 
Hypertension in Sickle Cell Disease, 
Thalassemia and Other Hemolytic Anemia 

 Hemolytic anemia includes several genetic diseases such as 
sickle cell disease, thalassemia, Glucose-6-phosphate dehy-
drogenase (G6PD) defi ciency, pyruvate kinase defi ciency, 
congenital hereditary spherocytosis and paroxysmal noctur-
nal hemoglobinuria, as well as autoimmune diseases, infec-
tion, transfusion and medication induced hemolytic anemia. 
Patients with hemolytic anemia express a hypercoagulable 
state [ 6 ], and are thus at risk for developing thrombotic com-
plications, including VTE and  in situ  pulmonary vascular 
thrombosis. 

 Sickle cell disease (SCD) is an autosomal recessive 
genetic disorder due to the E6V mutation in the β-globin 
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gene. Rigidity of erythrocytes leads to hemolysis and veno- 
occlusion. Heterozygous sickle cell disease increases the risk 
of PE by approximately fourfold, which is among the most 
frequent cause of death in this patient population [ 1 ]. Indeed, 
pulmonary hypertension has emerged as a major chronic car-
diopulmonary complication of SCD, affl icting 20–30 % of 
SCD patients. The pathogenesis of PH-SCD is complex and 
may involve hemolysis that depletes nitric oxide synthesis, 
prothrombotic state/ thromboembolic disease, iron overload, 
chronic liver disease, HIV infection, nocturnal hypoxemia, 
left ventricular diastolic dysfunction, and loss of splenic 
function [ 71 ]. 

 Thalassemia is caused by a partial or complete defi ciency 
of either α or β-globin chain synthesis. Beta-thalassemia is 
one of the most common autosomal recessive disorders 
worldwide. Thromboembolic events and pulmonary hyper-
tension are more common in β-thalassemia intermedia [ 58 ]. 

 Hemolytic anemia caused by red blood cell (RBC) enzy-
mopathies often occur due to congenital enzyme defi ciencies 
in erythrocyte metabolic pathways. The most common 
hemolytic anemia is G6PD defi ciency caused by X-linked 
mutations in the  G6PD  gene that normally provides defense 
against oxidative damage [ 80 ]. Red cell pyruvate kinase 
(PK) defi ciency is the most common cause of hereditary 
nonspherocytic hemolytic anemia and is caused by reces-
sively inherited mutations in the gene encoding pyruvate 
kinase [ 112 ]. Other hemolytic anemias due to RBC enzy-
mopathies include recessively inherited mutations in adenyl-
ate kinase ( AK ) [ 79 ], uridine 5-prime monophosphate 
hydrolase ( NT5C3A ) [ 76 ], hexokinase ( HK ) and phospho-
fructokinase ( PFK ) [ 78 ]. Phosphoglycerate kinase 1 (PGK1) 
defi ciency is an X-linked recessive hemolytic anemia caused 
by mutations in  PGK1  [ 25 ].   

    Pulmonary Vascular Malformation 

 Pulmonary vascular malformations are congenital anomalies 
that occur in pulmonary arteries, veins and capillaries. It is a 
group of diseases that includes pulmonary arterial and 
venous malformations, hereditary hemorrhagic telangiecta-
sia, alveolar capillary dysplasia, Ehlers-Danlos syndrome 
and arterial tortuosity syndrome. Although these syndromes 
are rare, they are associated with the development of clini-
cally signifi cant pulmonary hypertension. 

    Pulmonary Arterial Venous Malformations 

 Pulmonary arteriovenous malformations (PAVMs) are low- 
resistance, high fl ow-through vascular structures that con-
nect pulmonary arteries to pulmonary veins abnormally, 
bypassing the normal pulmonary capillary bed and resulting 

in an intrapulmonary right to left shunt. As a consequence, 
PAVMs predispose to hypoxemia and paradoxical emboli. 
PAVMs are rare (incidence of 2–3 per 100,000), affect 
females preferentially (male-to-female ratio ~1:1.5–1.8), 
and hereditary, occurring predominately in association with 
HHT. Hereditary PAVMs tend to increase in size over time, 
usually expanding and becoming more evident in the second 
and third decades of life. Sporadic cases can be caused by 
infections (such as schistosomiasis and actinomycosis), 
trauma, and Fanconi syndrome, or occur secondary to hepa-
topulmonary syndrome or bidirectional cavopulmonary 
shunts [ 19 ].  

    Hereditary Hemorrhagic Telangiectasia 

 Hereditary hemorrhagic telangiectasia, or Rendu-Osler- 
Weber syndrome, is a rare autosomal dominantly inherited 
disease with a prevalence of 1 or 2 per 100,000. The disease 
is characterized by vascular dysplasia leading to telangiec-
tasias and arteriovenous malformations of the skin, mucosa, 
and viscera. Between 20 and 23 % of HHT patients have 
pulmonary arteriovenous malformations (PAVMs), and, 
thus, are at risk for pulmonary hypertension [ 90 ,  114 ,  107 ]. 
Mutations in  ENG  or  ALK1  are the predominant genetic 
causes of HHT (62.5 %), although a small percentage of 
cases (1–2 %) express mutations in  SMAD4  in association 
with juvenile polyposis. Overall, however,  ALK - 1  muta-
tions are the most common genetic cause of HHT-associated 
PAH [ 48 ,  64 ,  111 ] and pulmonary arterio-venous malfor-
mations [ 113 ].  

    Alveolar Capillary Dysplasia 

 Alveolar capillary dysplasia with misalignment of the pul-
monary veins (ACD/MPV) is a rare childhood disorder that 
carries a mortality rate approaching 100 %. The pathogen-
esis of both ACD/MPV and its association with pulmonary 
hypertension are not well understood. ACD/MPV usually 
presents with minimal or no parenchymal lung disease and 
diagnosis is based upon the pathology of immature lobular 
development, decreased number of pulmonary capillaries 
located away from the alveolar, epithelium thickened alve-
olar septae, medial hypertrophy of small pulmonary arter-
ies, muscularization of distal arterioles and malposition of 
pulmonary vein branches adjacent to pulmonary arteries 
[ 20 ]. Most of ACD/MPV cases are sporadic, but approxi-
mately 10 % are familial. Pedigrees suggest both autosomal 
dominant and recessive patterns of inheritance. 
Heterozygous point mutations and microdeletions in fork-
head box F1 ( FOXF1 ) were identifi ed in 40 % ACD/MPV 
patients [ 102 ,  109 ].  
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    Ehlers-Danlos Vascular Disease 

 Ehlers-Danlos syndrome is a group of inherited connective 
tissue disorders of collagen synthesis. Type IV Ehlers-Danlos 
syndrome (vascular type) is due to autosomal dominantly 
inherited defects of type III collagen ( COL3A1 ) synthesis 
and is characterized by abnormal fragility of blood vessels 
leading to spontaneous rupture or dissection of blood ves-
sels. Respiratory complications include hemoptysis and 
hemopneumothorax. In extreme cases the lungs demonstrate 
diffuse hemorrhage with hemosiderin-laden alveolar macro-
phages or old/organized thrombi in the small bronchi [ 51 ].  

    Arterial Tortuosity Syndrome 

 Arterial tortuosity syndrome (ATS) is a rare autosomal reces-
sive disorder characterized by tortuosity, elongation, stenosis 
and aneurysm formation in the systemic and pulmonary 
arteries. Disruption of elastic fi bers in the medial layer of the 
arterial wall is observed. ATS is caused by mutations in the 
solute carrier family 2, member 10 ( SLC2A10 ) gene, encod-
ing the facilitative glucose transporter 10 (GLUT10) [ 18 ,  31 , 
 37 ]. Defi ciency of GLUT10 is associated with up regulation 
of the TGF-beta pathway in the arterial wall, which is respon-
sible for the angiopathy.   

    Lung Vasculitis 

 Pulmonary vasculitis occurs with collagen vascular diseases 
and in granulomatous pulmonary disease. In the collagen 
vascular group, vasculitis causes diffuse interstitial infl am-
mation and fi brosis. The typical collagen vascular diseases 
include rheumatoid arthritis, systemic lupus erythematosus, 
systemic sclerosis and dermatomyositis. Granulomatous pul-
monary disease typically produces focal infl ammation and 
manifests as nodules and masses. The most common vascu-
litis granulomatosis is Wegener’s granulomatosis. 

    Wegener’s Granulomatosis 

 Wegener’s granulomatosis (WG) is characterized by necrosis, 
vasculitis and granulomatous infl ammation involving the respi-
ratory tract and kidney. In the lung, granulomatous infl amma-
tion produces solitary or multiple discrete parenchymal nodules, 
which may be bronchocentric, angiocentric or interstitial. The 
vasculitis may or may not be granulomatous in nature, and 
larger vessels often have only focal involvement. Polymorphisms 
in  PTPN22  (R620W) [ 56 ],  HLA - DPA1  (rs9277341),  HLA -
 DPB1  (rs9277554), and semaphorin 6A ( SEMA6A ) (rs26595) 
[ 120 ] are associated with Wegener’s granulomatosis.  

    Churg-Strauss Syndrome 

 Churg-strauss syndrome (CSS) is a rare small- and medium-
sized- vessel vasculitis associated with asthma and eosino-
philia. Findings in the lung include a combination of 
extravascular granulomas, vasculitis and eosinophilic pneu-
monia. CSS is often preceded by allergic rhinitis, frequently 
complicated by nasal polyposis and sinusitis. Three SNPs in 
the  IL10  promotor were signifi cantly associated with ANCA- 
negative CSS [ 118 ].  

    Giant Cell Arteritis 

 Giant cell arteritis (GCA) is a granulomatous vasculitis of 
the aorta and its major branches. GCA can affect the main 
pulmonary arteries as well as large and medium sized pul-
monary elastic arteries in 9–31 % of cases. The vasculitic 
process is characterized by medial and adventitial chronic 
infl ammation with giant cells and causes elastic laminae 
destruction, sometimes associated with focal fi brinoid 
medial necrosis. The most common respiratory symptom is 
non-productive, persistent cough. Polymorphisms in protein 
tyrosine phosphatases nonreceptor- type 22 ( PTPN22 ) and 
HLA-DRB1 have been reported with GCA [ 74 ,  103 ,  117 ].  

    Takayasu Arteritis 

 Takayasu arteritis (TA) is a rare granulomatous vasculitis 
that mainly involves the aorta and its major branches. 
Incidence of pulmonary artery involvement detected by 
angiography ranges widely in the literature from 14 to 
100 %. Clinical presentations include cough, dyspnea, and/
or hemoptysis [ 110 ]. The adventitia, media, and intima are 
infi ltrated by mononuclear and giant cells that contribute to 
the formation of necrotizing or non-necrotizing granulomas. 
Fragmentation of elastic fi bers (elasticophagia) and destruc-
tion of the smooth muscle cells in the media leads to weaken-
ing of the vessel wall and lumen dilatation. Later, diffuse or 
nodular fi brosis may predominate and result in stenosis or 
obliteration of the vascular lumen [ 39 ]. The disease usually 
affects young women and familial cases have been reported, 
suggesting hereditary factors. Polymorphisms in paraox-
onase 1 ( PON1 ) and Interleukin-12B ( IL12B ) have been 
associated with Takayasu arteritis [ 53 ,  98 ].  

    Impact of Genetics of Pulmonary Vascular 
Diseases on Clinical Research 

 The identifi cation of genes that cause pulmonary vascular 
remodeling and dysfunction has elucidated the molecular 
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underpinnings of pulmonary vascular disease pathogenesis. 
Although many disease-causing genes have been identifi ed, 
a signifi cant portion of clinical cases throughout the spec-
trum of pulmonary vascular diseases are not explained by 
known genetic mutations. The application of novel genomic 
sequencing methods, including exome and genome sequenc-
ing, to clinical research involving PAH (in particular) is 
anticipated to expose additional genetic markers of disease 
expression and help crystalize molecular mechanisms 
involved in the pathogenesis of this highly morbid condition. 
Identifying the genetic basis of pulmonary vascular disease, 
however, represents one of many critical steps towards 
improved treatment.  

    Impact of Genetics of Pulmonary Vascular 
Diseases on Clinical Medicine 

 Generally, genetic testing in clinical practice is available 
for either single genes or a panel of disease-specifi c genes. 
The cost of genetic testing has decreased signifi cantly in 
the United States with the introduction of gene panels and 
increasing acceptance of genetic testing by health insur-
ance parties. Clinical genetic testing in PAH is available 
for PAH for a panel of genes including  BMPR2 ,  ALK1 , 
 ENG ,  SMAD8 ,  CAV1 , and  KCNK3 , and includes both 
sequencing and deletion/duplication testing. Genetic test-
ing is often sought by parents in pediatric PAH to explain 
the etiology of the disease, assess risk in other family 
members, and determine the risk of recurrence in future 
children. The most commonly cited reason for genetic test-
ing for PAH is to provide information regarding disease 
risk to offspring [ 57 ], and pre- implantation genetic diag-
nosis has been used to avoid vertical transmission of a 
familial mutation [ 41 ]. 

 Although the utility of genetic testing is primarily for 
unaffected family members, genetic testing should begin on 
the affected member of the family to provide critical infor-
mation regarding whether there is a genetic basis for PAH in 
the affected family member, and, if present, the specifi c 
mutation. Genetic testing is valuable for both familial PAH 
and IPAH since 20 % of IPAH patients will have an identifi -
able PAH mutation due to incomplete penetrance and  de 
novo  mutations. Using the combined approaches of sequenc-
ing and deletion duplication analysis, the clinical sensitivity 
of genetic testing panels for PAH is approximately 75 % with 
mutations most commonly identifi ed in  BMPR2  [ 68 ]. 

 The cost of genetic testing is usually covered in part or in 
full by insurance with results generally available in 8 weeks. 
Once the mutation in a family has been identifi ed, testing 
other family members for a family-specifi c mutation is rela-
tively inexpensive, accurate, and fast. As a consequence of 
the incomplete penetrance and variable age of onset, identi-

fi cation of a  BMPR2  mutation may have complex psychoso-
cial implications on the potentially affected family members 
and can be associated with feelings of guilt in the proband 
parent. Thus, genetic counseling should precede genetic test-
ing in PAH. 

 Genetic testing is helpful when a familial mutation is 
identifi ed in a symptomatic patient, and predictive testing is 
able to identify asymptomatic family members who have 
negative genetic test result. On the other hand, negative 
genetic test results are informative only when a familial 
mutation has been identifi ed in a disease-expressing individ-
ual, but not in asymptomatic family members. In this sce-
nario, mutation-negative members of the affected family are 
not at increased risk for PAH, and can then forgo the other-
wise recommended serial clinical evaluations and echocar-
diograms to screen for development of PAH. Conversely, 
high-risk individuals carrying a familial PAH mutation, or 
fi rst-degree relatives of individuals with PAH who have not 
had genetic testing should have regular surveillance tests. 
For at-risk individuals, regular screening by echocardiogram 
every 3 years and awareness of disease symptoms should 
enable early diagnosis and treatment which may improve 
outcomes [ 66 ]. If a mutation is not identifi ed in a patient with 
familial PAH after testing for a comprehensive panel of PAH 
genes, clinical exome sequencing may be considered. 
Clinical exome sequencing should involve consultation with 
a clinical geneticist due to the complexities of this particular 
genetic test. Approaches to genetic testing are illustrated in 
Fig.  6.2 .

   If an asymptomatic family member of a patient with PAH 
desires predictive genetic testing and an affected family 
member is unavailable or unwilling to undergo genetic test-
ing, the asymptomatic family member may pursue genetic 
testing for a panel of PAH genes. A positive result is straight-
forward to interpret; however, a variant of uncertain clinical 
signifi cance may be identifi ed, leaving the patient with 
uncertainty unless genetic testing of additional family mem-
bers can be performed to clarify the signifi cance of the 
detected genetic variant. Finally, a negative genetic test in the 
asymptomatic family member is not fully informative since 
that negative genetic test result could either be due to not 
inheriting a mutation in a gene included in the testing panel 
or due to being positive for an unidentifi ed PAH gene that 
was not included in the testing panel. This asymptomatic 
patient’s risk of PAH is reduced with the negative genetic test 
result, but there is still an increased risk of developing PAH 
if the PAH is familial unless and until a familial mutation is 
identifi ed. 

 Future interventions in pulmonary vascular genetic dis-
orders may involve correcting the underlying genetic 
defects. As new methods are developed for gene editing, 
there may be new opportunities for treatment of genetic 
disorders   
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    Summary 

 The genetics of pulmonary vascular diseases are complex. 
With recent advances in genetic technology, our knowl-
edge of the genetics of pulmonary vascular diseases is 
expanding. Novel single gene mutations have been identi-
fi ed in pulmonary arterial hypertension, pulmonary veno-
occlusive disease, pulmonary embolism, chronic 
pulmonary thromboembolic disease and arteriovenous 
malformations (Table  6.1 ). While loss-of-function muta-
tions of some genes, such as  BMPR2 , have been estab-
lished as major monogenetic risk factor for PAH, the 
disease penetrance is modest, suggesting other genetic or 

environmental modifi ers. Genetic testing is available for 
PAH and most other pulmonary vascular diseases with a 
genetic basis, and should be considered for identifying 
individuals at increased risk of developing disease. 
Whenever possible, genetic testing within a family should 
begin with the affected individual to identify a potential 
familial mutation, and thereby allow for informative, pre-
dictive testing of asymptomatic relatives subsequently. 
Mutation positive individuals should then be evaluated 
serially to identify the earliest disease manifestations. The 
effi cacy of primary prevention and early initiation of treat-
ment in carriers of PAH-causing mutations has not yet 
been systematically studied, and is likely to vary according 

Familial PAH or IPAH: initiate genetic testing with a clinically affected patient

Genetic counseling
Genetic testing for panel of PAH genes

Mutation identified in proband

Yes

Confirms diagnosis
Assists with risk stratification of family members

No

Test unaffected family member(s)
Identify high risk individuals

Surveillance of mutation positive family members to
allow for early detection/treatment and family

planning options. Mutation negative family
members do not require surveillance.

Family history

Yes No

Consider additional testing
Including exome sequencing

Low risk to family members
Routine surveillance

not required

Mutation identified in proband

Yes No

Test unaffected family member(s)
Identify high risk individuals

Surveillance of first degree
relatives by echocardiogram

Immediate evaluation of symptoms

Surveillance of mutation positive family members to allow
for early detection/treatment and family planning options.

Mutation negative family members do not require surveillance.

  Fig. 6.2    Rational for genetic testing in clinical practice. Patients who 
have either familial or idiopathic pulmonary arterial hypertension 
should be offered genetic testing. Genetic counseling should be pro-
vided prior to genetic testing. Genetic testing should include a compre-
hensive panel of PAH genes and should start with an affected individual 
(proband). If a mutation is identifi ed in a proband, the diagnosis of PAH 
is confi rmed. Unaffected family members of the proband can then be 
accurately risk stratifi ed by genetic testing for the familial mutation 
only. Regular surveillance of mutation positive family members will 
allow early detection and treatment of PAH and family planning. 
Mutation-negative family members do not require surveillance. For 
clinically affected PAH patients who have no mutation identifi ed after 

testing a comprehensive panels of genes, family history is important in 
determining next steps. If the family history is negative for PAH, family 
members of the proband are at low risk of PAH and routine surveillance 
is not required. If the family history is positive for PAH, additional 
genetic testing, such as whole exome sequencing may be used to iden-
tify the genetic basis for the PAH in the family. If no mutation is identi-
fi ed with whole exome sequencing, fi rst-degree relatives should be 
monitored for PAH with serial echocardiograms. If a mutation is identi-
fi ed by additional genetic testing, unaffected family members can be 
tested for the familial mutation to identify mutation positive asymptom-
atic family members at high risk to enable disease surveillance and 
early detection and treatment of PAH       
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to the underlying disease and, possibly, by associated 
gene. Families may also use the genetic information to 
make reproductive decisions based upon an increased risk 
of disease transmission to offspring, recurrence although 
this is not commonly performed presently.

       Glossary 

    Autosomal dominant    A gene on one of the autosomes that 
is always expressed when one mutation is present.   

  Deletion/duplication testing    Genetic testing that identifi es 
deletions/duplications of part or all of a gene not readily 
detectable by sequence analysis   

   De novo     An alteration in a gene that is the result of a new 
mutation   

  Exome sequencing    A technique for sequencing all the pro-
tein-coding regions in a genome (known as the exome)   

  Genetic testing panel    Genetic testing of a set of genes 
associated with a specifi c disease   

  Genome wide association study    An approach that 
involves testing for disease association with a large num-
ber of genetic markers across the genomes   

  Incomplete penetrance    The genetic trait is expressed in 
only a fraction of the individuals carrying the genetic 
predispoisition   

  Preimplantation genetic diagnosis    A procedure used 
prior to implantation of an embryo created with in vitro 

   Table 6.1    Genes and genetic factors identifi ed in pulmonary vascular diseases   

 Pulmonary vascular diseases  Genes  Frequency  Inheritance 

 Pulmonary arterial hypertension   BMPR2  
  SMAD8  
  ENG  
  ALK1  
  SMAD4  
  ALK6  
  CAV1  
  KCNK3  
  NOTCH3  
  TMEM70  

 70 % of HPAH, 20 % of IPAH 
 0.9 % (2/211) of IPAH 
 Unknown for HHT associated PAH 
 72.7 % of HHT and associated PAH 
 1.1 % (2/188) of IPAH 
 4.7 % (2/43) of IPAH 
 0.8 % (1/119) of HPAH, 0.5 % (1/198) 
of IPAH 
 2 % (3/149) of HPAH, 1.3 % (3/230) 
of IPAH 
 Unknown 
 Unknown 

 Autosomal dominant with 
incomplete penetrance 

 Pulmonary veno-occlusive disease   BMPR2  
  EIF2AK4  

 Unknown 
 Unknown 

 Autosomal dominant 
Autosomal recessive 

 Pulmonary embolism   F5  
  PROTHRMBIN  
  PROTEIN C  & 
  PROTEIN S  
  MTHFR  

 9.1 % of PE, 19.4 % of VTE 
 6–9 % of VTE 
 Combined prevalence of 1–3 % of VTE 
 Susceptibility to thrombosis 

 Autosomal dominant 

 Chronic pulmonary 
thromboembolic disease 

 β-globin 
 G-6-PD 
  NT5C3A  
  PK  
  HK  
  PFK  
  PGK1  

 Mutation frequency in PE is unknown  Autosomal recessive, X linked 

 Arteriovenous malformations   ALK1   40–46 % of HHT  Autosomal dominant, 
autosomal recessive   ENG   22.5–54 % of HHT 

  FOXF1   40 % of ACD/MPV 

  COL3A1   61.4 % of Ehlers-Danlos syndrome 
type IV 

  SLC2A10   10–92 % of familial ATS 

 Pulmonary vasculitis   IL10  
  PTPN22  
  PON1  
  IL12B  
  HLA - DPA1  
  HLA - DPB1  
  SEMA6A  

 Complex trait  Complex trait, multifactorial 
inheritance 

   HPAH  hereditary pulmonary arterial hypertension,  IPAH  idiopathic pulmonary arterial hypertension,  PE  pulmonary embolism,  VTE  venous 
thromboembolism,  HHT  hereditary hemorrhagic telangiectasia,  ACD/MPV  alveolar capillary dysplasia with misalignment of the pulmonary veins  
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fertilization to help identify genetic mutations to prevent 
the disease from being passed on to the child.   
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      Novel Mechanisms of Disease: Network 
Biology and MicroRNA Signaling 
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            Introduction 

 The fi eld of network biology has been rapidly expanding in 
the last decade. Our understanding of the complex interac-
tions between deoxyribonucleic acid (DNA), ribonucleic 
acid (RNA), proteins and drugs is much deeper than it was in 
the 1990’s, however it is still signifi cantly limited. We have 
just started to have a glimpse at this fi eld, which is being 
facilitated by novel technologies and advanced computa-
tional algorithms modeling cellular interactions. The con-
cept of static sequence of DNA to RNA to protein to 
functional effect now seems a naïve way to understand biol-
ogy. It is rather a dynamic web of multi-way, fl uid, some-
times redundant, but tightly controlled interactions between 
different proteins, epigenetic factors including transcription 
factors and microRNAs and DNA, that changes over time 
and under different milieus. 

 A microRNA is a small non-coding RNA molecule that 
typically contains about 18–25 nucleotides. In contrast to our 
traditional understanding of the role and function of RNAs, 
microRNAs play key roles in the regulation of gene expres-
sion both at the transcriptional and  post-transcriptional 

 levels. They are not unique to humans; microRNAs are pres-
ent and functionally active in other animals, plants, and even 
some viruses with DNA-based genomes. MicroRNAs are 
among the ancient and well conserved evolutionary control 
mechanisms [ 1 ], although they seem to have evolved inde-
pendently in animals versus plants. In contrast to plants 
microRNAs, animal microRNAs have more fl exibility and 
ability to identify their target messenger RNAs (primarily on 
the 3’-untranslated regions of the messenger RNA) with a 
much smaller sequence of nucleic acids. 

 Although the fi eld of classical genetics is at least a century 
old, the fi rst microRNA was not characterized until the early 
1990’s [ 2 ] (described at the time as a ‘small temporal RNA’ 
and ‘nematode idiosyncrasy’ and was identifi ed as a 
microRNA years later in retrospect), and the fi eld of microR-
NAs did not actually boom until they were recognized as 
effective and independent regulatory molecules of genetics 
expression about 10–15 years ago. During this short period of 
time, almost 30,000 microRNAs have been identifi ed, about 
2000 of which have been identifi ed so far to exist in humans 
[ 3 ], and they can potentially target at least ~60 % of the 
human protein-coding genes [ 1 ,  4 ]. This refl ects the power, 
critical importance, and scope of the effect of microRNAs. 

 The discovery of microRNAs drastically changed our 
understanding of both healthy and pathologic states, which 
was based primarily on exons and protein-coding genes as 
well as protein – protein interactions. Some microRNAs are 
ubiquitous in different cell types or tissues, but others are 
tissue-specifi c. In contrast to the relationship between DNA 
and messenger RNA sequences, microRNAs are not specifi c 
to certain messenger RNAs, and messenger RNAs may also 
be targeted by different microRNAs [ 5 ]. It has been estimated 
that a single microRNA may target up to hundreds of mes-
senger RNAs, but to a varying level of potency [ 6 ,  7 ]. Such 
diversity of microRNA/messenger RNA relationship gives 
rise to a huge and strong power of the microRNAs to affect a 
wide variety of physiologic and pathologic processes affect-
ing multiple organ systems at different levels, and potentially 
escaping individual targeting repair mechanisms.  
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    Characteristics of microRNAs 

 MicroRNAs are the most well studied among the class of 
non-coding RNAs. The other non-coding RNAs include 
transfer RNA (tRNA) and ribosomal RNA (rRNA), snoR-
NAs, siRNAs, snRNAs, piRNAs and the long ncRNAs [ 8 , 
 9 ]. MicroRNAs exert their effect by base-pairing with mes-
senger RNAs obeying the standard nucleic acids base com-
plementarity, though this base-pairing is not as perfect as 
other nucleic sequences pairing. The microRNA region 
where high affi nity base pairing with the target messenger 
RNA is critical, though not universal, is called the seed 
region which is mostly located in the base pairs 2–8 of the 5’ 
end. The shortness of the seed region, being only a few base- 
pairs in length, signifi cantly increases the chances of any 
single microRNA to match with a large number of messen-
ger RNAs. It is these high odds, combined with a persistent 
billions-of-years old evolutionary natural selection, that 
amplify the wide spread regulatory impact of microRNAs on 
such a large number of protein-coding genes [ 10 ], though at 
variable potency levels. 

 At the post-transcription level, microRNAs target mes-
senger RNAs to selectively degrade RNAs or repress transla-
tion (e.g., by pairing with messenger RNAs and thus 
preventing them from being transcribed). Although microR-
NAs are more known for their inhibitory or repressive effects 
on messenger RNAs [ 11 ], some are potentially involved in 
activating, stimulating, or stabilizing select protein produc-
tion pathways at the transcriptional and/or translational lev-
els [ 12 – 14 ]. 

 The two other major epigenetic mechanisms that control 
or contribute to the regulation of the fi nal protein products 
and eventual biological phenotype, in addition to microR-
NAs, are DNA methylation (by DNA methyl-transferases) 
and histone proteins modifi cation [ 15 ,  16 ]. DNA methyla-
tion involves the addition of a methyl group to the promoter 
region of a gene and thus silences that specifi c gene. 
Histone acetylation increases while histone de-acetylation 
decreases gene transcription. As stated above, they do not 
carry hereditary characteristics and thus their presence or 
absence has no direct implications regarding inheritance of 
genes. However, many microRNAs may actually have the 
ability to directly modify RNAs and thus cause the produc-
tion of proteins that are not refl ected by the original DNA 
sequences. This ability multiplies the possibilities of the 
diversity of produced proteins, way beyond Mendelian 
genetics. Biologically, microRNAs function in a similar 
way to post-transcriptional regulatory proteins. MicroRNA 
pathologies have been directly associated with certain dis-
eases, and they are believed to play a pathologic role in 
some diseases [ 17 ]. MicroRNAs have been implicated in 
the pathogenesis of multiple diseases, including malignan-
cies, cardiovascular, and neurologic pathologies to name a 

few. Their role in  pulmonary vascular disease has also been 
explored in the last few years with multiple microRNAs 
being identifi ed to play key roles in pulmonary vascular 
disease.  

    Biogenesis of MicroRNAs 

 In humans, most of the microRNAs are encoded within 
introns of coding or non-coding transcripts, a few are 
encoded within exons or are intergenic. Some microRNAs 
are located close to each other so that they are transcribed 
as a single unit from a common upstream promoter [ 18 ]. 
Though these microRNAs are polycistronic, they may 
undergo different post-transcriptional modifi cations, The 
canonical pathway [ 19 ] for the generation of microRNAs 
includes the following sequence of events (Fig.  7.1 ). 
Following transcription by RNA Polymerase II or III [ 20 , 
 21 ], a primary microRNA transcript (pri-miRNA) is gener-
ated that is usually larger than 1 kb. This pri-miRNA con-
tains a stem-loop structure in which the microRNA is 
located and single-stranded RNA segments on both 5′ and 
3′ ends of this stem-loop. The pri-miRNA is asymmetri-
cally processed by an RNase III endonuclease Drosha to 
release the precursor microRNA (pre-miRNA) that is typi-
cally about 60-70 nucleotides in length [ 22 ]. Drosha, 
together with its essential cofactor DGCR8 (DiGeorge 
Syndrome critical region-8) [ 23 ] forms the Microprocessor 
complex [ 24 ]. The pre- miRNA is then exported via the 
nuclear pore from the nucleus into the cytoplasm by a 
nuclear transport receptor protein called exportin-5 in the 
presence a GTP-binding nuclear protein of RAN-GTP. This 
is followed by further processing of the pre-microRNA by 
another RNase III enzyme, Dicer, to form a mature 
microRNA base-matched duplex, each of which is about 22 
[ 18 – 25 ] nucleotides in length. For the Dicer to exert its 
‘dicing’ or ‘cutting’ effect, it has to recognize a defi ned 
RNA structure, in a similar fashion to the Drosha. This 
RNA duplex generated by Dicer is loaded onto the 
Argonaute (AGO) protein to form an effector complex 
called RNA induced silencing complex (RISC). The guide 
strand or the more prevalent strand is selected on the basis 
of relative thermodynamic stability of the two ends of the 
duplex. The strand with the relatively unstable 5′ terminus 
is preferentially selected as the guide strand. However 
many published studies have also demonstrated functional 
signifi cance of the passenger strand (microRNA*) [ 25 ]. 
The better the complementarity between the microRNA 
and its target messenger RNA, the greater the probability of 
cleavage of the target transcript. If complementarity is 
complete, the target transcript is prevented from being 
translated into protein.
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       Computational Biology, Our Venue 
to Understand MicroRNA Network Biology 

 As mentioned the complexity of microRNA regulations is 
derived from the fact that a microRNA can target multiple 
mRNAs and multiple microRNAs can target a single 
mRNA. Thus approaches that integrate signaling from 
microRNAs, to mRNAs and proteins are required. However, 
since the microRNA fi eld is relatively young, classifi cation 
and nomenclature of microRNAs, and databases of their pre-
dicted and validated targets were required. 

 An online microRNA database, named miRBase, has a 
list of all microRNAs that are currently identifi ed in all 
organisms including humans [ 26 ]. The nomenclature of 
microRNAs has also been standardized [ 26 – 28 ]. One of the 
more basic computational methods to identify microRNA 
targets and potential function includes a simple sequence 
analysis [ 29 ]. Such out-of-context base sequence analysis 
predictability has a high rate of false positive and false nega-
tive results, which makes such analyses challenging and 

 usually require biological validation and direct demonstra-
tion of effect on target genes. 

 MicroRNAs are frequently co-expressed with host genes, 
as well as with neighboring microRNAs [ 30 ], which high-
lights the networking effect and the ‘team-spirit’ of microR-
NAs, working in consortiums, rather than individually or 
independent of other transcription factors. The multiplicity 
of targets of a single microRNA [ 5 ] logarithmically increases 
the effect of any aberrancy in microRNAs on multiple path-
ways within a specifi c disease and potentially multiple 
simultaneous disease states. Efforts at creating dynamic reg-
ulatory network analysis capability and creating probabilis-
tic modeling methods are promising [ 31 ]. Previously 
unknown microRNAs and new roles of known microRNAs 
could be predicted and identifi ed using probabilistic model-
ing methods [such as the MiRNA Dynamic Regulatory 
Events Miner (mirDREM)] that use models to reconstruct a 
dynamic virtual network that explains joint regulation of 
microRNAs and other transcription factors of expression of 
protein-coding genes over a period of time [ 31 ]. Once these 

microRNA gene or intron

TranscriptionRNA Pol II / III

pri-microRNA

pre-microRNA

Cleavage

3'

3'

5'

3'

5'

3'

3'

3'

3'

5'

5'

5'

5'

5'

Nucleus Cytoplasm

GTP

RanExportin-5

Nuclear export

Pre-microRNA

Cleavage

microRNA duplex

RISC formation

Mature microRNA

Degradation

Dicer

Drosha DGCR8

TRBP

mRNA target cleavage Translational repression mRNA deadenylation

  Fig. 7.1    The canonical pathway of 
microRNA processing (Reprinted by 
permission from Macmillan 
Publishers Ltd: Winter et al. [ 97 ] 
Nature Publishing Group)       

 

7 Novel Mechanisms of Disease: Network Biology and MicroRNA Signaling in Pulmonary Hypertension



126

microRNAs and/or their roles are identifi ed, they would then 
be validated/confi rmed using proliferation assays for exam-
ple. Transcription factors and microRNAs regulate each 
other, and in combination regulate protein-coding genes 
under different disease states [ 32 ,  33 ]. Computational tran-
scription factor-microRNA networks are available for some 
genomes and diseases [ 14 ,  34 ,  35 ]. A wealth of data has been 
generated by the ENCODE project [ 36 ], however integrated 
analysis and experimental verifi cation of these interactions 
are still ongoing.  

    Clinical Phenotype of Pulmonary Arterial 
Hypertension 

 As detailed in the other chapters of this book, pulmonary 
arterial hypertension, which is classifi ed by the World Health 
Organization (WHO) as WHO group 1 pulmonary hyperten-
sion [ 37 ] is a progressive and fatal disease. The pathobiology 
of the pulmonary vascular disease in pulmonary arterial 
hypertension is diverse and not well understood [ 38 ], but it is 
accepted that its pathobiology is programmed in a way to tip 
the balance in favor of pro-infl ammation, pro-coagulation 
particularly in-situ pro-coagulation, and pro-fi brosis. The 
regulatory molecules and pathways that are upstream of 
these pathologic end-points are not well understood or char-
acterized. There is enough evidence now to confi rm a major 
regulatory role of microRNAs in the pathogenesis of pulmo-
nary vascular disease and its clinical prototype, pulmonary 
arterial hypertension. 

 Although multiple therapeutic drug families are avail-
able to treat pulmonary arterial hypertension [ 39 ], their 
primary effect is via vasodilatation, with only minor other 
contributory effects such as anti-platelets or anti-infl am-
matory effects. This may explain the lack of a cure for this 
disease at this time, and the only modest, but signifi cant, 
improvement in survival of these patients over the last two 
decades. As our understanding of microRNAs continues to 
grow, the fi eld is expected to move forward with new ther-
apeutic pathways that will likely involve targeting 
microRNAs. 

 The challenge though, as alluded to above, is that microR-
NAs do not work in individual sequential pathways. They 
rather work in concerted efforts among ‘teams’ of microR-
NAs targeting ‘teams’ of genes. So typically microRNAs are 
down-regulated or up-regulated in global profi les [ 40 ], rather 
than in individual molecules or individual microRNAs. This 
biology network requires an eagle’s view of multiple simul-
taneous and inter-related pathways, and the help of computa-
tional network specialists. This should not discourage 
scientists from going into this very exciting young fi eld, but 
it has to be tackled with the right mindset. In contrast to our 
traditional progress in the biomedical fi elds over the last 

 century, the fi eld of microRNAs will further progress and 
develop with the use of well-organized and detailed compu-
tational and biochemical quantitative models. 

    Pulmonary Remodeling 

 Though current treatments for PAH offer a survival benefi t, 
mortality still remains high. Treatments that can effectively 
control cellular changes and consequent pulmonary remod-
eling are needed. Hypoxia, vessel injury and infl ammation 
exacerbate the remodeling process [ 41 ]. Hyperplastic fi bro-
blasts in the adventitial layer cause adventitial thickening. 
NADPH increases the reactive oxygen species in adventitia 
contributing to fi broblast activation. These activated fi bro-
blasts secrete platelet-derived growth factor, endothelin-1 
and serotonin causing proliferation, migration and contrac-
tion of fi broblasts and smooth muscle cells. A subset of 
these activated fi broblasts differentiate into myofi broblasts 
which are regulated by growth factors such as TGF-β [ 42 , 
 43 ]. Myofi broblasts migrate into the medial layer increasing 
its thickness and deposit extracellular proteins such as col-
lagen, fi bronectin, elastin and tenascin C which in turn 
induces smooth muscle cell proliferation and migration 
within the media [ 41 ,  44 ,  45 ]. Myofi broblasts and hypertro-
phic smooth muscle cells considerably increase diameter of 
the medial layer. Hypertrophy and proliferation of endothe-
lial cells causes intimal thickening leading to increased pro-
duction of the vasoconstrictor endothelin-1 [ 46 ], and 
elastase which activates matrix metalloproteinases and 
tenascin-C further increasing smooth muscle cell prolifera-
tion. Eventually, increased proliferation of endothelial cells 
results in formation of plexiform lesions [ 47 ], occlusion of 
the lumen and diminished blood fl ow to distal pulmonary 
arteries [ 48 ].   

    Animal Models for PAH 

 Gomez-Arroyo et al. have extensively reviewed the available 
mouse models for pulmonary hypertension [ 49 ]. The one 
animal model that most closely resembles the pathobiologi-
cal hallmarks of pulmonary arterial hypertension in humans 
is that of the combination of vascular endothelial growth fac-
tor receptor antagonist (SU5416) and chronic hypoxia [ 50 ]. 
SU5416 is a combined VEGF receptor 1 (Flt) and 2 (KDR) 
blocker. This model has been used for preclinical drug test-
ing to determine whether the pulmonary hypertension and 
pulmonary vascular disease can be reversed once estab-
lished. Histopathologically, the lung vascular lesions of these 
rats are comparable to the plexiform lesions in humans [ 51 ]. 
This model has also been tested in various knockout mice 
which has been reviewed in [ 52 ]. Since there is not an ideal 
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mouse model for PAH yet, we cannot be certain that the 
results seen in pulmonary hypertension animal models can 
be translated to humans. 

    MicroRNAs in Pulmonary Hypertension 

 Profi ling studies have identifi ed a characteristic microRNA 
signature of pulmonary hypertension. Caruso et al. per-
formed microarray analysis in rats exposed to chronic 
hypoxia and monocrotaline [ 40 ]. They found miR-22, miR- 
30 and let-7f to be downregulated while miR-322 and miR- 
451 were upregulated. A second study analyzed microRNA 
expression in pulmonary arteries of PAH patients. Amongst 
the upregulated microRNAs were miR-138, miR-367, miR- 
27b, miR-145, miR-302b and miR-450a while miR-204 was 
downregulated. A few microRNAs have been studied in 
detail to identify their roles in the pathogenesis of pulmonary 
hypertension. This is a non-comprehensive list of microR-
NAs that have been implicated in or associated with the 
pathogenesis of pulmonary vascular disease and has also 
been discussed earlier [ 53 ]. This list is expected to change 
rapidly as the fi eld of microRNAs continues to exponentially 
grow. Here we will discuss each of these microRNAs having 
divided them into upregulated and downregulated microR-
NAs in PAH. 

    Upregulated microRNAs 

•     miR-143 ~ 145: These polycistronic microRNAs are con-
served across different species, abundantly expressed in 
cardiac, vascular and visceral smooth muscle cells [ 54 , 
 55 ] to maintain their contractile phenotype. MiR-145 
inhibits Kruppel-like factor 5 (KLF5), thus inducing 
myocardin and smooth muscle cell markers such as 
α-smooth muscle actin, calpolin and smooth muscle myo-
sin heavy chain [ 55 ]. MiR-143 and miR-145 are increased 
in human PAH and the hypoxia-induced mouse model of 
PH [ 56 ,  57 ]. PAH patients with BMPR2 mutations have 
increased expression of miR-145 and  in vitro  inhibition of 
BMPR2 induces miR-145. In vascular smooth muscle 
cells, TGF-β and BMP4 induce myocardin expression and 
nuclear transport of myocardin-related transcription fac-
tors respectively which eventually leads to increased tran-
scription of this polycistron [ 58 ]. Inhibition of miR-145 
 in vivo  prevents hypoxia-induced PH in mice [ 57 ].  

•   miR-210: MiR-210 is induced by hypoxia in smooth mus-
cle cells and mouse lungs via an HIF-1-dependent path-
way. It inhibits E2F3 and increases cellular resistance to 
apoptosis causing smooth muscle cell hyperplasia [ 59 ].  

  miR-21: MiR-21 is upregulated in lungs of PAH 
patients and animal models of PH. In pulmonary artery 
smooth muscle cells, hypoxia induces miR-21 resulting a 

 subsequent decrease in its targets PDCD4 (programmed 
cell death 4), SPRY2 (sprouty homolog 2) and PPARα. 
Inhibition of miR-21 inhibits hypoxia-induced prolifera-
tion and migration in cultured smooth muscle cells [ 60 ] 
and prevents and reverses hypoxia-induced PAH [ 61 ]. 
Using computational approaches, Parikh et al. identifi ed 
miR-21 to regulate multiple pathways in PAH [ 62 ]. In 
pulmonary artery endothelial cells, hypoxia and BMPR2 
signaling increase miR-21 expression. MiR-21 in turn 
downregulates BMPR2 expression forming a negative 
feedback loop. MiR-21 directly targets RhoB expression 
and Rho- kinase activity decreasing angiogenesis and 
vasodilatation. Inhibition of miR-21 causes the opposite 
effects on Rho kinase activity, exaggerating PH in animal 
models [ 62 ]. Decreased miR-21 in mice also activates the 
PDCD4/caspase-3 axis thus inducing PH. Supplementing 
miR-21 reduces PDCD4 and protects mice from hypoxia/
SU5416-induced PH. There are a few discrepancies in the 
results reported for miR-21. MiR-21 is downregulated in 
monocrotaline-induced PH and in endothelial cells of 
human PAH [ 40 ,  63 ] but a threefold upregulation of miR- 
21 was observed in hypoxic human pulmonary artery 
smooth muscle cells, while no change was observed in 
rats [ 40 ,  60 ]. Caruso et al. demonstrated downregulation 
of miR-21 in rat lungs of monocrotaline-induced PH but 
not hypoxia-induced PH, whereas Parikh et al. demon-
strated time-dependent induction of miR-21 in 
monocrotalin- induced PH [ 40 ,  62 ]. MiR-21 prevents PH 
in the hypoxia/SU5416 model [ 62 ,  64 ] but promotes it in 
the hypoxia alone model [ 61 ]. These contradicting results 
may possibly stem from the fact that miR-21 has different 
roles in endothelial cells and smooth muscle cells.  

•   miR-27a: Hypoxia induces miR-27a in pulmonary artery 
endothelial cells leading to increased cell proliferation and 
endothelin-1 expression to decrease PPARγ [ 65 ]. MiR-27a 
levels are increased in PPARγ knockout mice, and a 
PPARγ ligand, rosiglitazone attenuates hypoxia- induced 
miR-27a. These results suggest a negative feedback loop 
constituting PPARγ and miR 27a to promote PH     

    Downregulated microRNAs 

•     miR-17 ~ 92 cluster: The miR-17 ~ 92 cluster includes six 
mature microRNAs, miR-17, miR-18a, miR-19a, miR19b, 
miR-20a and miR-92a. This cluster is essential for lung 
development; loss of this polycistron leads to severe hypo-
plastic lungs in mice [ 66 ]. MiR-17 ~ 92 is downregulated 
in pulmonary artery smooth muscle cells from PAH 
patients [ 67 ] and associated with reduced expression of 
α-smooth muscle actin, SM22α and calpolin. Reduced 
cluster expression is associated with a dedifferentiated 
smooth muscle cell phenotype which is reversed by 
 overexpression of the cluster. PDLIM5 (PDZ and LIM 
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domain 5) is a direct target of this cluster. In PAH, upregu-
lated PDLIM5 induces the TGFβ3/SMAD3 pathway con-
tributing to PAH [ 67 ]. Transient upregulation of miR-17 in 
the hypoxia-induced model has been reported which was 
partially reversed by inhibition of miR-17 probably by 
inducing p21 and subsequent inhibition of proliferation of 
smooth muscle cells [ 68 ]. Hence in the initial stage of 
blood vessel remodeling, increased miR-17 ~ 92 promotes 
smooth muscle cell proliferation while in the later stages 
reduction of this cluster releases its inhibition on its target 
PDLIM5 to maintain the smooth muscle cell dedifferentia-
tion. In endothelial cells, VEGF induces the miR- 17 ~ 92 
cluster which is required for endothelial cell proliferation 
and angiogenesis. A few patients with PAH have BMPR2 
mutations and downregulation of BMPR2 is associated 
with PAH [ 69 ]. BMPR2 is a direct target of miR-17-5p 
and miR-20a in pulmonary artery endothelial cells. The 
promoter of this polycistron has a conserved STAT3 bind-
ing site. IL6 induces STA3 binding to this promoter region, 
thus increasing expression of miR- 17 ~ 92 [ 70 ].  

•   miR-124: Kang et al. studied the microRNAs regulating 
the nuclear factor of activated T cells (NFAT) pathway 
which has been implicated in PAH and smooth muscle 
cell proliferation [ 71 ]. NFATc1, CAMTA1 and PTBP1 
are direct targets of miR-124. Their inhibition results in 
inhibition of NFAT activity, dephosphorylation, nuclear 
translocation and inhibition of NFAT-dependent IL2 tran-
scription. MiR-124 is reduced in fi broblasts isolated from 
PAH patients and animal models of PH [ 72 ]. MiR-124 
inhibits expression of monocyte chemotactic protein-1 
and polypyrimidine tract-binding protein 1 which regu-
late Notch1, tensin homolog/FOXO3/p21Cip1, p27Kip1 
signaling to prevent hyperproliferation and migration of 
fi broblasts. Histone deacetylase inhibitors restore miR- 
124 expression and suppress fi broblast proliferation, hint-
ing at a therapeutic role for histone deacetylase inhibitors 
in PAH.  

•   miR-204: MiR-204 is an intronic microRNA of the gene 
transient receptor potential melastatin 3 (TRPM3) sharing 
its promoter with its host gene. MiR-204 is expressed in 
pulmonary artery smooth muscle cells and downregulated 
by STAT3 [ 56 ,  73 ]. MiR-204 is reduced in human PAH 
and hypoxia-induced and monocrotaline-induced PH in 
rats. Endothelin-1, angiotensin –II, PDGF decrease miR- 
204; this microRNA reduction in turn activates the Src-
STAT3- NFAT pathway by upregulating SHP2 causing 
smooth muscle cell proliferation and decreased apoptosis. 
Supplementing miR-204 reverses monocrotaline-induced 
PH. MiR-204 levels are negatively correlated with sever-
ity of PAH in patients and positively correlated with the 
levels in smooth muscle cells.  

•   miR-424 and 503: An intact apelin signaling pathway is 
essential for pulmonary vascular homeostasis. In PAH 

patients, reduced apelin results in increased proliferation 
and reduced apoptosis of endothelial cells while knockout 
of apelin exacerbates hypoxia-induced PH [ 74 ]. MiR- 
424/503 are positively regulated by apelin, and they in 
turn negatively regulate the fi broblast growth factor (FGF) 
endothelial signaling via their direct effect on FGF2 and 
FGF receptor-1 [ 75 ]. These microRNAs are decreased in 
PAH. Restoration of miR-424 and miR-503 in rat PAH 
models improved right ventricular function and PAH 
pathological molecular and antigen markers by decreas-
ing FGF and its receptor [ 75 ].  

•   miR-126: Potus et al. showed decreased capillary density 
n peripheral skeletal muscles of PAH patients suggesting 
a defect in peripheral angiogenesis [ 76 ]. MiR-126, a 
microRNA decreased in PAH skeletal muscles and 
decompensated right ventricle, targets Sprouty-related 
EVH1 domain-containing protein 1 (SPRED-1) which is 
a main regulator of the VEGF/ERK pathway. Potus and 
colleagues also observed an increase in miR-126 and 
decrease in SPRED-1 in the compensated right ventricle. 
Supplementing miR-126 restored the angiogenic ability 
of PAH endothelium to normal levels in quadriceps and 
right ventricular endothelial cells.    

 This list of microRNAs is only the tip of the iceberg. A 
much larger number of yet unidentifi ed microRNAs is expected 
to be associated or implicated in the pathobiology of pulmo-
nary vascular disease, which includes processes such as pro-
infl ammation [ 77 ], pro-coagulation, pro- proliferation, intimal 
thickening, medial hypertrophy, and adventitial fi brosis and 
thickening. These involve a multitude of cells including but not 
limited to mononuclear cells, platelets, endothelial cell, smooth 
muscle cells, fi broblasts, and a wide range of cytokines and 
other transcription factors. These milieus and cells have direct 
interaction mechanisms with hypoxia [ 78 ] and fl ow-mediated 
changes. Each of these processes, molecules, milieus, and fac-
tors are likely to have their own microRNA profi les changes 
and networks that will collectively likely involve a much larger 
number of individual microRNAs. Every single biological, 
physiologic or pathologic process that explained any step in the 
pathobiology of pulmonary vascular disease likely has a 
microRNA regulatory mechanism that is yet to be identifi ed. 
Grant et al. have summarized the studied microRNAs in the 
form of a regulatory network [ 53 ] (Fig.  7.2 ). The microRNAs 
depicted in this fi gure control pulmonary artery remodeling by 
targeting genes belonging to different pathways in different cell 
types. Thus microRNAs form complex regulatory networks by 
themselves, but since their expression is correlated with their 
target genes, they form an intertwined network involving mul-
tiple pathways. All the molecules in this network participate to 
maintain homeostasis. Other members of the network may res-
cue slight perturbations of certain  molecules, however sus-
tained excessive perturbations result in disease.
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         Regulation of microRNAs in Pulmonary 
Hypertension 

 The most common mechanism regulating microRNAs in 
PAH is hypoxia. Hypoxia possibly activates certain tran-
scription factors including hypoxia inducible factors (HIF). 
Mice heterozygous for HIF1α have reduced pulmonary 
remodeling [ 79 ]. HIF1α induces the expression of miR- 
210 in endothelial cells [ 80 ] and pancreatic cancer cells [ 81 ]. 
Hypoxia induces miR-155 by binding of HIF1α to hypoxia 

responsive elements in the promoter of miR-155 [ 82 ]. HIF1α 
is a direct target of miR-155 thus creating a negative feed-
back loop. 

 The second process which regulates microRNA in PAH is 
infl ammation. During infl ammation, numerous cytokines, 
chemokines and growth factors are released which regulate 
microRNA expression. For example, in human airway 
smooth muscle cells, miR-25 is decreased following stimula-
tion with IL-1β, TNF-α and IFN-γ [ 77 ]. However, miR-155 
and miR-146 are increased by these infl ammatory stimuli. 
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MiR-146 is induced by NF-κβ and targets TRAF6 and 
IRAK1 which activate NF-κβ thus forming a feedback loop 
[ 83 ]. Tissue damage causes NF-κβ nuclear translocation 
which releases IL-6. IL-6 induces miR-21 transcription in a 
STAT3-dependent manner [ 84 ,  85 ]. 

 The third mechanism modulating microRNAs are tyro-
sine kinase pathways. Growth factors such as PDGF and 
VEGF signal through tyrosine kinase receptors which acti-
vate STAT proteins. MiR-204 and miR-17 ~ 92 are regulated 
by tyrosine kinase Src and STAT3 [ 56 ,  70 ]. The tyrosine 
kinase inhibitor, imatinib, which was developed for treating 
chronic myeloid leukemia was tested in a phase 3 trial for 
PAH patients [ 86 ]. Imatinib increases exercise capacity and 
improves hemodynamic parameters in PAH but is associated 
with frequent adverse effects.  

    MicroRNAs as Potential Biomarkers 

 Although microRNAs are present in the nucleus and the 
cytoplasm, they have also been isolated in circulation, 
whether in micro-vesicles, exosomes, apoptotic bodies, other 
types of vesicles, micro-particles, or protein- or lipid- bound 
[ 87 ]. It is worth noting though that the majority of circulating 
microRNAs seems to be carried within protein complexes 
[ 88 ]. The exact role and remote effect, if any, of these circu-
lating microRNAs are yet to be fully characterized, and this 
characterization process will not be an easy one [ 89 ]. It is 
likely that microRNAs will serve as biomarkers of disease 
diagnosis, stratifi cation, and/or prognosis. Establishing asso-
ciations or correlations between microRNAs that are conve-
niently collected from the peripheral circulation, especially 
if they are serum or plasma that would require minimal blood 
sampling skills and technology would be ideal. Effi cient 
additive combinatorial models can be improved by using 
microRNAs expression to weigh microRNA targets which 
act additively in regulating messenger RNA expression [ 90 ]. 
Rhodes et al. have reported reduced circulating miR-150 in 
peripheral blood of PAH patients and these reduced levels 
correlate with poor survival [ 91 ]. Another study by Schlosser 
et al. has reported reduced circulating miR-26a in patients 
with idiopathic PAH, and these miR-26a levels positively 
correlate with the 6-min walk distance [ 92 ].  

    MicroRNAs as Therapeutic Targets 

 The use of microRNAs as therapeutic targets did not seem 
possible because of the multitude of genes they regulate, their 
ubiquitousness, plurality, redundancy, and multiple additive 
targets. However microRNAs are being evaluated in clinical 
trials with promising results. An LNA-modifi ed phosphoro-
thioate oligonucleotide (SPC3649) complementary to the 5′ 

end of miR-122 was introduced intravenously into chimpan-
zees with hepatitis C [ 93 ]. The long-lasting suppression of 
hepatitis C viremia led to the initiation of a multicenter phase 
2a clinical trial (NCT01200420) [ 94 ]. There was a dose-
dependent reduction of Hepatitis C virus RNA without any 
viral resistance when SPC3649 was administered to patients 
as 5 weekly doses. These positive results have led to the ini-
tiation of a 12-week regimen clinical trial (NCT01727934) to 
evaluate the virologic response [ 95 ]. 

 Another Phase I study (NCT01829971) is currently 
recruiting patients with primary liver cancer or liver metasta-
sis from other cancers [ 96 ]. They will be administered the 
microRNA miR-34 in a liposome-formulated compound 
(MRX34). This study was initiated after administration of 
MRX34 intravenously to orthotopic mouse models of hepa-
tocellular cancer led to increased survival. MiR-34 is a tumor 
suppressor that regulates p53 by targeting oncogenes such as 
MYC, BCL2, MET and β-catenin. However the microRNA 
trials in pulmonary hypertension as of date do not manipu-
late microRNA levels but profi le them in patient samples fol-
lowing administration of other drugs.  

    Future Directions 

 The need for a deep understanding of the biological function 
of microRNAs, the extent of compensatory events in response 
to changes in microRNA expression, possibility of off-target 
effects and the lack of an ideal animal model are some of the 
major current obstacles for transitioning the microRNA fi eld 
into a realistic therapeutic fi eld in humans. MicroRNAs will 
likely play a pivotal role in further phenotyping patients with 
pulmonary hypertension and will likely contribute to re- 
distributing subgroups within the WHO pulmonary hyper-
tension classifi cation. Temporal associations and dynamics 
of the microRNA-based regulatory networks are critical to 
understanding the roles of the microRNA profi les in different 
disease states. Such analyses are to be refi ned over time to 
account for not-so-highly specifi c interactions between the 
microRNAs and their targets, the variable and rapidly chang-
ing microRNA expression levels, and the effect of combina-
torial microRNA binding.  In conclusion , we should analyze 
profi le signatures that better refl ect disease states, rather than 
individual molecule, protein, or genetic sequence levels.     
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Disease       

     Joshua     P.     Fessel       and     William     M.     Oldham     

      Abbreviations 

   2OG    2-oxoglutaric acid; α-ketoglutaric acid   
  ACC    Acetyl-CoA carboxylase   
  CPT1    Carnitine palmitoyltransferase 1   
  D2HG     d -2-hydroxyglutaric acid   
  DCA    Dichloroacetate   
  DON    6-diazo-5-oxo- l -norleucine; glutamine analogue   
  DRP1    Dynamin-related protein 1   
  FAO    Fatty acid oxidation   
  FDG    2-deoxy-2-( 18  F)fl uoro- d -glucose   
  FHR    Fawn hooded rat   
  FIS1    Mitochondrial fi ssion protein 1   
  HIF    Hypoxia-inducible factor 1α   
  INF2    Inverted formin 2   
  KAT    3-ketoacyl coenzyme A thiolase   
  L2HG     l -2-hydroxyglutaric acid   
  LDH    Lactate dehydrogenase   
  ME    Malic enzyme   
  MCD    Malonyl-CoA decarboxylase   
  MCT    Monocrotaline   
  MFF    Mitochondrial fi ssion factor   
  MFN    Mitofusin   
  MIEF1     Mitochondrial elongation factor 1, encoded by the 

SMCR7L gene   
  OPA1    Optic atrophy 1   
  PAB    Pulmonary artery banding   

  PAEC    Pulmonary artery endothelial cell   
  PAH    Pulmonary arterial hypertension   
  PASMC    Pulmonary artery smooth muscle cell   
  PDH    Pyruvate dehydrogenase   
  PDK    Pyruvate dehydrogenase kinase   
  PET    Positron emission tomography   
  PFK    Phosphofructokinase   
  ROS    Reactive oxygen species   
  RV    Right ventricle   
  RVEF    Right ventricular ejection fraction   
  SOD2    Superoxide dismutase 2   
  SPECT    Single photon emission computed tomography   
  SuH     VEGF receptor antagonist, Sugen 5416, and 

hypoxia   
  TCA     Tricarboxylic acid cycle; Krebs’ cycle; citric acid 

cycle   

          Introduction 

 Growing evidence suggests that fundamental changes in cell 
metabolism are central to the pathogenesis of pulmonary arte-
rial hypertension (PAH). The reprogramming of cellular 
metabolism involves all of the major carbon sources used by 
the pulmonary circulation and right ventricle (RV) – carbohy-
drates such as glucose and lactate, fatty acids, and amino 
acids. Metabolic reprogramming in PAH involves not only 
changes in the relative utilization of carbon sources, but also 
changes in the allocation of carbon sources to energy produc-
tion  versus  macromolecule or cofactor biosynthesis. In many 
ways, the changes in cellular metabolism in PAH are very 
similar to metabolic changes that have been observed in 
highly proliferative cells that have undergone malignant 
transformation. To what extent the observed changes repre-
sent pathogenic  versus  compensatory mechanisms in PAH is 
an area of active investigation. In this chapter, we will address 
each of the major cellular metabolic pathways: glucose 
metabolism through glycolysis, the tricarboxylic acid (TCA) 
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cycle, fatty acid oxidation (FAO), and oxidative phosphoryla-
tion, and how each pathway is affected in the pulmonary vas-
culature and right ventricle (RV) in patients with and animal 
models of PAH. While the metabolic changes occurring in the 
pulmonary vasculature and RV of patients with PAH are well 
described, the role of upstream signaling pathways, such as 
BMPRII mutations, in mediating the metabolic reprogram-
ming is less understood. Thus, we have chosen to focus on 
metabolic, rather than signaling, pathways for this review.  

    Glycolysis, the Warburg Effect, and Hypoxia- 
Inducible Factor 

 Glycolysis, as the name implies, is the metabolic pathway by 
which the carbohydrate glucose is broken down into smaller 
carbon units that feed other metabolic pathways (Fig.  8.1 ). 

Glycolysis is also the initial step in the conversion of glucose 
to usable bioenergetic fuel. Through a series of coupled 
enzymatic reactions, the six-carbon chain of glucose is split 
into two three-carbon pyruvate molecules. In the process, 
two molecules of ATP are consumed, but four ATP are syn-
thesized, for a net gain of two ATP. The pyruvate molecules 
produced can then enter the TCA cycle (Krebs’s cycle)  via  
conversion to acetyl-CoA by pyruvate dehydrogenase (PDH) 
or they can be converted to lactate by lactate dehydrogenase 
(LDH). The fermentation of pyruvate to lactate oxidizes the 
NADH produced by glycolysis, restoring NAD +  concentra-
tions essential for continued glycolysis.

   With the dramatic resurgence of investigations that incor-
porate molecular metabolism as key pieces of both theoreti-
cal and experimental design, it has become common practice 
to use “glycolysis” as shorthand for what is perhaps more 
properly described as “lactatogenic glycolysis” – glycolysis 
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  Fig. 8.1    Metabolic pathways reprogrammed in PAH. Several pathways 
are affected in humans with and experimental models of PAH. Increased 
glycolysis, lactate fermentation, and glutaminolysis are observed ( pur-
ple ,  pink,  and  blue ), while fatty acid oxidation ( FAO ) is decreased 
( green ). Glycolysis can decrease FAO through increases in cytoplasmic 
malonyl-CoA inhibiting carnitine palmitoyl transferase 1 ( CPT1 ) 
( orange ). Levels of cytoplasmic malonyl-CoA are carefully regulated 
by the activities of acetyl-CoA carboxylase ( ACC ) and malonyl-CoA 

decarboxylase ( MCD ). FAO inhibits glycolysis as a consequence of 
citrate accumulation. Dichloroacetate ( DCA ) shuttles glycolytic carbon 
into the TCA cycle ( red ) by inhibiting pyruvate dehydrogenase kinase 
( PDK ), an inhibitor of pyruvate dehydrogenase ( PDH ). The 3-ketoacyl 
CoA thiolase inhibitors ( KATi ), decrease FAO and relieve its inhibition 
of glycolysis to facilitate glucose oxidation. A glutamine analogue, 
6-diazo-5-oxo- l -norleucine ( DON ) has been used in experimental 
models to improve RV function by inhibiting glutaminolysis       
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that ultimately results in the generation of lactate from the 
reduction of pyruvate by LDH. The terms “anaerobic gly-
colysis” and “aerobic glycolysis” are not especially helpful, 
as glycolysis is occurring regardless of oxygen availability. 
The intended distinction arises from the fate of pyruvate, 
whether it is oxidized in the TCA cycle (glucose oxidation, 
an aerobic process) or fermented to lactate by LDH (lactate 
fermentation, an anaerobic process) (Fig.  8.1 ). For the pur-
poses of this discussion, the term “glycolysis” will be used in 
the strict sense to refer to the biochemical process of convert-
ing glucose to pyruvate. 

 In the early twentieth century, Otto Warburg described the 
phenomenon by which cells that have undergone malignant 
transformation change their metabolic profi le to utilize lacta-
togenic glycolysis as the primary mode of generating ATP 
[ 1 ,  2 ]. This is a normal mode of metabolism for mammalian 
cells under anaerobic conditions, when oxygen defi ciency is 
limiting oxidative metabolism of carbon subunits. However, 
Warburg observed this type of anaerobic metabolism in 
malignant transformed cells growing in oxygen concentra-
tions that were more than suffi cient to permit oxidative 
metabolism. He concluded that the metabolic shift from glu-
cose oxidation to lactatogenic glycolysis for ATP produc-
tion – a phenomenon commonly referred to as the Warburg 
effect – is a primary driver of and a required adaptation for 
malignant transformation. 

 More recently, hypoxia-inducible factor 1α (HIF) has 
been identifi ed as the principal regulator of the Warburg 
effect in a variety of cancer cells [ 3 ]. In normal cells, as oxy-
gen tension falls, the HIF transcription factor is stabilized, 
thereby activating a gene expression program leading to (1) 
increased glucose uptake through the expression of glucose 
transporters; (2) increased glycolytic fl ux through the expres-
sion of several glycolytic enzymes ( e.g. , aldolase A, phos-
phoglycerate kinase 1, enolase 1, triosephosphate isomerase), 
including the key regulators of glycolytic fl ux, hexokinase, 
phosphofructokinase L, and pyruvate kinase M [ 4 – 8 ]; (3) 
decreased oxidative phosphorylation through expression of 
pyruvate dehydrogenase kinases (PDK) 1–4, inhibitors of 
PDH [ 9 – 11 ]; (4) increased lactate fermentation through 
expression of LDHA; and (5) increased mitochondrial 
autophagy through expression of BNIP3 [ 12 ]. The overall 
goal of this gene expression program is to mitigate reactive 
oxygen species (ROS) generation from dysfunctional mito-
chondrial electron transport chains [ 13 ]. Increasing evidence 
suggests that abnormal HIF stabilization under normoxic 
conditions is responsible for the Warburg effect in malignant 
cells [ 5 ,  7 ,  9 ,  10 ,  14 ]. 

 Precisely this same type of metabolic reprogramming has 
been observed in PAH in both the pulmonary vasculature and 
the RV. The earliest evidence for a shift to lactatogenic gly-
colysis in experimental PAH came, perhaps not surprisingly, 
from the chronic hypoxia rat model. With chronic hypoxia, 
the RV showed increased expression and activity of hexoki-
nase, the fi rst and rate-limiting enzyme in glycolysis, as well 

as a modest increase in the expression of LDH [ 15 ]. 
Additional evidence of increased lactatogenic glycolysis was 
provided by the monocrotaline (MCT) rat model of PAH, 
where MCT treatment increased glycolysis and decreased 
FAO in cultured cardiomyocytes in a HIF-dependent manner 
[ 16 ]. HIF was already known to regulate glycolysis and to 
play some role in the pathogenesis of PAH [ 17 – 20 ], but this 
was one of the fi rst demonstrations of a pathogenic link 
between glycolysis and HIF in a model of PAH. 

 Soon after, the observation of increased glycolysis in 
PAH was extended to include several different animal mod-
els of PAH as well as patients with the disease. In the Fawn 
hooded rat model (FHR), dysmorphic and hyperpolarized 
mitochondria with defi cient superoxide production drove 
normoxic activation of HIF in pulmonary artery smooth 
muscle cells (PASMCs) [ 21 ]. Normoxic HIF activation was 
confi rmed in PASMCs cultured from PAH patients. One of 
the implications of this study was that a glycolytic shift 
mediated by HIF occurs in PASMCs in PAH, but this was not 
directly demonstrated. 

 Subsequently, increased glycolytic carbon fl ow and lac-
tate production were demonstrated in pulmonary artery 
endothelial cells (PAECs) cultured from PAH patients [ 22 ]. 
Positron emission tomographic imaging (PET) showed that 
uptake of  18  F-fl uorodeoxyglucose (FDG) in the lungs of 
PAH patients was signifi cantly increased compared to 
healthy controls, providing at least indirect evidence that the 
glycolytic reprogramming observed  in vitro  was also occur-
ring  in vivo  in humans. As with cultured cardiomyocytes and 
PASMCs, the glycolytic shift in PAECs is dependent upon 
normoxic activation of HIF. The fi nding of increased glucose 
uptake in the lungs measured by FDG-PET has since been 
replicated in experimental PAH [ 23 ]. 

 The mechanisms of normoxic HIF activation remain 
unclear. One hypothesis is that that epigenetic silencing of 
superoxide dismutase 2 (SOD2), the mitochondrial enzyme 
responsible for H 2 O 2  generation from superoxide, leads to 
HIF activation through decreased cellular H 2 O 2  production 
(or increased superoxide levels) (see below, Fig.  8.2 ) [ 24 ].

   Similar to the pulmonary vasculature, evidence suggests 
that the pressure-overloaded RV has increased glycolytic 
fl ux. The MCT and pulmonary artery banding (PAB) rat 
models of pulmonary hypertension demonstrated increased 
FDG uptake and increased  Glut1  expression [ 23 ,  25 ]. 
However, FDG-PET studies of the RV in patients with pul-
monary hypertension have shown confl icting results [ 26 ]. 
Some studies have indicated that FDG uptake in the RV is 
increased compared to the LV in patients with pulmonary 
hypertension and that the uptake is proportional to disease 
severity [ 27 – 29 ], while others have not replicated these fi nd-
ings [ 30 ]. 

 In contrast to the pulmonary vasculature, the role of HIF 
activation in mediating this metabolic change in the RV is 
controversial, as HIF expression has not been consistently 
shown to be elevated in animal models of pulmonary 
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 hypertension. No change in HIF was observed in the RV of 
the FHR [ 31 ], while increased HIF was observed in the com-
pensated hypertrophic RV of the MCT rat prior to RV decom-
pensation, whereafter HIF expression was noted to decrease 
[ 25 ]. PDK4 is the isoform primarily responsible for the met-
abolic switch from glucose oxidation to lactate fermentation 
in the RV and it is not known to be a direct target of HIF 
(although PDK4 expression does increase in hypoxia in 
some settings [ 11 ,  32 ]) [ 23 ,  31 ]. In the FHR model, PDK4 
expression is likely driven by increased FOXO1, transcrip-
tion factor expression and activity, rather than HIF [ 31 ].  

    Tricarboxylic Acid Cycle, Glutaminolysis, 
and Amino Acid Metabolism 

 The tricarboxylic acid (TCA) cycle, also known as Krebs’s 
cycle or the citric acid cycle, was one of the fi rst cyclical 
metabolic pathways identifi ed [ 33 ] (Fig.  8.1 ). The cycle is a 
central point of integration and regulation of carbon fl ow 
through multiple pathways within the cellular metabolic net-
work. Regulation of carbon fl ow into and out of the TCA 
cycle is intimately linked to the balance of energy produc-
tion, synthesis of biological macromolecules, cell prolifera-
tion, apoptosis, and redox homeostasis. 

 Classical teaching is that pyruvate generated from gly-
colysis is converted to acetyl-CoA by PDH, and this is the 

entry point into the TCA cycle. Acetyl-CoA condenses with 
oxaloacetate to form citrate (regenerating citrate, thus, the 
“citric acid cycle”), which is then converted through a series 
of sequential enzymatic reactions back to oxaloacetate. For 
each turn of the cycle, three molecules of NAD +  are reduced 
to NADH, one molecule of GTP is produced from GDP and 
phosphate, one molecule of ubiquinone (oxidized coenzyme 
Q) is reduced to ubiquinol (reduced coenzyme Q), and two 
molecules of CO 2  are liberated. 

 However, carbon fl ow both into and out of the TCA cycle 
is much more complex and dynamic than simple pyruvate 
entry  via  acetyl-CoA. The breakdown of amino acids and 
fatty acids can also contribute carbon to the TCA cycle. In 
general, reactions or processes that result in a net fl ow of 
carbon into the TCA cycle are termed  anaplerotic  reactions 
or  anaplerosis.  (Note that some sources will use this term 
more specifi cally to refer to reactions that allow carbon entry 
into the TCA cycle without going through acetyl-CoA as an 
intermediate.) The major routes for anaplerosis include (1) 
pyruvate directly to oxaloacetate by pyruvate carboxylase, 
(2)  l -glutamate to 2-oxoglutarate (2OG) by glutamate dehy-
drogenase, (3) β-oxidation of odd-chain fatty acids to 
succinyl- CoA as substrate for succinyl-CoA synthetase, (4) 
conversion of aspartate to oxaloacetate by aspartate amino-
transferase, and (5) conversion of adenylosuccinate (an inter-
mediate in purine nucleotide metabolism) to fumarate via 
adenylosuccinate lyase. 
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  Fig. 8.2    Electron transport chain and oxidative phosphorylation. The 
electron transport chain transfers electrons ( e  − ,  dashed lines ) from 
high- energy reduced carriers to molecular oxygen coupled to the gen-
eration of a proton gradient ( yellow arrows ) across the inner mitochon-
drial membrane. This proton gradient drives phosphorylation of ADP 
by ATP synthase ( Cx V ). Superoxide anion (O 2  − ) can be generated by 

complexes I and III and by electron transferring fl avoprotein dehydro-
genase ( ETF ) ( red symbols ; shown only for Cx III for clarity). 
Dismutation of superoxide is catalyzed by superoxide dismutase 2 
( SOD2 ) to form hydrogen peroxide. Epigenetic silencing of SOD2, 
and reduced H 2 O 2  formation, has been implicated in HIF activation in 
the pulmonary vasculature of patients with PAH       
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 Reactions or processes that remove carbon from the TCA 
cycle to supply biosynthetic processes are termed  cataple-
rotic  reactions or  cataplerosis . Carbons can exit the TCA 
cycle at virtually every point in the cycle to supply biosyn-
thetic and regulatory reactions. For example, oxaloacetate 
and 2OG both support the synthesis of multiple amino acids. 
Citrate can be diverted out of the TCA cycle for the synthesis 
of fatty acids via ATP citrate lyase. Succinyl-CoA can be 
diverted from the TCA cycle to serve as the substrate for the 
enzymatic succinylation of lysine residues in proteins, a very 
recently recognized mechanism for post-translational regula-
tion of protein structure and function [ 34 ]. Fumarate has also 
been shown to participate in the non-enzymatic succinylation 
of cysteine residues in proteins [ 35 – 38 ]. Clearly then, regula-
tion of the anaplerotic/cataplerotic balance in the TCA cycle 
is complex, and any perturbation of this balance can have a 
signifi cant impact on multiple biochemical pathways. 

 Glutaminolysis is one form of anaplerosis that has been 
linked to animal models of PAH. Glutamine is an important 
source of cellular energy, carbon, and nitrogen, particularly 
in rapidly proliferating cells [ 39 ]. Intracellular glutamine is 
hydrolyzed to glutamate, which is either reduced or trans-
aminated to form 2OG (Fig.  8.1 ). The 2OG can be trans-
ported into the mitochondrion to enter the TCA cycle for 
ATP generation or reduced and carboxylated to form isoci-
trate for fatty acid synthesis. In the setting of impaired PDH, 
the increase in malate from the glutamine-fed TCA cycle is 
oxidized to pyruvate by malic enzyme (ME). In comparison 
to the PAB model, MCT rats had increased expression of 
glutamine transporters (SLC1A5 and SLC7A5) and increased 
malic enzyme induced by activation of c-Myc as a result of 
RV ischemia [ 40 ]. This is similar to glutaminolysis in malig-
nancy where c-Myc expression is also increased [ 41 ]. 
Glutamine transporters may also be increased in the RV of 
patients with PAH [ 40 ]. 

 A broader perturbation of amino acid metabolism, including 
increased glutamine metabolism and changes in branched chain 
amino acid utilization, has been shown in human PAEC express-
ing mutant BMPR2  in vitro  as well as in  in vivo  measurements of 
transpulmonary amino acid gradients at the time of diagnostic 
right heart catheterization [ 42 – 44 ]. In contrast to c-Myc activa-
tion in the RV, normoxic activation of HIF in the pulmonary 
endothelium seems to be one of the key drivers of altered amino 
acid metabolism and altered TCA cycle carbon fl ux. 

 In addition to changes in the anaplerosis/cataplerosis bal-
ance, there is an emerging recognition of the role of novel 
metabolites as mediators of disease. This fi rst came to promi-
nence in the oncometabolism literature, with the observation 
that 2OG can be reduced to  d -2-hydroxyglutaric acid (D2HG) 
in several malignancies as a result of a point mutation in the 
TCA cycle enzyme isocitrate dehydrogenase [ 45 ]. These 
mutations support oncogenesis through the inhibition of a 
variety of 2OG-dependent dioxygenase enzymes, such as 

HIF prolyl hydroxylase, histone demethylases, and TET- 
family 5-methylcytosine hydroxylases with a broad impact 
on epigenetic regulation of gene expression, collagen synthe-
sis, and cell signaling [ 46 ,  47 ]. Very recently,  l  -2- 
hydroxyglutarate (L2HG) overproduction  via  reductive 
metabolism of 2OG has been demonstrated in response to 
hypoxia in PAECs and PASMCs [ 48 ]. This metabolite appears 
to have an important role in maintaining cellular redox 
homeostasis. In addition to the 2HG enantiomers, two other 
TCA metabolites, succinate and fumarate, also inhibit 
2OG-dependent dioxygenase enzymes and may play an 
important role in tumorigenesis through their effect on cellu-
lar redox state [ 49 ]. Indeed, increases in succinate and other 
TCA metabolites have recently been shown in the lungs of 
PAH patients [ 50 ].  

    Fatty Acid Oxidation 

 Fatty acid oxidation is the primary metabolic fuel for the RV, 
and is another of the metabolic pathways affected by PAH 
(Fig.  8.1 ). In the low oxygen environment of the developing 
fetus, the heart relies on carbohydrate substrates that gener-
ate ATP through glucose and lactate oxidation [ 51 ]. However, 
shortly after birth, the heart shifts to FAO as the primary 
source of energy production. Fatty acids provide ~70 % of 
the energy for the resting heart with the balance generated 
from carbohydrate oxidation [ 52 ]. Importantly, the heart is 
fl exible with regards to its energy supply; substrate availabil-
ity, hormone levels ( e.g. , insulin, epinephrine), oxygen ten-
sion, and workload regulate substrate utilization. For 
example, increases in serum lactate during exercise are asso-
ciated with increased lactate oxidation by the heart [ 53 ]. The 
balance between fatty acid and glucose consumption by the 
heart is carefully regulated by biochemical interactions 
between these two metabolic pathways in the so-called 
“glucose- fatty acid cycle” (or “Randle cycle”) initially pro-
posed by Philip Randle and colleagues in 1963 [ 54 ,  55 ]. 

 In isolated heart preparations, Randle and colleagues 
observed that utilization of fatty acids inhibits glucose oxida-
tion and  vice versa , all in the absence of hormonal regulation. 
Fatty acid oxidation increases mitochondrial ratios of acetyl-
CoA/CoA and NADH/NAD + , which inhibit PDH (Fig.  8.1 ). 
Citrate accumulates in the cytosol, inhibiting phosphofructo-
kinase, and the resulting accumulation of glucose- 6-phosphate 
inhibits hexokinase. Fatty acid oxidation also inhibits glucose 
uptake by preventing translocation of glucose transporter 4 
(GLUT4) to the plasma membrane; however, the mechanism 
for this effect remains undetermined [ 55 ]. 

 Inhibition of FAO by glucose oxidation in the heart is medi-
ated through increases in cytosolic  malonyl- CoA. 
 Malonyl-CoA inhibits carnitine palmitoyltransferase 1 
(CPT1), which regulates the entry and oxidation of fatty acids 
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in the mitochondria (Fig.  8.1 ). Cytosolic malonyl-CoA is 
determined by the complex regulation of acetyl-CoA carbox-
ylase and malonyl-CoA decarboxylase (MCD), its synthetic 
and degradative enzymes, respectively. Notably, FAO inhibi-
tion by glucose oxidation in the heart requires an increase in 
glucose uptake through GLUT4 translocation to the plasma 
membrane as GLUT4 transport is saturated at circulating 
serum glucose concentrations [ 55 ]. 

 In addition to suppressed glucose oxidation, FHRs have 
suppressed FAO as demonstrated by metabolic fl ux analysis in 
a working heart model and in freshly isolated cardiac myo-
cytes [ 31 ], although PAB animals have increased FAO assessed 
by similar techniques [ 56 ]. A comparison of the VEGF recep-
tor antagonist, Sugen 5416, plus hypoxia (SuH) and PAB rats 
demonstrated decreased expression of PGC-1α in SuH ani-
mals that was associated with decreased expression of acyl-
CoA dehydrogenases, critical enzymes for fatty acid 
β-oxidation, while PAB animals had increased levels of these 
proteins [ 57 ]. FHRs may share similar inhibition of PGC-1α-
regulated metabolic pathways. The transcription of FAO meta-
bolic enzymes is also decreased in the MCT model [ 58 ]. 
Impaired fatty acid uptake has been observed in pulmonary 
hypertension patients using single photon emission computed 
tomography (SPECT) of a radiolabeled fatty acid analogue 
[ 59 ,  60 ]. There is also histologic evidence of impaired fatty 
acid utilization in the RV of PAH patients, as evidenced by 
abnormal lipid accumulation and lipotoxicity within the RV 
cardiac myocytes of PAH patients that is not present in RV 
samples from patients with left ventricular failure [ 61 ]. 

 FAO may also play an important role in the pathogenesis 
of PAH in the vasculature. Mice defi cient for malonyl-CoA 
decarboxylase (MCD), the main enzyme responsible for the 
degradation of malonyl-CoA, are protected from hypoxic 
pulmonary hypertension [ 25 ]. Decreased MCD activity 
increases cytosolic malonyl-CoA and inhibition of CPT1, 
thereby decreasing FAO and increasing glucose oxidation. 
Interestingly, a combined genetic and metabolomic analysis 
of human PAH lung tissue suggested increases in FAO due to 
increased expression of acyl-CoA dehydrogenases and FAO 
intermediates [ 62 ]. Additional studies are required to charac-
terize the role of FAO in the pathogenesis of PAH in these two 
tissues, RV and pulmonary vasculature, particularly in con-
sideration of potential therapies targeted at these pathways.  

    Oxidative Phosphorylation, Reactive Oxygen 
Species, and Mitochondrial Dynamics 

 The net consequence of the metabolic pathways discussed 
above is to allow electrons to enter the electron transport sys-
tem within the mitochondria (Fig.  8.2 ). Here, electrons are 
transferred from high-energy reduced carriers (such as 
NADH synthesized in the TCA cycle) to ubiquinone (oxi-

dized coenzyme Q). In the process, coenzyme Q is reduced 
to ubiquinol, and the carriers become oxidized ( e.g. , NADH 
is oxidized to NAD +  by Complex I). Electrons are then trans-
ferred from ubiquinol (oxidizing it back to ubiquinone) to 
cytochrome  c via  Complex III. Finally, electrons are trans-
ferred from cytochrome  c  to molecular oxygen  via  Complex 
IV, oxidizing cytochrome  c  and converting molecular oxy-
gen to water. 

 The energy from these electron transfers is coupled (for 
Complexes I, III, and IV) to pumping protons against their 
electrochemical gradient from the mitochondrial matrix into 
the intermembrane space. The F 1 F 0  ATP synthase (some-
times referred to as Complex V) harnesses the free energy 
released by protons fl owing back down their electrochemical 
gradient to power the combination of ADP and inorganic 
phosphate to make ATP. This is the biochemical summary of 
oxidative phosphorylation, a process that is stoichiometri-
cally equivalent to a combustion reaction (compounds con-
taining carbon and hydrogen combining with molecular 
oxygen to liberate CO 2 , water, and energy). 

 Not only is this process the nexus of bioenergetics for 
most cell types, but oxidative phosphorylation is also inti-
mately tied to regulation of apoptosis  via  cytochrome  c . In 
addition, the mitochondrial electron transport system serves 
as one of the most important sources for damaging ROS. If 
the system works perfectly, molecular oxygen is completely 
reduced to water by Complex IV. However, at multiple points 
along the electron transport system, a single electron can be 
transferred to molecular oxygen, resulting in the formation 
of superoxide anion. Mitochondria are well equipped to deal 
with the constant hazard of superoxide. SOD2 (MnSOD) 
localizes to mitochondria and is present in concentrations 
that far exceed the normal concentrations of its substrate 
(one of the few known enzymes with this feature). SOD2 
further catalyzes the already rapid dismutation of superoxide 
to molecular oxygen and hydrogen peroxide (Fig.  8.2 ). This 
serves to protect vulnerable lipids, proteins, and nucleic 
acids from oxidative damage. Indeed, SOD2 is such an 
important defense against baseline free radical injury that 
homozygous deletion of SOD2 is embryonically lethal in 
mice shortly after birth due to cardiomyopathy [ 63 ]. 

 As with many other disease states, mitochondrial oxida-
tive stress has been linked to the pathogenesis of 
PAH. Increased mitochondrial oxidant injury has been shown 
in genetic models of PAH, and driving mitochondrial free 
radical production enhances the development of PAH [ 64 , 
 65 ]. Moreover, SOD2 has been shown to undergo epigenetic 
silencing in PAH, though the important consequence seems 
to be a loss of oxidative signaling from hydrogen peroxide as 
opposed to increased oxidant injury from superoxide. 
Restoring oxidative signaling by restoring SOD2 activity 
enhances appropriate apoptosis in the pulmonary vasculature 
and ameliorates the development of PAH [ 24 ]. 

J.P. Fessel and W.M. Oldham



141

 The effi cient transfer of electrons within the mitochon-
drial electron transport system and the proper function of 
antioxidant defenses require a close and tightly regulated 
physical relationship between the enzyme complexes and 
electron carriers. Disruption of the ultrastructure of mito-
chondria can lead directly to increased oxidant injury and an 
imbalance between apoptosis and proliferation. To help 
maintain mitochondrial ultrastructure in the face of normal 
and pathologic demands on bioenergetics and biosynthesis, 
and as a mechanism to help mitigate the effects of oxidant 
injury, mitochondria can combine together to form larger 
reticula (fusion) and can divide to form larger numbers of 
smaller mitochondria (fi ssion) [ 66 – 70 ]. 

 The major regulators of mitochondrial fi ssion in mamma-
lian cells are DRP1 (dynamin-related protein 1) and its inter-
acting partners FIS1 (mitochondrial fi ssion protein 1), MFF 
(mitochondrial fi ssion factor), MIEF1 (mitochondrial elon-
gation factor 1, encoded by the SMCR7L gene), and INF2 
(inverted formin 2). Mitochondrial fusion is regulated by 
MFN1 and 2 (mitofusin 1 and 2) and by OPA1 (optic atrophy 
1). The balance of fi ssion and fusion is critical for mitochon-
drial quality control, mitigation of mitochondrial damage, 
matching of bioenergetic and biosynthetic demands to mito-
chondrial capacity, intracellular calcium homeostasis, and 
regulation of apoptosis and proliferation [ 66 – 70 ]. Though 
some general concepts have been offered, the role that fi s-
sion/fusion play in regulating these processes has a large 
degree of situational specifi city. For example, promoting 
mitochondrial fusion is generally seen as a way to enhance 
the functioning of damaged mitochondria and to be anti- 
apoptotic. However, in PAH, tipping the balance toward 
fusion by inhibition of DRP1 results in enhanced apoptosis 
and reduction in the hyperproliferative pheonytpe seen in 
PASMCs in PAH [ 71 ]. Overall, the data in PAH suggest that 
in the pulmonary vasculature as well as in skeletal muscle, 
the balance of mitochondrial dynamics is tilted to favor fi s-
sion ( via  increased DRP1 expression and decreased MFN2 
expression) [ 71 – 73 ]. Much work remains to determine which 
types of pulmonary hypertension are driven or modulated by 
changes in mitochondrial dynamics and if these processes 
can be effectively targeted pharmacologically  in vivo . This 
topic has been recently reviewed in excellent detail [ 74 ].  

    Therapeutic Metabolic Reprogramming 
in Pulmonary Hypertension 

 Fortunately, several decades of biochemical exploration of 
these fundamental pathways of energy metabolism have pro-
vided several pharmacologic tools to interrogate the roles of 
these pathways in PAH disease pathogenesis. Moreover, 
 several of these agents have shown promise in the treatment 
of PAH. The overarching goal of these metabolic therapies is 

to restore glucose oxidation in the pulmonary vasculature 
and improve the metabolic effi ciency of the RV. 

 Dichloroacetate (DCA), a pharmacologic inhibitor of 
PDK used for many years to treat children with inborn errors 
of metabolism [ 75 ], has been shown in a number of experi-
mental PAH models to ameliorate increases in RV systolic 
pressure and maladaptive RV remodeling and inhibit prolif-
eration while enhancing apoptosis in the lung [ 21 ,  23 ,  31 , 
 76 – 80 ]. DCA inhibits PDK, allowing PDH to shunt more 
pyruvate into the TCA cycle thereby increasing glucose oxi-
dation, mitigating the adverse consequences of myocardial 
lactate production, and improving energetic effi ciency 
(Fig.  8.1 ). DCA is generally well tolerated and has been used 
for the treatment of congenital lactic acidosis and a variety of 
malignancies. The main adverse effect is partially reversible 
peripheral neuropathy attributed to oxidative stress [ 81 ]. A 
Phase I, open label trial of DCA in PAH has been completed 
through the University of Alberta and Imperial College 
London. The primary endpoint of the study was safety and 
tolerability over 16 weeks of drug administration, with sec-
ondary endpoints including 6 min walk distance change, 
change in World Health Organization functional class for 
heart failure, change in pulmonary vascular resistance mea-
sured by invasive hemodynamics, changes in RV size and 
function by MRI, changes in serum NT-proBNP, and changes 
in lung and RV FDG uptake measured by PET, although 
complete study results are forthcoming (DCA for the treat-
ment of pulmonary arterial hypertension; NCT01083524). 

 An alternative strategy of increasing glucose oxidation 
exploits the Randle cycle whereby inhibiting FAO, glucose 
oxidation is increased. Trimetazidine and ranolazine are 
two partial inhibitors of FAO that are available currently 
for clinical use in selected cardiovascular diseases [ 82 ]. 
These agents inhibit 3-ketoacyl coenzyme A thiolase 
(KAT), the last enzyme involved in fatty acid β-oxidation 
(Fig.  8.1 ). In the PAB model, KAT inhibitors increased RV 
glucose oxidation and ATP levels which were associated 
with improvements in cardiac output and exercise toler-
ance [ 56 ]. Trimetazidine also blocked MCT-induced mito-
chondrial dysfunction and ROS production [ 83 ]. Studies 
of the MCD null mouse suggest a benefi cial effect of FAO 
inhibition in the pulmonary vasculature as well, likely by 
increasing glucose oxidation [ 62 ]. Several clinical trials 
are underway to assess FAO inhibitor therapy in PAH 
patients (NCT01839110, NCT02133352, NCT01174173, 
NCT01917136, NCT01953965, NCT01757808). Both 
DCA and KAT inhibitors activate PDH but through differ-
ent mechanisms, suggesting that combined therapy with 
both agents may have a synergistic impact. 

 The glutamine antagonist, 6-diazo-5-oxo- l -norleucine 
(DON), decreased glutaminolysis and was associated with 
improvements in glucose oxidation and cardiac output in the 
RV working heart model as well as the MCT rat model [ 40 ] 
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(Fig.  8.1 ). Indeed, these data suggest that the increased rate 
of glutaminolysis is maladaptive in RV hypertrophy. The 
biochemical mechanisms by which glutaminolysis sup-
presses glucose oxidation are unclear. Unfortunately, DON 
likely has several targets and has demonstrated toxicity, lim-
iting its use  in vivo , however, novel inhibitors of glutami-
nolysis may fi nd an important role as PAH therapy in the 
future.  

    Functional Consequences of Metabolic 
Dysregulation in the Right Ventricle 

 Right ventricular (RV) failure is the most common cause of 
death in patients with pulmonary hypertension [ 84 ]. Chronic 
pressure overload in patients with pulmonary hypertension 
leads to RV hypertrophy in an attempt to maintain cardiac 
output in the face of increased afterload. While partially 
compensatory, the adverse consequences of hypertrophy, 
such as ischemia [ 30 ,  85 ,  86 ], diastolic dysfunction [ 87 ], and 
ineffi cient coupling (see Chap.   17    ), lead to RV failure and 
early mortality. Indeed, clinical parameters of RV function 
are a major determinant of exercise capacity and prognosis 
in patients with RV pressure overload from any cause [ 88 , 
 89 ]. The critical importance of RV function in the pathogen-
esis of pulmonary hypertension has provided strong motiva-
tion for identifying the molecular mechanisms associated 
with RV failure. 

 Interestingly, two clinical patterns of RV hypertrophy, 
adaptive and maladaptive, have emerged based on the rate of 
progression to RV failure (Table  8.1 ) [ 90 ]. In spite of similar 
RV systolic pressures and degree of hypertrophy, some 
patients, such as those with pulmonary arterial hypertension 
secondary to systemic sclerosis, progress rapidly toward RV 
failure [ 91 ] while others, such as those with congenital heart 
diseases like Eisenmenger syndrome, demonstrate prolonged 
periods of stability [ 92 ]. Similar effects are observed in ani-
mal models of RV pressure overload where PAB causes less 
RV dysfunction than either MCT or SuH treatments [ 23 ,  85 ].

   This important distinction between adaptive and mal-
adaptive hypertrophy provides a novel approach to thinking 
about the pathogenesis of RV dysfunction in PAH with the 
goal of understanding the molecular determinants of this 
pathophenotypic distinction. The association between con-
comitant pulmonary vascular disease and the maladaptive 
phenotype suggests some shared disease mechanism. 
Additionally, maladaptive hypertrophy has been associated 
histologically with RV fi brosis and capillary rarefaction, per-
haps suggesting that RV ischemia may play a fundamental 
role in the metabolic and functional derangements in mal-
adaptive hypertrophy [ 90 ]. Currently, the causes of RV 
 fi brosis and decreased angiogenic gene expression are poorly 
understood. Moreover, while RV ischemia may lead to the 

metabolic reprogramming observed, these changes in carbon 
utilization associated with maladaptive hypertrophy likely 
potentiate the “hypoxia-like” program of gene expression. 
The salutary consequences of increased glucose oxidation on 
RV function (with DCA or KAT inhibitors, for example) 
points to a critical role for abnormal metabolism in the 
pathogenesis of RV dysfunction in PAH. Identifying the 
molecular determinants of adaptive  versus  maladaptive RV 
hypertrophy may identify targets for therapeutic interven-
tions designed to shift toward adaptive, concentric hypertro-
phy or break the cycle of progressive dilation, ischemia, and 
dysfunction. Fortunately, investigators are beginning to think 
about ways to model the progression of disease from com-
pensated to decompensated RV hypertrophy and fi nally to 
RV failure [ 25 ].  

    Summary and Future Directions 

 Metabolic reprogramming is a fundamental characteristic of 
the pulmonary vasculature and RV of patients with PAH. The 
metabolic phenotype is best described by (1) increases in lac-
tatogenic glycolysis, (2) decreased fatty acid oxidation, (3) 
increased glutaminolysis, and (4) ineffi cient oxidative phos-
phorylation. In a manner similar to many cancer cells, these 
metabolic changes may serve to facilitate the growth and pro-
liferation of pulmonary vascular cells by blunting apoptotic 
signals and providing precursors for macromolecular 
 biosynthesis. Importantly, the energetic effi ciency of the RV 
suffers as a result of metabolic reprogramming, which has 

   Table 8.1    Adaptive and maladaptive RV hypertrophy   

   Adaptive  Maladaptive 

 Clinical features 

 Cardiac output  Preserved, normal 
RVEF 

 Decreased, impaired 
RVEF 

 Filling pressures  Normal  Elevated 

 Exercise capacity  Preserved  Impaired 

 Patient population  Congenital heart 
disease 

 PAH, systemic 
sclerosis 

 Animal model  PAB  MCT, SuH, Chronic 
hypoxia 

 Clinical course  Stable, slow decline  Rapid progression 

 Anatomic features 

 Hypertrophy  Concentric  Dilated 

 Capillary density  Preserved  Rarefi ed 

 Fibrosis  Minimal  Prominent 

 Ischemia  Minimal  Prominent 

 LV involvement  Minimal  Increased 

 Metabolic features 

 Lactatogenic 
glycolysis 

 Mildly increased  Markedly increased 

 FAO  Increased  Decreased 

 Glutaminolysis  Unchanged  Increased 
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important implications for clinical outcomes like mortality 
and functional capacity. Fortunately, a metabolic understand-
ing of PAH has provided novel therapeutic insights, and we 
anxiously await the results of clinical trials utilizing DCA and 
KAT inhibitors in patients with pulmonary hypertension. 

 Evidence for altered metabolism extends beyond the pul-
monary arteries and RV to include skeletal muscle, infl am-
matory cells, and endothelial progenitor cells [ 93 ], offering 
additional evidence that pulmonary hypertension and RV 
failure are the most severe and consequential local manifes-
tations of a systemic disease. As animal models of disease 
progression are developed and characterized and as patients 
are diagnosed sooner and followed longer, novel insights 
into the etiology and development of the PAH metabolic pro-
gram will be obtained. Indeed, several of the ongoing clinical 
trials have a PET component where these metabolic changes 
can be interrogated  in vivo  in patients. Finally, the most 
important work left to basic and translational investigators 
remains to integrate the metabolic changes with the various 
signaling pathways and extracellular stimuli that have been 
implicated in studies of PAH pathogenesis.     
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            Introduction 

 Pulmonary arterial hypertension (PAH) is characterized by 
intimal hypertrophy, fi brosis, and plexogenic remodeling of 
distal pulmonary arterioles. These changes increase pulmo-
nary vascular resistance, and, consequently, disrupt normal 
right ventricular (RV)-pulmonary arterial performance to 
promote right heart failure [ 1 ]. The contribution of circulat-
ing, endogenously synthesized vasoactive hormones and/or 
neurohumoral factors to RV-pulmonary vascular dysfunction 
in PAH is increasingly recognized. Findings from basic sci-
ence, translational, and clinical reports identify catechol-
amines, angiotensin(s), the mineralocorticoid hormone 
aldosterone, and selected estrogen/androgen sex hormone 
derivatives in the development of pulmonary vascular remod-
eling, RV dysfunction, and as markers of PAH prevalence [ 2 , 
 3 ]. In this chapter, we will review current concepts relating to 
the effects of these factors to RV and pulmonary arterial 

function in the context of the pulmonary hypertension clini-
cal phenotype. 

 The signifi cance of these effectors to the pathobiology of 
PAH, however, is complex and extends beyond extrapolating 
their role(s) from left-sided to right-sided heart disease. The 
intrinsic properties of RV cardiomyocytes and pulmonary 
vascular cells are principally distinctive compared to left 
ventricular (LV) cardiomyocytes and vascular cells from sys-
temic circulatory beds, respectively. For example, substantial 
heterogeneity between pulmonary and systemic vascular 
cells is observed in response to hypoxia, while the adrenergic- 
dependent inotropic potential of RV and LV cardiomyocytes 
is dissimilar [ 3 ]. These observations illustrate that hormonal 
regulation of systemic blood vessels does not necessarily 
predict pulmonary vascular function. Thus, the fact that 
many biological factors under discussion here may be ele-
vated in systemic vascular compartments in PAH does not 
refute the assertion that RV/pulmonary vascular remodeling 
occurs in this disease in the absence of substantial LV or sys-
temic vascular disease.  

    Cardiopulmonary Targets of the Autonomic 
Nervous System 

 The cardiopulmonary system is a key target of each branch 
of the autonomic nervous system. Endogenous catechol-
amines, which include norepinephrine, epinephrine, and 
dopamine, are synthesized in sympathetic nerve endings 
from the uptake and sequential hydroxylation of the essential 
amino acid phenylalanine. In turn, adrenergic receptors 
(ARs) are well represented in RV cardiomyocytes and pul-
monary blood vessels. Stimulation of the AR subtype α 1  by 
(nor)epinephrine induces vasoconstriction and blood vessel 
thickening. Interestingly, α 1  expression levels are virtually 
equal in pulmonary vascular compared to resistance arteriole 
tissue, and receptor density is substantially greater than is 
observed in conduit blood vessels, such as aorta (Table  9.1 ) 
[ 4 ]. Likewise, the primary dopamine-selective receptor in 
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cardiovascular tissue, D 1 , is constitutively expressed in RV 
cardiomyocytes at similar levels reported for LV cardiomyo-
cytes [ 5 ].

   The neural innervation of the lung ultrastructure is com-
plex and involves a network of efferent, sensory, and neuro-
humoral pathways. Amine Precursor Uptake and 
Decarboxylation (APUD) cell clusters, which express cate-
cholamine synthesis potential, are also distributed through-
out the pulmonary vascular bed [ 5 ]. Whereas APUD-regulated 
catecholamine control of epithelial smooth muscle cell func-
tion is linked to the development of airway disease, such as 
asthma, the infl uence of these cells to the pathogenesis of 
pulmonary vascular disease is less well defi ned. Nevertheless, 
pulmonary vascular/lung nerve stimulation is associated 
with frequency-dependent increases in pulmonary artery 
perfusion pressure [ 6 ], while surgical or chemical denerva-
tion of proximal pulmonary arterioles infl uences pulmonary 
artery and RV systolic pressure directly in experiment pul-
monary hypertension  in vivo  [ 7 ]. In one single center study 
of 13 PAH patients, changes from baseline at 3 months fol-
lowing pulmonary artery denervation were noted for mean 
pulmonary artery pressure (mPAP) (55 ± 5 vs. 36 ± 5 mmHg, 
p < 0.01), 6-min walk distance (6-MWD) (324 ± 21 vs. 
491 ± 38 m, p < 0.01), and Tei index (e.g., assessment of RV 
systolic function) (0.7 ± 0.04 vs. 0.5 ± 0.04, p < 0.01) [ 8 ], pro-
viding preliminary data to support future investigations 
assessing the validity of this strategy for use in clinical 
practice. 

 Despite these collective observations, studies quantifying 
neurohumoral activation in PAH patients report variable con-
clusions. Plasma venous norepinephrine levels correlated 
inversely in PAH (N = 60) with cardiac output (r = −0.29, 
p < 0.05) in one study [ 9 ], which is a fi nding supported by 

other data demonstrating an association between circulating 
norepinephrine levels (N = 21) and pulmonary artery pres-
sure (r = 0.66, P < 0.01), cardiac index (r = −0.56, P < 0.01), 
and pulmonary vascular resistance (r = 0.69, P < 0.001) [ 10 ]. 
Sympathetic over-activation in PAH is supported further by 
work from Velez-Rosa and colleagues [ 11 ], who analyzed 
muscle sympathetic nerve activity (MSNA) in 17 PAH 
patients. They observed that MSNA, which measures electri-
cal activity of the peroneal nerve fascicle using tungsten 
microelectrodes to assess muscle-directed sympathetic nerve 
traffi cking, was increased by 33 % (P < 0.01) in PAH patients 
compared with controls. A signifi cant, inverse relationship 
between MSNA and exercise capacity, assessed by New York 
Heart Association functional class, was also observed. 

    Adrenergic Signaling and PAH 

 The G-protein coupled AR subtypes β 1  and β 2 , are expressed 
constitutively in human pulmonary artery endothelial cells 
(PAECs) in a 1:3 distribution [ 6 ]. Stimulation of β 1  and β 2  
receptors, in turn, is linked to endothelium-dependent regu-
lation of pulmonary vascular tone. For example, extra-lobar 
pulmonary arteries dissected from mice and treated with iso-
proterenol (10 −9 –10 −5  mol/L), the selective β 2 -AR agonist 
procaterol (0.1 μM), but not the β 3  agonist CL316243, dem-
onstrated a signifi cant pulmonary vascular relaxation 
response. In turn, this effect was attenuated by inhibition of 
endothelial nitric oxide synthase (eNOS) with L-NG- 
Nitroarginine Methyl Ester (L-NAME) (300 μM) or selec-
tive pharmacological antagonism of the β 1 - or β 2 - AR, and 
was abolished fully in transgenic mice lacking eNOS [ 12 ]. 

 Perturbation to the redox balance of RV cardiomyocytes 
and pulmonary vascular cells is also implicated in abnormal 
β-AR-nitric oxide (NO•) signal transduction. In cultured pul-
monary artery endothelial cells, peroxynitrite (ONOO − ) 
 oxidizes eNOS to decrease bioavailable levels of NO•, which 
disrupts pulmonary vascular tone and promotes adverse 
remodeling. Increases in RV cardiomyocyte ONOO −  levels 
assessed with anti-nitrotyrosine immunohistochemistry are 
observed in pulmonary hypertensive rats and are associated 
with RV dysfunction and decreased cardiac output  in vivo  
[ 13 ]. In turn, pertussis toxin restores β-AR signaling in pul-
monary artery smooth muscle cells [ 14 ], suggesting that Gi 
uncoupling induced by ONOO- may be an important mecha-
nism by which β-AR-NO• signaling is disrupted under con-
ditions of increased pulmonary vascular oxidant stress, as 
has been reported in various forms of pulmonary vascular 
disease. 

 In contrast to the benefi cial effects of β-AR signal trans-
duction on RV and pulmonary vascular function, α-AR stim-
ulation is linked to  adverse  pulmonary arterial remodeling 
and the development of pulmonary hypertension. For 

   Table 9.1    Total α 1 -adrenergic receptor (AR) density in the human 
vasculature   

 Vessel type  Artery 
 Mean α 1 -AR density 
(fmol/mg protein) 

  Arteries  

 Central  Aorta  9.8 ± 1.8 

 Small somatic  Mammary  6.0 ± 1.3 

 Splanchnic  Mesenteric  13 ± 6.1 

 Splenic  28 ± 7.7 

 Hepatic  28 ± 5.9 

 Renal  Renal  23 ± 5.9 

  Pulmonary    Pulmonary artery    24  ±  5.2  

 Coronary  Epicardial coronary  2.1 ± 0.67 

  Veins  

 Central  Vena cava  16 ± 2.8 

 Small somatic  Saphenous  10 ± 1.2 

 Renal  Renal vein  18 ± 5.8 

  Pulmonary    Pulmonary vein    18  ±  4.6  

   Reproduced with permission from  Rudner et al. [ 4 ]  
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 example, stimulation of α 1 -AR in PASMCs and adventitial 
fi broblasts by norepinephrine promotes a maladaptive pul-
monary vascular hypertrophy induced by hypoxia in pulmo-
nary hypertensive mice [ 15 ]. In turn, transgenic mice 
defi cient in epinephrine and norepinephrine synthesis or α 1 -
AR expression appear protected from luminal occlusion and 
intimal thickening under the same conditions [ 15 ]. The 
determinates of pathogenic α 1 -AR stimulation are largely 
unknown, but may involve cross-talk between α- and β-AR 
signaling, particularly with respect to α 1 -AR-dependent reg-
ulation of β-AR chloride (Cl − ) conductance, which has been 
shown to inhibit β-AR signal transduction targets [ 16 ].  

    Adrenergic Signaling in PAH: The Right 
Ventricle 

 Pharmacological modifi cation of catecholamine signal trans-
duction through β-, α-, and D-receptor antagonism or antag-
onism is a  bona fi de  treatment strategy for patients with 
various stages of heart failure due to left ventricular dysfunc-
tion. Despite the routine use of these therapies for this pur-
pose, the differential effect of manipulating catecholamine 
function on RV performance in patients with left-sided or 
right- sided heart failure is not well established. Furthermore, 
the extent to which changes in adrenergic receptor expres-
sion or activity  promotes  RV dysfunction under conditions of 
increased RV afterload, such as in pulmonary hypertension, 
is incompletely characterized. 

 Piao and colleagues recently addressed these areas of 
uncertainty by characterizing changes to the β-AR- and D 1 - 
signaling profi les in various models of experimental RV 
dysfunction  in vivo  [ 17 ]. They observed a greater decrease 
in RV cardiomyocyte α 1 - and β 1 -AR protein/mRNA expres-
sion levels in the hypertrophied RV under conditions of 
chronic infl ammatory pulmonary vascular injury compared 
to acute pulmonary occlusion through pulmonary artery 
banding. These data are in concert with earlier studies dem-
onstrating that compared to control hearts or patients with 
biventricular heart failure, β 1 -AR expression levels are 
decreased in the RV of PAH patients with isolated right 
heart failure [ 18 ,  19 ]. The authors assert that this fi nding 
distinguishes, in part, adaptive from maladaptive RV hyper-
trophic remodeling, respectively, as pulmonary hyperten-
sion was common to both experimental models. In that 
study, intracellular cAMP production was attenuated and 
activity of G protein–coupled receptor kinase-2 (GRK2), 
which is implicated in adrenergic receptor down regulation 
in LV cardiomyocytes, was increased in the maladaptive RV 
hypertrophied hearts. Collectively, these fi ndings were in 
support of additional fi ndings indicating RV cardiomyocyte 
β 1 -AR desensitization in PAH and the potential superiority 
of inotropic agents that maintain adenylyl cyclase coupling 

under these conditions, including dobutamine to preserve 
contractility in the failing RV. 

 These and similar observations from others [ 20 ] suggest 
that strategies to modulate RV hypertrophy directly may off-
set abnormal adrenergic signaling patterns in PAH. Several 
investigators have explored this to observe that pharmaco-
logical inhibition of α 1 -/β 1 -/β 2 -signaling improves RV struc-
ture and performance in experimental PAH without 
differentially affecting pulmonary vascular function  in vivo . 
Bogaard and colleagues [ 21 ] reported that although no sig-
nifi cant change was noted in pulmonary arterioles of 
Sugen- 5416/hypoxia-PAH rats treated with carvedilol, drug 
treatment promoted RV reverse remodeling and improved 
tricuspid plane annular excursion (TAPSE), and increased 
cardiac output. This effect was associated with decreased RV 
thickness and intramyocardial fi brosis burden, as well as 
alterations to the molecular signature of the hypertrophied 
RV vis-á-vis cardiomyocyte fetal gene activation, including 
decreased α-myosin heavy chain gene and increased fetal 
β-myosin heavy chain expression levels. Similar fi ndings are 
observed for the selective β 1 -AR antagonist bisoprolol, 
which decreased RV thickness and improved ventricular 
elastance in one study of monocrotaline-PAH [ 22 ], while the 
benefi cial effects of selected other AR antagonists on RV 
function is also reported under alternative experimental con-
ditions such as high altitude and hypobaric hypoxia [ 23 ].  

    Translating AR Axis Interventions to PAH 
Clinically 

 Reconciling the favorable effects of β-AR stimulation in RV 
or pulmonary vascular tissue (e.g., increased NO• bioactiv-
ity) under normal conditions with benefi ts linked to β-AR 
 antagonism  in experimental PAH is an important area of 
active investigation. It is interesting to note that AR signal 
transduction regulates interleukin 6 (IL-6) and vascular 
endothelial growth factor (VEGF) [ 24 ], which are both 
involved in pulmonary endothelial injury and recapitulation 
of PAH experimentally. It is also possible that dysregulated 
catecholamine-AR signaling in PAH is a consequence of 
pathogenic changes to intermediaries downstream of AR 
activation. For example, the β 1 -AR target sarcoplasmic retic-
ulum Ca 2+ -ATPase 2a (SERCA2a), which regulates intracel-
lular Ca 2+  content in vascular smooth muscle cells, is down 
regulated in PASMCs and pulmonary arterioles in 
monocrotaline- PAH [ 25 ], while gene transfer via intratra-
cheal delivery of aerosolized adeno-associated virus sero-
type 1 (AAV1) carrying SERCA2a reverses pulmonary 
endothelial dysfunction, decreases PAP, vascular remodel-
ing, and RV hypertrophy signifi cantly in PAH  in vivo  [ 25 ]. 

 It is possible that the functional consequences of β-AR 
signaling on pulmonary vascular function vary in the intact 
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 versus  injured pulmonary endothelium. Overall, the balance 
of available data points to dysregulated adrenergic signaling 
in pulmonary vascular and RV tissue in PAH, although the 
identifi cation of factors responsible for mediating a transi-
tion from healthy to maladaptive AR signaling in PAH 
remain incompletely characterized. Along these lines, con-
sensus is pending regarding the risk-reward balance of 
AR-modulating pharmacotherapeutics clinically. While 
attempts to replicate in PAH/RV dysfunction patients the 
(substantial) benefi ts of AR antagonists observed in left heart 
disease, this strategy has been evaluated empirically only in 
small observational studies limited largely to patients with 
selected forms of pulmonary vascular disease (e.g., portopul-
monary hypertension) and in whom treatment was with early 
generation drugs (propranolol or atenolol) at high doses [ 26 ]. 
Some PAH experts maintain reservations regarding the 
safety profi le of AR antagonists [ 27 ], particularly owing to 
the association of this drug class with diminished functional 
capacity due to chronotropic/RV inotropic insuffi ciency in 
patients with (exercise-induced) pulmonary vascular disease, 
while recently published expert consensus guidelines refer-
enced insuffi cient clinical data to outline formal recommen-
dations for their use in practice [ 28 ]. To bridge this knowledge 
gap, several randomized, prospective clinical trials have 
been announced assessing the effect of AR antagonists, 
including carvedilol, on outcome in PAH (NCT00964678; 
NCT01723371; NCT01586156; NCT0225394 at clinicaltri-
als.gov) (Table  9.2 ), while further efforts are also required to 
clarify optimal AR agonist therapy in the critically ill PAH 
patient with severely impaired cardiac output.

        Aldosterone as a PAH Disease Modifi er 

 Elevated levels of aldosterone in lung has been demonstrated 
in monocrotaline- and Sugen-5416/hypoxia-PAH in rats and 
the porcine pulmonary vein banding model of PAH [ 29 ]. In 
patients with PAH pulmonary arterial aldosterone levels are 
increased by 4.9-fold compared with controls [ 30 ]. In that 
study, aldosterone levels correlated inversely with cardiac 
output and positively with key measures of pulmonary vas-
cular remodeling, including pulmonary vascular resistance 
and transpulmonary gradient. Adrenal stimulation by renin-
angiotensin axis upregulation is likely to be the chief source 
of aldosterone production in PAH; however, the possibility 
that pulmonary vascular tissue functions as an extra-adrenal 
source of aldosterone production has been reported. 
Endocrine functionality was suggested originally fi ve 
decades ago by several groups based on observations demon-
strating that isolated synthesis of angiotensin I occurs in lung 
tissue [ 31 ]. In support of this are data demonstrating a trans-
pulmonary increase in plasma levels of the  aldosterone 
secretagogues angiotensin II [ 32 ] and the endothelin-1 pre-

cursor Big endothelin-1 [ 33 ] in patients with selected forms 
of pulmonary hypertension. Whether autonomous aldoste-
rone synthesis in lung or pulmonary vascular tissue occurs or 
is relevant to PAH pathobiology in patients  per se , requires 
further investigations [ 34 ]. 

 It is noteworthy that key proteins required for  de novo  
aldosterone synthesis, including steroidogenic acute regula-
tory protein (StAR), CYP11B1 (11-beta-hydroxylase), and 
CYP11B2 (aldosterone synthase) are constitutively 
expressed or inducible in cardiomyocytes, PASMCs, and/or 
PAECs by factors associated with pulmonary vascular injury 
[ 35 ,  36 ]. Treatment of human PAECs with ET-1 at levels 
similar to those observed in PAH patients induces associa-
tion of the steroidogenic transcription factors steroidogenic 
factor-1 (SF-1) and PGC-1α to the CYP11B2 promoter, 
which increases pulmonary endothelial CYP11B2 expres-
sion and aldosterone levels by twofold  in vitro  (Fig.  9.1 ) 
[ 37 ]. Furthermore, pharmacological antagonism of the min-
eralocorticoid receptor with spironolactone attenuates 
angiotensin- II-mediated PASMC hypertrophy [ 35 ], provid-
ing some evidence in support of functionally active aldoste-
rone biosynthesized in pulmonary vascular tissue.

      The Vasculopathy of Hyperaldosteronism 

 Elevated levels of aldosterone promote a vasculopathy in 
systemic blood vessels that overlaps, in part, with the histo-
pathophenotype of PAH. In patients with primary hyperaldo-
steronism (i.e., unstimulated adrenal aldosterone synthesis), 
for example, VSMC proliferation, increased arterial  stiffness, 
and vascular fi brosis defi ne the remodeling pattern of resis-
tance blood vessels [ 38 ]. 

 Aldosterone-induced reactive oxygen species generation 
is one mechanism proposed to account for adverse pulmo-
nary vascular remodeling and pulmonary hypertension. 
Pathophysiologically relevant levels of aldosterone (10 −9 –
10 −7  mol/l) have been shown to increase NADPH oxidase 
type-4 (NOX4)-derived hydrogen peroxide generation in 
cultured human PAECs that oxidatively modifi es the endo-
thelin- B (ET B ) receptor at cysteines in position 402, 403, and 
405 (Cys402/403/405). As a consequence of Cys402/403/405 
oxidation, ET B  signal transduction, and, thus, ET B -dependent 
NO• synthesis is impaired, which is associated with the 
development of pulmonary vascular fi brosis in monocrota-
line- and Sugen-5416/hypoxia-PAH (Fig.  9.2 ) [ 37 ].

   Aldosterone is also a mitogenic trigger in pulmonary vas-
cular cells and RV cardiomyocytes [ 39 ]. Treatment of 
PASMCs harvested from idiopathic PAH patients with aldo-
sterone (10 −7  mol/l) stimulates cellular proliferation and 
mitosis [ 40 ], in part, through upregulation of mitogen acti-
vated protein kinase (MAPK). This effect is exacerbated by 
co-incubation of aldosterone with bone morphogenic pro-
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teins (BMP)-2 and BMP-7, which are factors implicated in 
the proliferative and vasoconstrictive pathophenotype of 
PAH, and, thus, identifi es hormonal regulation of PAH-
associated proteins as a potential mechanistic underpinning 
of adverse pulmonary vascular remodeling. Findings from 

our laboratory [ 41 ] (Abstract) are in concert with this prin-
ciple by suggesting that aldosterone also upregulates the pro-
tein kinase mammalian target of rapamycin (mTOR), which 
is known to stimulate apoptosis-resistance and dysregulated 
cell growth patterns in PASMCs in iPAH patients [ 42 ].  

    Table 9.2    Registered clinical trials investigating the effect of therapies that infl uence neurohumoral and/or hormonal signaling on outcome in 
pulmonary arterial hypertension (PAH)   

 Study name  Identifi er/duration  Treatment  Inclusion criteria  Endpoint  Primary secondary 

 Beta-blockers for the 
treatment of PAH in 
children 

 NCT01723371 
 6 mo 
 End date: 9/2014 

 Carvedilol  Age: ≥8 and ≤17.5 yr 
 mPAP >25 mmHg 
 PCWP <15 mmHg 
 PVR >3 Wood units 
 Clinically stable (3 mo) 

 Adverse event 
incidence 

 Δ 6MWD, VO 2  
 Δ TAPSE 
 Δ RVEF 

 Beta-blockers in 
PAH 

 NCT01246037 
 6 mo 
 End date: 4/2014 

 Bisoprolol  Age: ≥18 yr 
 Stable iPAH 
 WHO Class II/III 

 ΔRVEF by 
CMR 
 Safety measures 

 RV diastolic function 
 Sympathetic activity 
levels 

 PAH treatment with 
carvedilol for heart 
failure (PAHTCH) 

 NCT01586156 
 6 months 
 End date: 7/2018 

 Carvedilol  Age: 18–65 yr 
 PAH 
 WHO Class I-III 

 ΔHIF/NO/ 
 AR recovery 
 ΔRV function 

 Pilot study of the 
safety and effi cacy of 
carvedilol in PAH 

 NCT00964678 
 6 mo 
 End date: 5/2014 

 Carvedilol  Age: ≥18 yr 
 WHO Group 1 PH 
 NHYA Class II/III 
 mPAP >25 mmHg 
 6MWD >100 m 

 ΔRVEF by 
CMR 

 ΔRVESV 
 Δ6MWD 
 ΔTAPSE 

 Spironolactone for 
PAH 

 NCT01712620 
 6 mo 
 End date: 11/2015 

 Spironolactone  Age: ≥18 yr 
 WHO Group 1 PH 
 Stable therapy (4 wk) 
 mPAP >25 mmHg 
 PCWP <15 mmHg 
 PVR >3.0 Wood units 
 NYHA Class I-III 

 Δ6MWD 
 Clinical 
worsening 

 ΔVO 2  
 ΔRV function 
 Infl ammation 
biomarkers 
 Drug safety 

 Effects of 
spironolactone on 
collagen metabolism 
in patients with PAH 

 NCT01468571 
 16 wk 
 End date: 12/2015 

 Spironolactone  Age: ≥18 yr 
 Body weight >40 kg 
 WHO Group 1 PH 
 Stable therapy (4 wk) 

 ΔFibrosis 
markers 

 Adverse events 
 Δ6MWD 
 ΔFunctional class 
 Clinical worsening 

 Modulating effects 
of lisinopril on 
sildenafi l activity in 
PAH (MELISSA) 

 NCT01181284 
 32 wk 
 End date: 7/2011 

 Lisinopril added to 
sildenafi l 

 Age: 18–75 yr 
 WHO Group I PAH 
 PVR >3 Wood units 
 PCWP ≤16 
 6MWD 150–575 m 
 PDE-Vi (3 mo) 

 ACE-I 
tolerability 

 ΔN-BNP levels 
 ΔGas exchange 
measures 
 Δ6MWD 

 Combined 
ambrisentan plus 
spironolactone in 
patients with 
pulmonary arterial 
hypertension 
(CAPS-PAH) 

 NCT0225394 
 6 mo 
 End date: 6/2017 

 Spironolactone 
added to 
ambrisentan 

 Age: 16–75 yr 
 WHO Group I PAH 
 PVR >3 Wood units 
 PCWP ≤16 
 6MWD 150–575 m 
 Ambrisentan/PDE-Vi 
(3 mo) 

 Combined: 
 (a) 6-MWD 
 (b) pVO 2  

 Fibrosis markers 
 RV function 
 QOL 

 Hormonal, 
metabolic, and 
signaling interactions 
in PAH 

 NCT01884051 
 5 yr 
 End date: 9/2017 

 ACE-2 
 Metformin 

 Sex hormone 
metabolite 
levels 
 Δ6MWD 
 Glucose 
metabolism 

 Hemodynamics 
 PET scan results 

   NCT  national clinical trial (clinicaltrials.gov),  mPAP  mean pulmonary artery pressure,  PVR  pulmonary vascular resistance,  PCWP  pulmonary capil-
lary wedge pressure,  6MWD  6-min walk distance,  VO   2   peak volume of oxygen consumption,  TAPSE  tricuspid annual plane excursion,  RVEF  right 
ventricular ejection fraction,  iPAH  idiopathic pulmonary arterial hypertension,  WHO  World Health Organization,  CMR  cardiac magnetic resonance, 
 PH  pulmonary hypertension,  NYHA  New York Heart Association,  PDE-Vi  phosphodiesterase-type 5 inhibitor,  ACE-I  angiotensin converting enzyme 
inhibitor,  N-BNP  N-terminal brain natriuretic peptide,  PET  positron emission tomography,  QOL  quality of life,  mo  month,  wk  week,  yr  year. 
Reproduced with permission from Maron et al. [ 82 ]  
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  Fig. 9.1    Endothelin-1 ( ET-1 ) stimulates PGC-1α-dependent association 
of steroidogenesis factor ( SF ) with  CYP11B2  to increase aldosterone 
levels. ( a ) The effect of ET-1 on PGC-1α expression was assessed by 
Western analysis (n = 4). ( b ) Co-immunoprecipitation experiments dem-
onstrated that incubation of human pulmonary artery endothelial cells 
with ET-1 (10 nM) for 24 h induced the association of PGC-1α with 
steroidogenesis factor-1 ( SF ) (n = 3). ( c ) Chromatin immunoprecipita-
tion (n = 3) of cell lysates using antibodies to PGC-1α, SF, and immuno-
globulin-G ( IgG ) as a negative control was followed by PCR 

amplifi cation of the proximal region of the  CYP11B2  (aldosterone syn-
thase) promoter region containing the gonadotrope-specifi c element. ( d ) 
The functional effect of PGC-1α stimulation on aldosterone production 
was assessed in cells treated with the selective PGC-1α agonist piogli-
tazone (50 μM) for 24 h (n = 4), or with ET-1 (10 nM) or angiotensin II 
( ANG ) (10 μM) for 24 h as positive controls. *p < 0.05 vs. V.  PGC-1α  
PPAR-γ co-activator-1α;  arb. units  arbitrary units,  IP  immunoprecipita-
tion,  IB  immunoblot (Data are presented as mean ± S.E.M. Representative 
blots are shown.  Reproduced with permission from  Maron et al. [ 37 ])       

  Fig. 9.2    Pharmacological inhibition of aldosterone with spironolactone 
abrogates maladaptive cardiovascular fi brosis in experimental pulmo-
nary arterial hypertension (PAH)  in vivo . ( a ) Pulmonary arterioles har-
vested from controls or rats with monocrotaline-PAH treated with 
vehicle or spironolactone in the drinking water (25 mg/kg/d) was sub-
jected to Gomori trichrome staining to assess differences in pulmonary 

vascular collagen deposition (N = 4–6 rats/condition) ( Adapted with 
permission from  Maron et al. [ 37 ]). ( b ) Mice exposed to normoxia or 
hypoxia were treated with vehicle or spironolactone (15 mg/kg/d) and 
right ventricular sections were stained with mason trichrome for colla-
gen assessment (N = 8–10 mice/condition) ( Adapted with permission 
from  Preston et al. [ 39 ])       
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    The Fibrosis Pathophenotype of PAH 
and Aldosterone 

 Pulmonary vascular and RV fi brosis is a critical component 
of the cardiopulmonary remodeling pattern in PAH and, 
when present, is an end-stage fi nding associated with 
increased mortality [ 43 ]. Activation of transforming growth 
factor-β (TGF-β) signaling by aldosterone promotes colla-
gen deposition in pulmonary vascular, cardiovascular, and 
various non-vascular tissue beds [ 44 ]. Likewise, TGF-β is a 
master regulator of lung and pulmonary vascular fi brosis, 
and is implicated in the development of pulmonary hyperten-
sion in PAH patients [ 45 ]. Aldosterone increases levels of the 
profi brotic CCN (acronym for Connective tissue growth fac-
tor [CTGF], Cysteine rich protein, Nephroblastoma) protein 
and TGF-β target CTGF, in specifi c, to upregulate collagen 
deposition and the matrix remodeling proteins MMP-2 and 
MMP-9 in cultured human PAECs (Fig.  9.3 ). In turn, these 
changes are associated with fi brillar collagen deposition in 
pulmonary arterioles and frank RV replacement fi brosis in 
PAH  in vivo  (Fig.  9.2 ) [ 37 ,  39 ]. Aldosterone may also exert 
these pathogenic effects on cardiopulmonary tissue through 
alternative fi brotic signaling pathways involving mineralo-
corticoid receptor stimulation, including activation of reac-
tive oxygen species generating enzymes, NF-κB, and 
VCAM-1 [ 47 ,  48 ], among others.

       Aldosterone Inhibition: A Novel 
Pharmacotherapeutic Target in PAH 

 The potential therapeutic role of aldosterone antagonism 
has been evaluated extensively in experimental animal mod-
els of PAH  in vivo . Work from our laboratory demonstrated 
that in MCT-PAH rats, spironolactone (25 mg/kg/d) treat-
ment  administered using a disease prevention model 
increased pulmonary artery acceleration time (14.1 ± 1.2 
versus 22.3 ± 2.2 ms, P < 0.005, n = 6) and decreased 

 pulmonary artery systolic pressure (89.3 ± 5.2 versus 
69.5 ± 5.4 mmHg, P < 0.01, n = 6), RV free-wall thickness 
(1.07 ± 0.05 versus 0.86 ± 0.03 mm, P < 0.03, n = 6) and RV 
weight (0.43 ± 0.07 versus 0.35 ± 0.04 RV weight/LV sep-
tum weight, P = 0.22, n = 5) compared to vehicle-treated rats. 
These hemodynamic changes were directionally similar to 
fi ndings observed in SU-Hypox-PAH rats treated with the 
selective mineralocorticoid receptor antagonist eplerenone 
(0.4 mg/g chow) at a time point following evidence of 
 pulmonary vascular injury. In a disease prevention drug 
treatment protocol, eplerenone decreased pulmonary 
 hypertension severity in SU-Hypox- PAH and improved 
 cardiac index (72.6 ± 41.5 vs. 119 ± 40.1 ml/min/g, P = 0.1, 
N = 5–6) and indexed pulmonary vascular resistance 
(46.2 ± 12.9 vs. 15.4 ± 3.6 mmHg/min/[g/ml], P < 0.05, 
n = 5–6) compared to SU-Hypox-PAH rats treated with 
vehicle control. Preston and colleagues also demonstrated 
that daily treatment with spironolactone (40 mg/kg/d) initi-
ated at the time of chronic hypoxia exposure decreased the 
number of musclarized pulmonary arterioles to improve 
right ventricular systolic pressure and mice signifi cantly 
[ 37 ,  39 ]. 

 Despite these observations plus long-standing availability 
of mineralocorticoid therapies, well-established safety pro-
fi le of this drug class, and proven benefi ts of aldosterone 
inhibition in other forms of cardiovascular disease, the effi -
cacy of this pharmacotherapy in PAH is limited to case 
reports or small observational studies series [ 49 ]. 

 Owing to data identifying aldosterone-induced oxidation 
of the ET B  receptor as a potential treatment target to improve 
pulmonary vascular function PAH, we performed a retro-
spective analysis of the Pulmonary Arterial Hypertension, 
Randomized Double-Blind, Placebo-Controlled, Multicenter, 
Effi cacy Study 1 (ARIES-1) and Study 2 (ARIES-2) trial 
[ 50 ] to test the hypothesis that coupling therapies that inhibit 
endothelin type-A (ET A ) receptor-mediated pulmonary vaso-
constriction with spironolactone to improve ET B  signaling is 
a useful strategy to treat PAH [ 30 ]. 
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  Fig. 9.3    Crossroads of 
estradiol metabolism in 
PAH. Activities of 
2-hydroxylation, 16alpha- 
hydroxylation, and 17beta-
HSD pathways may determine 
the overall biological effects 
of estradiol in PAH.  COMT  
Catechol-O-methyltransferase, 
 HSD  hydroxysteroid 
dehydrogenase ( Reproduced 
with permission from  Austin 
et al. [ 46 ])       
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 We observed that among the entire study cohort, 15 % 
(mean dose 31.2 mg/d) of patients reported spironolactone 
use. From 67 patients randomized to receive ambrisentan 
(10 mg/d), concurrent spironolactone use was identifi ed in 
10 patients. Compared to ambrisentan alone (N = 57), ther-
apy with ambrisentan plus spironolactone improved change 
from baseline at 12 weeks in 6-MWD (mean ± SE, +38.2 ± 8.1 
vs. +74.2 ± 27.4 m, p = 0.11), decreased plasma brain natri-
uretic peptide levels by 1.7-fold (P = 0.08), and improved in 
functional class (P = 0.08). Furthermore, whereas progres-
sive illness, PAH- associated hospitalizations or death 
occurred as an end-point for 5.3 % of patients treated with 
ambrisentan alone, no patients in the ambrisentan + spirono-
lactone group achieved any of these end-points. These fi nd-
ings provide preliminary data in support of a recently 
announced multi-center, prospective, randomized clinical 
trial testing the effect of spironolactone (50 mg/d) vs. pla-
cebo on cardiopulmonary fi tness (combined primary end-
point of change from baseline in peak volume of oxygen 
consumption [VO 2 ] and 6-min walk distance) in ambrisen-
tan-treated patients (NCT 02253394). In this regard, a num-
ber of other prospective clinical trials have been proposed to 
test the effects of mineralocorticoid receptor antagonism on 
outcome in PAH (NCT01468571; NCT01712620) 
(Table  9.2 ).   

    The Renin-Angiotensin System (RAS) in PAH 

 Lung tissue has long been recognized as a rich source of 
angiotensin converting enzyme (ACE), although RAS inhi-
bition in the treatment of PAH is controversial. Findings 
from small clinical trials performed in the era prior to the 
availability of PAH-specifi c therapy linked systemic hypo-
tension to ACE-inhibitor (ACE-I) use despite noted improve-
ments to cardiopulmonary hemodynamics and RV structure 
[ 51 ]. However, a resurgence of interest in RAS as a modifi -
able contributor to PAH in patients has emerged in tandem 
with improved understanding of angiotensin vascular biol-
ogy [ 52 ] and contemporary strategies for early PAH diagno-
sis in advance of systemic hypotension [ 53 ]. 

 Seminal observations reported over 2 decades ago deter-
mined that ACE-I attenuated hypoxic pulmonary vasocon-
striction and the attendant pathological changes to RV 
function by decreasing levels of angiotensin II directly rather 
than altering levels of angiotensin-II-associated vasoactive 
factors, such as via bradykinin metabolism [ 54 ]. In pulmo-
nary hypertensive mice exposed to chronic hypoxia, increased 
anti-angiotensin II immunohistochemical staining is evident 
in the pulmonary blood vessel wall despite a decrease in lev-
els in whole lung, and ACE-I decreases PASMC proliferation 
and concentric thickening of pulmonary arterioles [ 55 ]. It has 
been proposed that angiotensin II promotes adverse pulmo-
nary vascular remodeling, in part, by upregulating hypoxia 

inducible factor-1α (HIF-1α), increasing vascular reactive 
oxygen species formation [ 56 ], and inducing cell cycle arrest 
through a mechanism involving activation of the G1 phase 
cyclin-dependent kinase p27 (Kip1), which is an inhibitor of 
G1 phase cyclin-dependent kinase [ 56 ]. 

 Recently, de Man and colleagues [ 57 ] noted that both 
PASMCs and PAECs from PAH patients express increased 
levels of ACE and the angiotensin-II receptor type 1 (AT1R), 
which mediates angiotensin-II-dependent pulmonary vaso-
constriction. The functional importance of AT1R to PAH was 
confi rmed by experiments demonstrating that the selective 
AT1R inhibitor losartan delayed progression of pulmonary 
hypertension and improved RV-pulmonary arterial coupling 
in monocrotaline-PAH rats  in vivo . In light of earlier observa-
tions suggesting potential harm by ACE-I in PAH, the authors 
postulate that selective AT-1R antagonists may be more 
appropriate than ACE-I in this patient population owing to a 
comparatively lower risk of systemic hypotension. 

    Additional Angiotensin Peptides and PAH 
Pathobiology 

 The true complexity of RAS signaling is increasingly evi-
dent through the identifi cation of vasoactive angiotensin I 
derivatives: angiotensin- (1–9) and angiotensin- (1–7), and 
angiotensin-(1–5), as well as the angiotensin-(1–7) receptor, 
Mas [ 58 ]. In contrast to classical angiotensin-II-AT-1 signal-
ing, upregulation of angiotensin-(1–7) exerts 
 anti- hypertrophic, anti-fi brotic, and vasodilatory effects on 
LV cardiomyocytes and systemic blood vessels, leading to 
speculation that ACE-2, which converts angiotensin-I to 
angiotensin-(1–7), may represent a potential therapeutic tar-
get in PAH. Lung and RV tissue express increased ACE-2 
levels in experimental PAH [ 59 ] and administration of 
recombinant human ACE-2 to mice with pulmonary artery 
banding-PAH decreases RV hypertrophy, RV end-diastolic 
pressure and RV diastolic time [ 60 ]. While these effects do 
not appear contingent on changes to RV fi brosis content, 
ACE-2 treatment normalizes expression of connexin 37, 
which regulates myocardial contractility. Targeting ACE-2/
Mas in the pulmonary vasculature has also been demon-
strated to decrease arteriole muscularization and pulmonary 
hypertension severity in monocrotlaine-PAH [ 61 ,  62 ], 
although little data are currently available with respect to the 
relevance of this signaling pathway, other angiotensin deriv-
atives, or renin  per se  to patients with PAH.  

    Sex Hormones and PAH: Unraveling 
the Estrogen Paradox 

 Among the earliest epidemiologic trends described in PAH 
was a disparity in disease prevalence favoring women to 
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men, ultimately determined via registry analyses to be ~2.0–
2.5:1, with females accounting for up to 70 % of incident 
cases [ 63 ]. Despite this, however, there are compelling large- 
scale population science data indicating that PAH is more 
severe and associated with a less favorable prognosis in men 
compared to women [ 64 ]. For example, a recent meta- 
analysis of baseline hemodynamics from 11 randomized 
clinical trials (N = 1,211) demonstrated that compared to 
women, cardiac index was lower by −0.14 L/min/m 2  (95 % 
confi dence interval [CI] −0.23–0.04, p = 0.01) and PVR was 
higher by 1.23 Wood units (95 % CI, 0.18–2.27, p = 0.02) in 
men [ 65 ]. The hormonal profi le of women relative to men, 
particularly with respect to estrogen, estrogen derivatives, 
and androgens, has therefore served as the chief biological 
focus of efforts that aim to account for these collective differ-
ences. The juxtaposition of increased PAH prevalence  and  
probability of survival in women is often referred to as the 
“estrogen paradox.” [ 46 ]  

    Estrogen Metabolism and PAH 

 The possibility that sex differences in PAH pathobiology is 
linked to estrogen metabolism has been studied previously. 
Data from Affymetrix® dChip array analyses of lympho-
cytes isolated from patients with PAH occurring due to an 
inactivating mutation in the gene encoding for BMPR-2, 
which is the most well-studied monogenetic pulmonary 
vascular disease, indicated important differences in estro-
gen metabolites [ 66 ]. Findings from this seminal work 
identifi ed that expression levels of the estrogen-metaboliz-
ing enzyme CYP1B1 were ~10-fold lower in BMPR-2-
PAH patients compared to controls, while no differences 
were observed between female and male PAH patients. 
Subsequent observations from a nested case-control study 
associated the CYP1B1 Asn453Ser genotype with over-
production of 16α-hydroxyoestrone that is a potent stimu-
lator of estrogen receptor-dependent proliferation in 
PASMCs [ 67 ]. 

 White and colleagues subsequently determined that 
CYP1B1 and 16α-hydroxyoestrone levels are increased in 
remodeled pulmonary arterioles from mice with hypoxia- 
and Sugen-5416/hypoxia-PAH, as well as PAH patients. In 
genetically engineered CYP1B1 −/−  mice exposed to hypoxia, 
as well as hypoxia- or Sugen-5416/hypoxia-PAH mice 
treated with the CYP1B1 inhibitor 2,3′,4,5′-tetramethoxys-
tilbene (TMS), pulmonary vascular remodeling, RV hyper-
trophy, and cardiopulmonary hemodynamics were improved 
signifi cantly compared to wild type or untreated animals 
[ 68 ]. Dexfenfl uramine-induced upregulation of tryptophan 
hydroxylase, which is the rate-limiting enzyme in the syn-
thesis of serotonin also promotes CYP1B1-mediated PASMC 
proliferation in pulmonary hypertensive mice [ 69 ], and, thus, 
it is interesting to speculate that CYP1B1 upregulation by 

serotonin may provide mechanistic insights regarding the 
link between dexfenfl uramine use and annorexigen-PAH. 

 In contrast to 16α-hydroxyoestrone, the non-estrogenic 
metabolites of estrogen, 2-methoxyestradiol (2-ME) and 
2-hydroxyestrogen (2-OHE), appear to exert anti- 
infl ammatory and anti-fi brotic properties in pulmonary vas-
cular cells and cardiomyocytes from monocrotaline-PAH 
rats (Fig.  9.3 ) [ 70 ]. Although this effect is hypothesized to 
involve 2-ME-induced suppression of epidermal growth fac-
tor (EGF)-dependent growth and migration of vascular endo-
thelial cells [ 71 ], the precise mechanism(s) underpinning the 
effect of these estrogen derivatives on pulmonary vascular 
function, the generalizability of these fi ndings to other pul-
monary vascular diseases, or the larger question of estrogen 
receptor involvement in PAH disease trajectory is 
unresolved.  

    Androgens and PAH 

 Dehydroepiandrosterone (DHEA) and the DHEA 3β-sulphate 
ester (DHEA-S) are vasoactive intermediates of the andro-
gen biosynthesis pathway, and are the most abundant circu-
lating hormones in humans [ 72 ]. The synthesis of DHEA 
requires the mitochondrial cholesterol side-chain cleavage 
enzyme (CYP11A1) that converts cholesterol to pregneno-
lone, and 17-α-hydroxylase and 17, 20 lyase (CYP17) that 
synthesizes DHEA from pregnenolone in the endoplasmic 
reticulum [ 72 ]. In vascular cells and cardiomyocytes DHEA 
is associated with a diverse range of biological effects includ-
ing inhibition of Akt/Glycogen-synthase-kinase-3β and Src/
STAT3 signaling that regulates proliferation and apoptosis in 
pulmonary vascular cells, respectively [ 73 ], and promotes 
soluble guanylyl cyclase-dependent pulmonary arterial 
relaxation through PKG-1α dimerization [ 74 ]. On the other 
hand, DHEA is a noncompetitive inhibitor of the anti- oxidant 
enzyme glucose-6-phosphate dehydrogenase, which, in turn, 
is linked to increased reactive oxygen species generation that 
is detrimental to vascular endothelial and smooth muscle 
cells, among other cell lines relevant to pulmonary vascular 
disease [ 75 ,  76 ]. This association notwithstanding, the obser-
vation that DHEA regulates large conductance Ca 2+ -activated 
channels and voltage-gated K +  channels that mediate cellular 
contractile status in PASMCs due to hypoxia prompted fur-
ther investigations to determine if DHEA is therapeutically 
relevant in PAH [ 77 ]. 

 The administration of DHEA prevents pulmonary vascu-
lar remodeling, RV dysfunction and pulmonary hypertension 
in rats exposed to chronic hypoxia, while acute drug admin-
istration is a potent stimulator of pulmonary vasodilation 
[ 78 ]. It is hypothesized that perturbation to the redox status 
of vascular cells toward oxidation by DHEA is suffi cient to 
stimulate repolarization of Ca 2+ -activated channels and 
voltage- gated K +  channels that ultimately improves 
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 pulmonary vascular tone [ 79 ]. Alternatively, DHEA is also 
linked to improved cardiopulmonary performance via dimin-
ished activity of the anti-apoptotic kinase RhoA/Rho kinase 
(ROCK) [ 80 ] in the pulmonary vasculature, as well as 
decreased reactive oxygen species accumulation in RV car-
diomyocytes in various hypoxic models of PAH. Evidence in 
support of a therapeutic benefi t by DHEA in patients, how-
ever, is limited at this time to a single small pilot study indi-
cating some clinical benefi t in selected chronic obstructive 
pulmonary disease patients [ 81 ].   

    Conclusions 

 Evidence from numerous lines of research implicates 
neurohumoral and hormonal involvement in the pathobi-
ology of pulmonary vascular disease. In particular, sound 
mechanistic data are available associating β/α-adrenergic 
receptor stimulation, angiotensin II aldosterone, estrogen 
metabolite 16α-hydroxyoestrone and the androgen deriv-
ative DHEA to the development of cornerstone pulmo-
nary vascular and RV histopathophenotypic changes 
observed in experimental models of PAH and in PAH 
patients. Enhanced insight into the potential therapeutic 
benefi ts of targeting these factors in PAH is anticipated 
through the completion of several ongoing clinical trials.     
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      Animal Models of Pulmonary 
Hypertension       

     Jose     Gomez-Arroyo     ,     Ivana     Nikolic     , and     Paul     B.     Yu     

            Introduction 

 Animal models have been an essential tool for understanding 
pulmonary vascular disease, and for the development of 
usable therapies. Classic physiologic experiments such as 
those performed by von Euler and Liljestrand describing the 
paradoxical (vasoconstrictive) effect of hypoxia in the lung 
circulation of cats in 1946 [ 1 ], and subsequent efforts in large 
and small animals have helped to establish principles of pul-
monary vascular physiology. More recently, the deployment 
of molecular biological tools and the use of genetically mod-
ifi ed organisms in models designed to recapitulate different 
aspects of pulmonary vascular disease have helped to frame 
traditional concepts of pulmonary vascular physiology 
within contemporary concepts of cellular biology such as 
signaling, infl ammation, and metabolism [ 2 ]. Human pulmo-
nary vascular disease represents a heterogeneous spectrum 
of phenotypes and underlying etiologies. As in many dis-
eases, there is no single animal model of pulmonary hyper-
tension that entirely recapitulates a given human pulmonary 
hypertension phenotype in its entirety [ 3 – 6 ]. Here we review 
several of the most infl uential and widely used models of 
pulmonary arterial hypertension. We cover some of the prac-
tical as well as scientifi c advantages and disadvantages of 
each and ways in which these models are complementary in 
representing the phenotypic spectrum of clinical disease. 
This discussion will focus on models that have been designed 
to recapitulate aspects of PAH typically associated with 
World Health Organization Group I PAH, which includes 
disease that is idiopathic, heritable, or associated with toxin 

exposure, connective tissue disease, liver disease, human 
immunodefi ciency virus (HIV) infection, congenital heart 
disease, or schistosomiasis [ 7 ]. The classic models entail 
various combinations of exposure to hypoxia, toxin- mediated 
injury to the pulmonary vasculature, as well as the creation 
of systemic to pulmonary shunts. Newer models have uti-
lized the blockade of vascular endothelial growth factor sig-
naling. Finally, we discuss efforts to model schistosomiasis 
or HIV-infection associated PAH, most recently in non- 
human primates.  

    Monocrotaline-Injury Model 

 Along with chronic hypoxia, the pyrrolizidine alkaloid mono-
crotaline (MCT) has long been utilized to induce pulmonary 
hypertension [ 2 ]. When administered to rats, MCT induces 
reproducible pulmonary arterial hypertension and arteriolar 
remodeling as part of a syndrome that may sporadically 
express other features such as pulmonary fi brosis, hepatic 
venooclussive disease, myocarditis and acute lung injury [ 3 ]. 
Although the MCT model has been extensively characterized 
in the past 40 years, the precise molecular and cellular effects 
by which monocrotaline induces PAH remain elusive, but 
several mechanisms have been proposed. After being metab-
olized to its active form in the rat liver, MCT is metabolized 
to dehydro-monocrotaline, a.k.a., monocrotaline pyrrole 
(MCTP), a moderately reactive alkylating agent which 
appears to induce endothelial apoptosis [ 8 ,  9 ]. MCTP can 
induce endothelial cell damage by mechanisms that include 
disruption of intracellular membrane traffi cking [ 10 ], deregu-
lation of nitric oxide signaling [ 11 ] and dysregulation of bone 
morphogenetic protein receptor II (BMPRII) expression and 
downstream SMAD signaling [ 12 ], affecting a receptor and 
signaling axis implicated in the majority of heritable forms of 
PAH. Paradoxically, while MCT potently induces endothelial 
cell damage, the model is characterized mainly by smooth 
muscle cell proliferation and therefore vessel media thicken-
ing (Fig.  10.1 ) [ 3 ]. This paradox might be explained by the 
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disruption of normally homeostatic effects of an intact intima 
upon the underlying media, abnormal paracrine effects 
between the injured endothelium and vascular smooth muscle 
cell layer, or direct toxic effects of MCTP on the media that 
are otherwise not yet elucidated [ 9 ,  13 ]. It is also notable that 
the development of pulmonary hypertension occurs with 
delayed kinetics following a single exposure to MCT: PAH 
typically occurs 3–4 weeks after MCT challenge, yet MCT 
and MCTP are metabolized rapidly and cleared from the cir-
culation [ 14 ]. The phenotype may result from delayed effects 
of endothelial injury versus persistent effects of MCT that has 
accumulated in erythrocytes, where it conserves its capability 
to interact with lung tissue.

   The MCT model offers great advantages against other 
models of PAH such as cost, accessibility, and reproduc-
ibility. The response to MCT is very dose sensitive, such 
that an injection of 40 mg/kg of MCT will yield modest 
PAH, whereas a single dose of 60 mg/kg will produce more 
severe PAH at 3 weeks, and signifi cant mortality after 
4–5 weeks [ 15 ]. Importantly, MCT induces PAH without 
the need for other exposures such as hypoxia, which 
requires the housing of animals in a nitrogen dilution cham-
ber that might not readily available and, in turn, can be 

costly to acquire and maintain. In addition, because chronic 
hypoxia is not required, the model can be readily character-
ized in a longitudinal fashion, allowing researchers to study 
the impact of mild to severely increased pulmonary after-
load upon the development of right ventricular hypertrophy 
by a variety of invasive and non-invasive means [ 16 ,  17 ] as 
well as the impact upon exercise adaptation [ 18 ], for exam-
ple. Similar to tissues obtained from human PAH, tissues 
from MCT- induced PAH exhibit exaggerated TGF-β sig-
naling and pro- fi brotic transcriptional activity, and sup-
pressed expression of BMPR2 and downstream BMP 
signaling activity [ 19 ]. Based on this molecular signature, 
as well as histology, the MCT model has been suggested to 
be particularly helpful for highlighting the contributions of 
fi brosis, infl ammation, and lung injury in pulmonary vascu-
lar disease [ 3 ], a notion that is supported by the observation 
that numerous experimental and approved therapies with 
potential anti-fi brotic and anti- infl ammatory effects have 
demonstrated effi cacy in the MCT model [ 19 – 24 ]. Because 
MCT pro-toxin requires metabolism by the liver the gener-
ate an active metabolite, and because MCT can also cause 
hepatic infl ammation and hepatotoxicity, experimental 
design in this model must account for the potential effects 

  Fig. 10.1    Pulmonary arterial 
hypertension time-course and 
type of vascular remodeling 
pattern secondary to exposure to 
the monocrotraline pyrrole. A 
single subcutaneous injection of 
monocrotaline at a dose of 
60 mg/kg causes non-reversible 
PAH associated with vascular 
remodeling mainly characterized 
by media muscularization.  Black 
arrow  shows time of injection.  X  
marks time of tissue harvesting. 
Chemical structure of 
monocrotaline was obtained from 
Wikimedia Commons (Public 
domain) (Micrograph from lung 
vessel was modifi ed with 
permission from Gomez-Arroyo 
et al. [ 3 ])       
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of MCT on the metabolism and  pharmacokinetics of exper-
imental drugs, and conversely, exogenous agents or experi-
mental conditions which alter the function of hepatic 
cytochrome P450 monooxygenases may modulate the 
availability and pulmonary vascular toxicity of MCTP [ 13 ]. 
MCT may exert direct toxicity on the heart or other organs 
by impacting the microcirculation of those organs, with 
potentially confounding effects that make it diffi cult to iso-
late the effects of pressure-overload on the right ventricle 
versus direct toxic effects on the right ventricle, for exam-
ple. The activity of MCT is generally believed to be a spe-
cies-specifi c phenomenon in the rat. In earlier studies, 
administration to mice of as much as 600 mg/kg of MCT, 
tenfold greater than those required to elicit pulmonary vas-
cular remodeling in the rat, was observed to generate pneu-
motoxicity without signifi cant pulmonary vascular 
remodeling or right ventricular hypertrophy [ 25 ], a fi nding 
attributed to the lack of cytochrome P450 monooxygenases 
in mice required to convert MCT to MCTP. However, in 
more recent studies, similarly high doses of MCT, or direct 
administration of MCTP have been reported to generate 
successful models of PAH in standard mouse backgrounds, 
as well as genetically modifi ed mice [ 26 – 28 ]. While the use 
of MCT/MCTP in mice would provide signifi cant new 
opportunities for investigation, further investigation may be 

needed to standardize MCT or MCTP regimens and their 
consequent phenotypes in this species.  

    SUGEN 5416-based Models 

 SUGEN 5416 (SU5416), 1,3-Dihydro-3-[(3,5-dimethyl-1H- 
pyrrol-2-yl)methylene]-2H-indol-2-one also known as 
semaxinib, (Fig.  10.2 ) is a potent ATP-competitive inhibitor 
of VEGF receptor kinases 1 and 2 [ 29 ], which was originally 
developed for use as an adjuvant anti-angiogenic agent in the 
treatment of cancer by the former SUGEN company in the 
late 1990s [ 30 ]. At the same time, it was observed that VEGF 
and VEGFR2 mRNA and protein are overexpressed in the 
obstructive and plexiform lesions of human and rodent pul-
monary arterial hypertension, the histology of which were 
suggested to resemble a process of disordered angiogenesis 
[ 31 – 33 ]. SU5416 was initially administered to rats to test the 
hypothesis that VEGF is required for the maintenance of air-
ways, and was found to induce alveolar septal cell apoptosis, 
emphysema, as well as pruning of the distal pulmonary vas-
culature [ 34 ]. When the same group tried to combine the 
effect of VEGF receptor blockade with chronic hypoxia in 
order to worsen emphysema, they observed, surprisingly, 
that rats exposed to SU5416-hypoxia developed severe 

  Fig. 10.2    Pulmonary arterial 
hypertension time-course and 
type of vascular secondary to 
exposure to SU5416/Hypoxia. A 
single subcutaneous injection of 
SU5416 at a dose of 20 mg/kg in 
combination with chronic 
hypoxia (10 %) exposure causes 
severe, irreversible PAH at 4 
weeks, characterized by 
angioobliteration and 
muscularization.  Black arrow  
shows time of injection.  X  marks 
time of tissue harvesting. 
Chemical structure of SU5416 
was obtained from Wikimedia 
Commons (Public domain) 
(Micrograph from lung vessel 
was modifi ed with permission 
from Gomez-Arroyo et al. [ 3 ])       
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 vascular remodeling (Fig.  10.2 ) and non-reversible PAH 
associated with severe right ventricular dysfunction, right 
ventricular failure and death when left untreated [ 35 ]. In con-
trast to hypoxia alone and MCT-induced models, this model 
resulted in neointimal and plexiform lesions populated by 
proliferating endothelial cells, and was thus one of the fi rst 
animal models to recapitulate these pathognomonic features 
of human pulmonary vascular disease [ 36 ]. The fact that 
chronic hypoxia in combination with an anti-angiogenic 
VEGFR2 inhibitor would cause PAH might seem counterin-
tuitive, given the angiogenic activity and overexpression of 
VEGF signaling molecules observed at sites of remodeling 
[ 37 ]. Since treatment with a pan-caspase inhibitor prevented 
the development of angio-obliterative pulmonary hyperten-
sion after SU5416-hypoxia exposure [ 35 ], a mechanism 
invoking endothelial cell apoptosis as a triggering event was 
postulated [ 38 ]. Subsequently,  in-vitro  studies have bolstered 
the concept that proliferation of apoptosis-resistant endothe-
lial cells contributes to PAH in the SU5416-hypoxia model 
[ 39 ], providing additional evidence for the “cancer para-
digm” as a model for understanding the pathophysiology of 
PAH as a proliferative disorder [ 38 ,  40 ].

   The SU5416-hypoxia model has permitted the introduction 
of contemporary scientifi c concepts to understanding further 
the factors regulating PAH pathobiology, such as the contribu-
tions of pulmonary endothelial cell mitochondrial fragmenta-
tion [ 41 ], endothelial apelin-fi broblast growth factor signaling 
dysregulation [ 42 ], and dysregulation of multiple miRNA spe-
cies [ 43 ]. This model has helped to elucidate the requirement 
for copper [ 44 ] and thyroid (T4) hormone [ 45 ] for the devel-
opment of angioproliferative lesions. Recently, SU5416-
hypoxia was used to demonstrate the role of Forkhead box O 
(FoxO) transcription factor 1 in the regulation of cell cycle 
control and bone morphogenic protein receptor type 2 
(BMPR2) signaling in experimental PAH [ 46 ]. 

 Two key advantages that the SU5416-hypoxia model has 
provided to the fi eld of PAH-research are that (i) this model 
does not require genetic manipulation, underscoring the crit-
ical role of VEGF in adult lung biology, and (ii) that severe 
pulmonary vascular remodeling occur even in the absence of 
chronic hypoxia [ 47 ]. Not too long after the fi rst report of 
SU5416-hypoxia-induced PAH was published, attempts to 
generate alternative models of PAH prompted researchers to 
combine SU5416 with other insults or “hits” [ 47 ]. Several of 
these modifi cations have resulted in seminal contributions to 
fi eld, in particular, the athymic-SU5416 rat model of 
PAH. Taraseviciene-Stewart, Nicolls, Voelkel and collabora-
tors demonstrated that administration of a single dose of 
SU5416 to athymic nude rats lacking T cells resulted in 
severe angio-obliterative PAH and RV dysfunction even in 
the absence of chronic hypoxia [ 48 ]. This model yielded an 
early opportunity to evaluate the role of chronic infl amma-
tion and immune dysregulation in a histologically faithful 

model of PAH, providing evidence for the role of regulatory 
T cells [ 49 ] and macrophage-derived proinfl ammatory medi-
ators [ 50 ] in the pathogenesis of PAH [ 51 ]. 

 The SU5416-hypoxia model has also been studied exten-
sively to evaluate the pathobiology of chronic right ventricu-
lar (RV) dysfunction secondary to PAH. The RV in the 
SU5416-hypoxia rat model responds to pulmonary hyperten-
sion with robust hypertrophy, followed by dysfunction and 
systolic failure [ 52 ]. Based on data derived from this model, 
it has been proposed that maladaptive/dysfunctional RV 
hypertrophy is characterized by capillary rarefaction [ 53 ], 
myocardial ischemia [ 54 ], cardiomyocyte apoptosis and 
fi brosis [ 55 ,  56 ], and signifi cant metabolic remodeling and 
mitochondrial dysfunction [ 57 ]. These molecular and cellu-
lar changes are associated with decreased cardiac output, 
marked RV dilatation and decreased exercise capacity. 
Importantly, the administration of SU5416 by itself does not 
induce capillary rarefaction in the right ventricle, despite its 
potential effects on the myocardial microcirculation, whereas 
pure pressure overload by pulmonary arterial banding elicits 
pathophysiologic effects similar to that seen with SU5416- 
hypoxia, supporting the relevance of the SU5416-hypoxia 
model in studying RV pathophysiology. 

 Like any other experimental model of disease, there are 
several limitations that should be considered when utilizing 
SU5416-hypoxia for study in PAH. For example, neither 
chronic hypoxia nor VEGF blockade has been implicated 
directly in human PAH. Based on the dysregulation of VEGF 
signaling activity in affected tissues, however, a potential 
role of imbalance between angiogenic and anti-angiogenic 
activity has been posited [ 37 ]. In contrast to the effects of 
SU5416, administration of imatinib, a small molecule multi- 
kinase inhibitor targeting an overlapping set of tyrosine 
kinase growth factor receptors including VEGFR and 
PDGFR, has been proposed as a therapy for limiting the pro-
gression of PAH [ 58 ]. Multi-kinase inhibitors such as nilo-
tinib and dasatinib with overlapping effects on PDGFR and 
Src were found to ameliorate experimental PAH more 
potently than imatinib [ 59 ]. Yet nilotinib has been associated 
with peripheral arterial occlusive disease in man [ 60 ,  61 ], 
and more vexingly, dasatinib has been associated with inci-
dent PAH in previously unaffected patients receiving these 
drugs for cancer therapy [ 62 ]. The relationship of VEGF/
VEGFR signaling to the many other signaling axes targeted 
by these small molecules, and their pathogenetic roles 
remains incompletely defi ned. While SU5416 has clearly 
highlighted the importance of VEGF and VEGFR signaling 
as a possible trigger for PAH, it is not known if environmen-
tal factors might engender similar effects upon this signaling 
axis to contribute to the development of PAH in man. Other 
smaller, but non-trivial considerations accompany the use of 
this animal model are cost and equipment. Requiring rats, 
inhibitor compound, and access to chronic hypoxia facilities, 
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the cost of generating the SU5416-hypoxia model is signifi -
cantly greater than that of monocrotaline. Moreover, akin to 
MCT, there appears to be some species specifi city for 
SU5416-hypoxia, which requires the use of rats for induc-
tion of the PAH histopathophenotype. Some researchers 
have reported a similar phenotype when the SU5416-hypoxia 
model is employed in mice [ 63 ], affording the opportunity to 
explore a potentially robust PAH model in genetically modi-
fi ed mice. However, several factors should be considered 
when using SU5416-hypoxia in mice: (1) the degree of vas-
cular remodeling is not the same as that of rats, lacking neo-
intmal remodeling [ 64 ], (2) the disease in mice is reversible 
upon return to normoxia [ 63 ] and (3) severe RV failure has 
not been documented [ 4 ].  

    Strain-Specifi c and Genetically-Modifi ed 
Models of PAH 

 The Fawn-hooded rat (FHR) strain has been known to be 
exquisitely sensitive to the development of PAH and pulmo-
nary vascular remodeling in response to mild or moderate 
hypoxia in comparison to other rat strains [ 65 ,  66 ], and 
develops spontaneous PAH at 20 weeks of age, culminating 
in mortality at 60 weeks of age [ 67 ]. The sensitivity of FHR 
to hypoxia has been attributed to mitochondrial abnormali-
ties, particularly in the pulmonary artery smooth muscle, 
preceding the development of PAH and persisting in culture. 
A relative defi ciency in mitochondrial reactive oxygen spe-
cies production appears to cause aberrant activation of 
hypoxia inducible factor (HIF-1α), which in turn inhibits the 
expression of oxygen sensing, voltage-gated potassium 
channels such as Kv1.5, leading to a disruption of normal 
oxygen sensing to mimic chronic hypoxia [ 67 ]. A number of 
oxygen-sensitive candidate genes potentially affected by the 
known rearrangement of chromosome 1 in FHR have been 
suggested to contribute the molecular mechanism of the 
PAH phenotype. This model has been particularly useful in 
highlighting potential contributions of mitochondrial and 
metabolic function to the pathogenesis of PAH, as well as 
therapeutic interventions acting upon these pathways. 

 A recent transgenic mouse model has tested a longstand-
ing and controversial hypothesis that infl ammation and 
immune dysregulation contribute to the pathogenesis of PAH 
[ 68 ]. Patients with idiopathic or familial PAH have been 
observed to express increased circulating levels of IL-1β, 
IL-6, IL-8, IL-10, and TNF-α, with levels of IL-6, IL-8, and 
IL-10 being associated with increased mortality [ 69 ,  70 ]. 
The fact that IL-6 is also elevated in other infl ammatory dis-
eases associated with PAH including systemic lupus erythe-
matosus suggested a particularly important role of this 
cytokine [ 71 ]. Steiner and colleagues showed that a trans-
genic mouse expressing IL-6 under the control of the Clara 

cell promoter in the lung did not develop pulmonary hyper-
tension spontaneously, but developed severe PAH (with an 
average RVSP of 60 mmHg) and right ventricular hypertro-
phy following exposure to chronic hypoxia [ 72 ]. In fact the 
vascular remodeling seen in this context, which included 
neointimal remodeling, had some features that were reminis-
cent of human plexiform lesions, including overexpression 
of VEGF, as well as of pro-survival proteins such as survivin 
and Bcl-2. It is not known if these mice will spontaneously 
regress upon return to normoxia, or under other experimental 
therapies. Given the potential relevance to human PAH asso-
ciated with immune dysregulation, whether or not this model 
might be responsive to therapeutic modulation of infl amma-
tion is an important subject of further investigation. 

 Heterozygous loss-of-function mutations in  BMPR2 , 
expressing the bone morphogenetic protein type II receptor 
(BMPRII) are known to occur in 75–80 % of patients with 
familial or heritable forms of PAH, 10–25 % of patients with 
sporadic idiopathic PAH [ 73 – 78 ], with a reduced penetrance 
of approximately 20 %. Testing whether or not this mutation 
might be suffi cient to engender PAH in animal models has 
been a long-term pursuit in the fi eld. West and colleagues 
showed in 2004 that overexpression of a dominant negative 
BMPRII transgene in the smooth muscle of mice led to 
increased muscularization of pulmonary arterioles, and 
increased right ventricular systolic pressures at Denver alti-
tude [ 79 ]. While expression at high levels of a dominant nega-
tive BMPRII transgene suppressed BMP signaling and led to 
pulmonary vascular disease, it was acknowledged that this 
model might not necessarily recapitulate the functionally 
haploinsuffi cient state found in most mutation-positive 
humans [ 76 ,  77 ]. In 2005, Beppu and colleagues found that a 
 Bmpr2  heterozygous knock-out mouse developed minimally 
increased right ventricular systolic pressures under normoxia 
or hypoxia, and with very modest changes in alveolar capil-
lary structure [ 80 ]. These haploinsuffi cient mice developed 
more signifi cant pulmonary hypertension and medial hyper-
trophy of distal vessels following intratracheal gene transfer 
of 5-lipoxygenase, suggesting that infl ammation might 
unmask a latent phenotype in these animals. Since BMPR2- 
null mice are arrested in early development [ 81 ], conditional 
gene targeting of  Bmpr2  in mice [ 82 ] combined with 
endothelial- specifi c recombination via an endothelial ( Alk1  
promoter driven) Cre recombinase was required to test the 
effects of postnatal, tissue specifi c ablation [ 83 ]. These endo-
thelial targeted conditional  Bmpr2 -null mice were reported to 
have spontaneous PAH, albeit with variable penetrance, 
accompanied by increased distal pulmonary arteriolar muscu-
larization and mild right ventricular hypertrophy. This pheno-
type of endothelial targeted conditional  Bmpr2 -null mice, 
despite being sporadic and generally mild, has been revisited 
in the context of therapy by other groups. Attenuation of leu-
kocyte recruitment and extravasation by the inhibition of 
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 chemokine receptors CXCR1 and 2 was suffi cient to normal-
ize pulmonary hypertension in this model [ 84 ]. In a study by 
Spiekerkoetter and colleagues, pulmonary hypertension was 
exacerbated in this model by chronic hypoxia, and the result-
ing PAH and right ventricular hypertrophy was normalized by 
administration of FK506, based on a mechanism of enhanced 
BMP signaling via the inhibition of BMP type I receptor reg-
ulatory molecule FKBP12 [ 85 ]. The studies using endothelial 
ablation of  Bmpr2  in conditional knockout mice importantly 
demonstrated that complete ablation of BMPRII from the 
vascular endothelium was by itself insuffi cient to generate 
consistently severe PAH or remodeling by itself, yet could be 
additive with other insults. These studies leave open the role 
of BMPRII loss-of- function in other vascular tissues (e.g., 
smooth muscle) or tissue compartments, and other potential 
environmental insults that might contribute.  

    Systemic-to-Pulmonary Shunting, 
Pneumonectomy, Overfl ow and Banding 
Models 

 It has been long been recognized that left-to-right sided shunts, 
such as those associated with congenital heart disease, or sys-
temic veno-venous shunts, such as those associated with porto-
pulmonary syndrome, can be associated with PAH. Eisenmenger 
syndrome, a condition that commonly results from unrepaired 
post-tricuspid congenital cardiac defects – such as ventriculo-
septal defects or patent ductus arteriosus – has challenged 
many researchers to evaluate the role of fl ow-induced shear 
stress in the development of vascular remodeling [ 38 ]. 

 Models of over-circulation-induced PAH have been 
described in the rat by means of an aorto-caval shunt [ 86 ], or 
alternatively, by a single injection of monocrotaline after the 
removal of a lung lobe (pneumonectomy) by White and col-
leagues [ 87 ]. This combination results not only in the devel-
opment of pulmonary hypertension but also the development 
of neontimal proliferative lesions, a feature not seen with 
MCT treatment alone. 

 Because of size restrictions, most of the animal models of 
fl ow-induced pulmonary hypertension have been performed 
in medium to large size animals such as miniature swine, 
piglets and domesticated pigs. Rondelet, Naeije and collabo-
rators demonstrated that anastomosis of the left subclavian 
artery to the pulmonary arterial trunk in piglets resulted in 
pulmonary arterial hypertension and lung vascular remodel-
ing characterized mainly by vessel muscularization [ 88 ]. 
Interestingly, this model exhibits other features associated 
with human PAH such as increased levels of circulating vas-
cular endothelial growth factor and plasma endothelin-1 
level, decreased expression of BMPRII and endothelin-1 
receptors [ 89 ] and has even been associated with right ven-
tricular failure [ 90 ]. The development of right ventricular 

failure in this model contrasts with observations from 
Eisenmenger syndrome cohort studies, in which signs or 
symptoms of heart failure are not observed until late in dis-
ease. The piglet shunt model develops severe RV dysfunc-
tion in the setting of relatively mild pulmonary hypertension, 
leading some to speculate whether or not RV dysfunction 
might be a more direct consequence of decreased expression 
of angiogenic factors angiopoietin-2 and VEGF, and the 
increased expression of pro-infl ammatory cytokines inter-
leukin (IL)-1α, IL-1β, and tumour necrosis factor-α (TNF-α) 
that are observed in the RV tissues of these animals [ 89 ,  90 ]. 

 Recently a model of PAH was described using Yorkshire 
pigs subjected to repeated distal pulmonary arterial emboliza-
tion with dextran beads and selective coiling of proximal pul-
monary arteries with silk suture material [ 91 ]. This procedure 
elicited acute and sustained increases in pulmonary arterial 
pressures, with the development of pulmonary vascular 
remodeling, accompanied by decreased right ventricular func-
tion and right ventricular hypertrophy. In order to model post-
capillary pulmonary hypertension, pulmonary vein banding 
has also been applied in the pig model, leading to robust 
increases in pulmonary arterial pressures and pulmonary vas-
cular resistance, accompanied by distal pulmonary arterial 
remodeling, and RV dysfunction [ 92 ]. While pulmonary 
hypertension was a consistent fi nding in this model, a subse-
quent analysis of the natural history of pigs subjected to pul-
monary vein banding revealed subsets which developed right 
ventricular failure, and those which remain compensated [ 93 ], 
suggesting that this model could be used to help understand 
factors which dictate the variable natural history of PH in man. 

 Thus, swine-based models of PH have been advantageous 
particularly for the study of shunt-based, overfl ow-mediated, 
or obstructive forms of pulmonary vascular disease. The 
high cost of maintaining these larger animals, and the pau-
city of commercially available reagents for performing 
genetic and protein analysis on porcine tissues are major 
limitations, however. A key advantage of swine based mod-
els, however, is the ability to perform survival surgery, criti-
cal for studying mechanical interventions such as shunt 
closure or right ventricular assist devices. Larger animals 
such as miniature and domesticated swine, by virtue of the 
human-like proportions of their cardiopulmonary system, 
permit sophisticated and detailed invasive measurements of 
hemodynamics, and imaging techniques for assessing myo-
cardial function by approaches similar if not identical to 
those deployed in human disease [ 91 – 93 ].  

    Models of Schistosomiasis-Associated PAH 

 PAH associated with schistosomiasis infection (Sch-PAH) is 
among the most prevalent causes of PAH worldwide. PAH 
occurs almost exclusively in patients with chronic 
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 hepatosplenic  Schistosomiasis mansoni  infection, yet not all 
chronically infected individuals develop PAH, and the factors 
determining penetrance are not well elucidated [ 7 ,  94 ]. It is 
thought that infection of lung tissues with  Schistosoma  eggs 
elicits a powerful host immune response leading to granu-
loma formation and obliterative remodeling in pulmonary 
arteries [ 95 ]. Treatment of the underlying infection in affected 
individuals does not generally reverse PAH, but may arrest 
progression. The broad worldwide impact of Sch-PAH and 
the limited understanding of underlying pathophysiology has 
motivated the development of suitable animal models. 

 Crosby and colleagues observed pulmonary remodeling 
in a mouse model of schistosomiasis generated by transcuta-
neous infection of mice with  S. mansoni  cercariae [ 96 ]. 
Despite exhibiting signifi cant pulmonary vascular remodel-
ing, including medial hypertrophy of small pulmonary arter-
ies and plexiform-like lesions, and a Th2 as well as Th1 
infl ammatory signature reminiscent of human Sch-PAH, 
these mice did not develop pulmonary hypertension or right 
ventricular hypertrophy after 12 weeks of infection. Similar 
results were by Kolosionek at al., using a similar model of 
transcutaneous infection, and attributed the lack of PAH to 
the patchy extent of involvement in mouse lungs under these 
conditions [ 97 ]. The lack of PAH or RVH was surprising 
given that plexiform lesions generally signify severe pulmo-
nary vascular remodeling, and are recapitulated by few ani-
mal models, particularly mice. Graham and colleagues found 
similarly that transcutaneous infection with cercariae, or 
intravenous injection of viable eggs, thought to mimic embo-
lization of eggs to the lung via shunts that develop in chroni-
cally infected animals, were unable to induce PAH. However, 
the combination of these two treatments in sequence, elicit-
ing pre-sensitization, infection, and embolization, resulted in 
modest PAH, possibly due to more widespread lung involve-
ment, but without RVH [ 98 ]. Sequential pre-sensitization 
and intravenous injection also elicited a Th2 infl ammatory 
response with IL-13 being implicated as a key effector. 
Independent of the mode of infection, the duration of infec-
tion may be critical, however, as subsequent studies by 
Crosby and colleagues extending observation to 25 weeks 
following inoculation have revealed pulmonary arterial 
hypertension and RVH, both of which were attenuated by 
treatment with Praziquantel, likely by decreasing the local 
production of Th2 infl ammatory cytokines [ 99 ]. These stud-
ies suggest that neither hepatic infection nor lung emboliza-
tion alone are suffi cient for the development of PAH as a 
complication of Schistosoma infection, but an additional 
“hit” of pre-sensitization, as well sustained infection may be 
required. It is unclear if the penetrance of PAH in these mod-
els is due to the presence or absence of portal hypertension, 
as has been postulated in human Sch-PAH, or due to some 
other factor that would be dependent on the repeated cycles 
of infection and chronicity seen in human disease. 

 Despite their limitations, these initial animal studies have 
identifi ed a number of potentially important mediators of 
Sch-PAH, with therapeutic implications. The contribution of 
Th2 cytokines has been demonstrated by several groups, and 
particularly the role of IL-13 has been confi rmed by gain- 
and loss-of-function studies in mice [ 98 ,  99 ]. Importantly, 
IL-13 has been shown to upregulate TGF-β1 signaling, and 
requires TGF-β signaling pathway function for its pro- 
fi brotic effects [ 100 ]. Consistent with a possible role of 
IL-13-mediated activation of TGF-β, the phosphorylation of 
the downstream effect Smad2 is upregulated in pulmonary 
granulomas of schistosomiasis infected mice [ 98 ]. In fact, 
concurrent therapy of mice challenged with intraperitoneal 
cercariae and intravenous  S. mansoni  eggs with a pan-TGF-β 
neutralizing antibody resulted in improved RVSP and pul-
monary vascular remodeling [ 101 ].  

    Models of Human Immunodefi ciency 
Virus- Associated Pulmonary Arterial 
Hypertension 

 HIV-associated PAH represents a cause of PAH that likely 
poses a larger global healthcare burden than all other causes 
of Group I PAH apart from schistosomiasis. PAH can be pres-
ent as part of the HIV-Associated Non-AIDS conditions [ 102 ] 
and indeed, the presence of PAH is an independent predictor 
of mortality in this group of patients [ 103 ,  104 ]. Generating a 
suitable animal model to reproduce such a complex condition 
like HIV-associated PAH involves several challenges, how-
ever. A major obstacle is that HIV cannot infect non-human 
primates other than chimpanzees, an endangered species. 
Moreover, chimpanzees do not develop AIDS reliably after 
viral inoculation [ 105 ], making this species ineffi cient as an 
experimental model. In the late 1980s, a simian immunodefi -
ciency virus (SIV) was isolated from rhesus macaques 
( macaca mulatta ) [ 106 – 108 ], which infects macaques with 
high levels of replication [ 109 ]. SIV-infected macaques 
develop an AIDS-like condition which mimics human dis-
ease including CD4+ T cell depletion, weight loss, thymic 
and lymphoid atrophy, and susceptibility to opportunistic 
infections [ 110 ]. More recently, it was shown that these ani-
mals develop pulmonary vascular remodeling [ 111 ] associ-
ated with moderate pulmonary arterial hypertension [ 112 ]. 
The degree of vascular remodeling in this model may be mul-
tifactorial, as rhesus macaques treated with morphine as a 
“second hit” develop severe pulmonary vascular  remodeling 
including plexiform lesions [ 113 ]. It has been postulated that 
morphine could lead to increased oxidative stress-mediated 
endothelial cell apoptosis and that proliferation of endothelial 
cells may result from exposure to viral proteins [ 113 ,  114 ], 
however the exact mechanism whereby HIV/SIV contributes 
to pulmonary vascular remodeling remains unresolved. 
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 This complex animal model offers several advantages not 
only for gaining insights into HIV-related pulmonary arterial 
hypertension, but into mechanisms of PAH in general. Unlike 
other experimental models, non-human primates infected 
with SIV develop PAH without requiring any genetic or 
pharmacological manipulation, which limits off-target 
effects that may confound other models [ 3 ]. SIV-associated 
PAH in non-human primates represents the only robust 
model of PAH in which the inciting factor is essentially iden-
tical to the cause in man. Furthermore, since the animals 
used in this preclinical model are outbred, the individualized 
responses of each primate to SIV infection affords the oppor-
tunity to characterize factors contributing to the penetrance 
of the phenotype, including the degree to which individual 
animals develop PAH or RV failure. Lastly, this model allows 
for a standardized timing of infection, serial sampling and 
tissue recovery, offering the opportunity to dissect pathoge-
netic factors early in the course of disease in a human-like 
model. This is in contrast to less-specifi c end-stage phenom-
ena that are typically seen in clinical human studies of 
PAH. Some of the advantages of the SIV-infected macaque 
model also represent limitations, however. The heteroge-
neous responses to infection and intervention may require 
larger and more expensive cohorts in order to demonstrate 
statistically signifi cant fi ndings during experimentation, and 
the underlying host factors contributing to variable pene-
trance may be challenging to ascertain even with next gen-
eration sequencing methodologies. The SIV-infection related 
PAH model in macques may be prohibitively expensive for 
most labs, as the approximate price for housing a SIV- 
infected cohort of 12 macaques may approach $250,000 
USD for 1 year, not including the cost of any interventions or 
analysis. Expense notwithstanding, SIV-associated PAH in 
macaques is potentially the most authentic model of any eti-
ology of human PAH and affords a tremendous opportunity 
to unravel the early pathogenetic events in a primate model.  

    Conclusions 

 Currently available small animal and large animal models 
offer a host of complementary advantages and disadvan-
tages for the investigation of mechanism and therapeutic 
intervention in PAH. Larger animal models generally 
offer greater histopathologic and pathophysiologic simi-
larity to human PAH disease, but require a signifi cantly 
greater fi nancial and technical investment. Inbred strains 
of mice and rats offer signifi cant advantages in cost and 
scalability, but individually may lack critical aspects of 
the disease phenotype. Reliance on a single rodent model 
could potentially generate artifactual fi ndings, particu-
larly in the mouse, and should be supported by mechanis-
tically distinct models preferably in another species such 
as the rat. A key challenge for the study of pathophysiol-
ogy relevant to human disease remains generating PAH in 

animals that results from similar precipitating factors 
known to trigger PAH in man. A common motif through-
out most models of PAH is that a single physiologic chal-
lenge or insult is generally insuffi cient to generate 
substantial PAH, pulmonary vascular remodeling and 
right ventricular hypertrophy/failure, whereas a combina-
tion of two distinct insults can potently elicit these fi nd-
ings. Recent modifi cations to existing models have 
improved their reproducibility, or their ability to capture 
distinct facets of the PAH phenotypic spectrum, even in 
mouse and rat species, suggesting that further potential 
yet exists to optimize these models further. Despite their 
limitations, numerous pathophysiologic and translatable 
insights have been obtained from studying PAH in cur-
rently available models. The advent of novel technologies 
to permit genome editing and humanization of large 
genetic loci within rodents and larger species is antici-
pated to facilitate more authentic and relevant PAH mod-
els in the near future.     
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The Cardiopulmonary Hemodynamic 
Evaluation of Pulmonary Hypertension

Yonatan Buber and Alexander R. Opotowsky

 Introduction

Pulmonary hypertension (PHT), elevated pulmonary artery 
pressure, is a clinical finding that can be caused by diverse 
pathophysiological and hemodynamic causes related to a 
wide array of clinical conditions. In recognition of the vari-
ous contributors to its development, PHT is currently catego-
rized into five clinical groups with specific characteristics 
[1–6]. These distinctions are largely, although not entirely, 
based on hemodynamic data. In addition to addressing the 
pathophysiologic basis for each sub-type of PHT, this clas-
sification also aims to guide the treating clinician in diagno-
sis, risk stratification, and therapy of PHT.

The term PHT refers simply to elevated pulmonary artery 
pressure. Normal mean pulmonary artery pressure (mPAP) 
at rest is ~14 ± 3 mmHg, with an upper limit of normal 
~20 mmHg [7, 8]. Although the presence of PHT may be 
initially suspected using noninvasive studies such as echo-
cardiography, PHT is defined as a mean pulmonary artery 
pressure (mPAP) >25 mmHg at rest assessed by right heart 
catheterization (RHC) [9–11]. The prevalence of each sub-
group of PHT is not well defined, but left heart disease 
(World Health Organization Group 2) is the most common 
cause, likely followed by lung disease (World Health 
Organization Group 3) [12].

As noted above, definitive diagnosis requires invasive 
hemodynamic assessment with cardiac catheterization. In 

addition to establishing the diagnosis of PHT, hemodynamic 
evaluation provides data on pathophysiology, disease sever-
ity and prognosis. Catheterization also provides objective 
data on therapeutic response for patients with known PHT.

Many tests play an important role in the diagnosis and 
assessment of PHT, including the electrocardiogram, labora-
tory testing, nuclear imaging, cardiopulmonary CT angiog-
raphy, and cardiovascular magnetic resonance. There are 
also important hemodynamic concepts and relationships, 
such as ventriculo-arterial coupling that are not commonly 
addressed in clinical evaluation [13]. In this chapter, we 
focus on the current clinical hemodynamic evaluation of 
PHT, which depends predominantly on 3 tests: physical 
examination, transthoracic echocardiography and invasive 
catheterization. We discuss cardinal indices for each modal-
ity and provide clinical context for interpretation.

 Physical Examination for Hemodynamic 
Evaluation of Pulmonary Hypertension

The general examination can direct attention to systemic causes 
of PHT but our focus will be on its role in providing indirect 
and direct insight into the current hemodynamics of PHT. Pallor 
may suggest severe anemia causing high pulmonary blood 
flow, which itself can result in PHT. The pattern of breathing is 
usually normal, but may be helpful in suggesting one or another 
cause (e.g., Cheyne-Stokes respirations in severe left heart fail-
ure, pursed lip breathing with chronic obstructive lung disease). 
Lung sounds are normal with pulmonary arterial hypertension; 
‘wet’ crackles suggest elevated left ventricular end diastolic 
pressure, while ‘dry’ inspiratory crackles may point towards 
interstitial lung disease [14]. Hepatomegaly, elevated jugular 
venous pressure, peripheral edema, ascites and cool extremities 
are consistent with congestion and low output right heart fail-
ure, indicating more advanced disease.

Elevated jugular venous pressure can be seen in any type of 
PHT, whether due to left heart disease or elevated pulmonary 
vascular resistance (PVR). Sustained elevation of the jugular 
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venous pressure in response to external pressure applied to the 
abdomen (abdominojugular or hepatojugular reflux) is more 
specific for elevated left heart filling pressure but can also be 
seen in other settings. Abdominojugular reflux is provoked by 
applying consistent pressure over the right upper abdominal 
quadrant for at least 10 s. A sustained rise >3 cm in the venous 
pressure for at least 10–15 s is abnormal. The patient should 
refrain from holding his or her breath or performing a Valsalva 
maneuver (see below). Abdominojugular reflux is useful in 
predicting heart failure and a pulmonary arterial wedge pres-
sure >15 mmHg [15], though its specificity for left heart fail-
ure in patients referred for evaluation of PHT is unknown.

Blood pressure response to the Valsalva maneuver is a sen-
sitive and specific indicator of elevated left heart filling pres-
sure [16]. The Valsalva maneuver is performed with the blood 
pressure cuff inflated ~10–15 mmHg above the systolic blood 
pressure. While the clinician is auscultating over the brachial 
artery, the semi recumbent patient is asked to perform a forced 
expiratory effort against a closed glottis casing increased intra-
thoracic pressure. A normal response consists of four phases:

Phase 1: there is a rise in the systolic blood pressure at the 
onset of Valsalva with audible Korotkoff sounds which 
usually last ~2–4 heart beats.

Phase 2: with continued Valsalva there is reduced venous 
return to the left heart with a decrease in stroke volume 
and pulse pressure and a decline in systolic blood pres-
sure (observed by the disappearance of Korotkoff sounds); 
there is also reflex tachycardia.

Phase 3: after Valsalva release there is a sudden drop in the 
systolic blood pressure due to the decrease in the intratho-
racic pressure.

Phase 4: after a delay, there increased systolic blood pressure 
(“overshoot” relative to baseline systolic pressure) accom-
panied by reflex decrease in heart rate due to an increase in 
the venous return, with re-appearance of Korotkoff sounds.

Two distinct abnormal blood pressure responses to the 
Valsalva maneuver can be recognized by sphygmomanom-
eter: a sustained or square-wave response and absence of 
the phase 4 overshoot. The absent overshoot pattern may 
suggest decreased systolic function; the square-wave 
response indicates elevated left-heart filling pressure for 
any reason [17]. The Valsalva response can be quantified 
using the pulse amplitude ratio, though this is only possible 
with invasive monitoring or specialized technology (arte-
rial applanation tonometry) which is not widely available. 
This ratio compares the minimum pulse pressure at the end 
of the strain phase with the maximum pulse pressure at the 
onset of the strain phase; a higher ratio is consistent with a 
square-wave response. Note that the response of heart rate 
to each phase of Valsalva is opposite to that seen for blood 
pressure (i.e., when blood pressure rises, heart rate 
decreases).

The cardiac examination includes palpation of the chest for 
heaves and thrills, as well as to define the size and character of 
the point of maximal impulse. The right ventricle (RV) is ante-
riorly positioned, directly behind the sternum and chest wall; a 
palpable ‘right ventricular’ heave or lift may be present when 
the RV is enlarged. This is best appreciated using the heel of the 
hand placed at the inferior left lower sternal border or with the 
finger tips just below the xiphoid process during normal inspira-
tion. Auscultation may include a loud pulmonary component of 
the second heart sound (P2), a holosystolic murmur of tricuspid 
regurgitation, a decrescendo diastolic murmur of pulmonary 
regurgitation or a right-sided S3 gallop. Tricuspid regurgitation 
in the setting of markedly elevated RV systolic pressure and an 
enlarged RV may produce a laterally positioned high-pitched 
murmur reminiscent of mitral regurgitation. Augmentation of 
the murmur with inspiration differentiates the right-sided tricus-
pid from left-sided mitral regurgitant murmur.

 Echocardiographic Hemodynamic 
Evaluation of Pulmonary Hypertension

Transthoracic echocardiography (TTE) is an integral part of 
both the initial workup and follow up in PHT regardless of 
etiology. It is also frequently used for screening patients at 
high risk of PHT, including patients with certain connective 
tissue disorders such as scleroderma, HIV or a family history 
of PHT. Combined with quantitative hemodynamic calcula-
tions (summarized in Table 11.1 and discussed in this sec-
tion), TTE can provide clinically useful approximations of 
pulmonary vascular and right ventricle (RV) hemodynamics. 
Many important variables do not require calculations, includ-
ing assessment of size and function of the RV and left ven-
tricle (LV) as well as right and left atrial size [18].

 Systolic Pulmonary Artery Pressure

Systolic pulmonary artery pressure (sPAP) is equal to RV 
systolic pressure in the absence of pulmonary valve stenosis 
or another cause of RV outflow tract or PA obstruction. RV 
systolic pressure, and therefore sPAP, can be estimated by 
addition of right atrial (RA) pressure (RAP) to the pressure 
gradient between the right chambers. The maximal systolic 
pressure gradient between the RV and RA can be estimated 
using the simplified modified Bernoulli equation:

 D P=4v2  

where v is peak tricuspid regurgitant flow velocity (Fig. 11.1). 
Although widely accepted as a screening test, this method is 
only moderately accurate. While initial reports of TTE esti-
mates of sPAP as compared with RHC suggested a  correlation 
coefficient >0.9, larger subsequent research studies and reviews 
of clinical TTEs have reported a less robust association, with 
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r ~ 0.7. Mean difference between TTE and RHC ranges from 3 
to 40 mmHg, and sPAP may be underestimated by at least 
20 mmHg in >30 % of patients; overestimation also occurs 
[19–22]. Causes of sPAP underestimation by TTE include 
inaccurate estimation of RAP (see below) and incomplete tri-
cuspid regurgitation envelopes or incorrect determination of 
peak velocity. The probe incident angle must be meticulously 

aligned with the tricuspid regurgitant jet to avoid underestima-
tion. Respiratory variation adds additional (true) variability in 
sPAP. It is thus recommended that this velocity be measured in 
multiple views and the maximal velocity jet should be used for 
the calculation, especially when high sensitivity for PHT is the 
goal, such as when TTE is being used as a screening test. Fewer 
than 80 % of patients have a dependable TR envelope, how-
ever, and even patients with severe PHT may have little or no 
TR. Poor regurgitant signals can be enhanced with the use of 
contrast, either proprietary products or an agitated mix of air-
blood- saline. In general, it is preferable to provide an accurate 
range of possible sPAP values based on expected variance 
rather than a single integer estimate that encourages unrealistic 
expectation of precision. An additional shortcoming of TTE for 
sPAP estimation is specific to patients with severe tricuspid 
regurgitation; since RAP increases during systole as the result 
of high volume TR, this technique may underestimate sPAP.

Despite technical limitations and only moderate correla-
tion with invasive measurements, this approach to sPAP esti-
mation is clinically useful and remains by far the most 
commonly applied TTE variable to evaluate right heart 
hemodynamics. There is certainly a role for using this mea-
sure in screening for suspected PHT and or in patients at 
high risk for PHT, as long as there is a fundamental under-
standing of the limitations inherent to the technique [23]. It 
must be highlighted that TTE sPAP estimates cannot diag-
nose PHT and this approach should never be used as a ratio-
nale to treat patients with selective pulmonary vasodilator 
medications or to monitor the efficacy of that therapy.

Various cut-offs have been proposed to screen for 
PHT. European guidelines for the diagnosis and treatment of 
PHT propose that PHT is “likely” if tricuspid regurgitation 

Table 11.1 Variables used for echocardiographic hemodynamic evaluation

Variable Criteria used

Elevated mean right atrial 
pressure/central venous 
pressure

Inferior vena cava dimension >2.1 cm and inferior vena cava inspiratory collapse < 50 %
Prominent diastolic flow in the superior vena cava, hepatic veins or jugular veins
Bulging of the atrial septum towards the left atrium

Systolic PA pressure 4 × (peak tricuspid valve regurgitation jet velocity)2 + estimated right atrial pressure

Diastolic PA pressure 4 × (end diastolic pulmonic valve jet velocity)2 + estimated right atrial pressure

4 × (tricuspid valve regurgitation jet velocity at the time of pulmonary valve opening)2 + right atrial pressure

Mean PA pressure 4 × (peak pulmonic valve regurgitation jet velocity)2 + estimated right atrial pressure

Mean tricuspid valve regurgitant pressure gradient + estimated right atrial pressure

0.61 × PA systolic pressure + 2 mmHg

Pulmonary vascular resistance
PVR

PASP

RVOTVTI
= + 3 if notch present

Measures of right ventricular 
function

Myocardial perfusion index (Tei index):
ICT+IRV

systolic ejection time

Tricuspid annular plane systolic excursion (TAPSE): longitudinal distance traveled of lateral tricuspid 
annulus in apical 4-chamber view towards apex during systole

Right ventricular fractional area change (RV-FAC):
end-diastolic area – end-systolic area × 100

end-diastolic area

Fig. 11.1 Estimation of the systolic pulmonary arterial pressure 
(sPAP) using the simplified modified Bernoulli equation (ΔP = 4v2). 
Shown is the spectral continuous-wave Doppler signal of the tricuspid 
regurgitation corresponding to the right ventricular–right atrial pressure 
gradient. sPAP can be estimated using the sum of the estimated right 
atrial pressure and the peak RV-RA pressure gradient. In this example, 
SPAP is estimated at 131 (= 4 × 5.712) + central venous pressure, or 
146 mmHg, if RAP is estimated at 15 mmHg, indicating severe pulmo-
nary hypertension. The mean pulmonary arterial pressure can be calcu-
lated in a similar fashion using the mean systolic gradient based on TR 
velocity: 72 mmHg + assumed RAP of 15 mmHg = 87 mmHg
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jet velocity is >3.4 m/s (or estimated sPAP is >50 mmHg) 
and “possible” when the velocity is between 2.9 and 3.4 m/s 
(or estimated sPAP is 37–50 mmHg), with or without addi-
tional echocardiographic signs suggestive of PHT, or when 
the velocity is ≤2.8 m/s (or sPAP is ≤36 mmHg) with addi-
tional variables suggestive of PHT [9]. This last point cannot 
be overemphasized adequately. TTE evaluation of PHT 
should neither start nor finish with sPAP estimation. Other 
guideline documents are less specific, suggesting that in the 
absence of other potential etiologies of PHT (e.g., left heart 
disease or advanced lung disease), an estimated RV systolic 
pressure >40 mmHg generally warrants further evaluation in 
the patient with unexplained dyspnea [10, 11].

Systolic PAP (in the absence of RV outflow obstruction) 
equals the pressure difference (gradient) between RA and 
RV during systole as estimated above plus the RAP. In the 
absence of obstruction, central venous pressure (CVP), RAP 
and RV end diastolic pressure (EDP) are essentially the 
same, and can be estimated, albeit with modest accuracy, by 
measuring size, flow patterns and the respiratory variation of 
the inferior vena cava (IVC) [20]. With normal RAP, systolic 
flow predominates. As right heart filling pressure increases, 
this pattern is blunted and the relation between systolic and 
diastolic flows may equalize or even reverse. Negative intra-
thoracic pressure, induced by a sniff or during normal respi-
ration, causes flow from the abdominal IVC into the 
intrathoracic venous system causing “collapse” of the intra-
hepatic IVC. This collapse is blunted with elevated venous 
pressure, though it should be noted that without measure-
ment of the shift in intrathoracic pressure the extent of 
expected collapse is difficult to predict. It has been proposed 
that IVC diameter <2.1 cm and collapse greater than 50 % on 
inspiration suggests normal RAP (0–5 mmHg). The presence 
of either greater diameter or lesser collapse (but not both) 
suggest mildly elevated RAP (~5–10 mmHg); diameter 
>2.1 cm with <50 % collapse suggests RAP > 10 mmHg 
[24]. The precision of the cut-offs belies the modest clinical 
accuracy of these estimates [25]. This constitutes an impor-
tant source of error when estimating PA pressure, and it is 
reasonable to instead use the estimate of right atrial pressure 
based on jugular venous findings on physical examination. 
The IVC can be enlarged for other reasons, such as with pos-
itive pressure ventilation and in highly trained athletes. 
Additional TTE markers of elevated RAP include: presence 
of prominent diastolic flow in the superior vena cava, hepatic 
veins or jugular veins); bulging of the intraatrial septum 
towards the left atrium; dilation of the coronary sinus; peri-
cardial effusion; and tricuspid E/e’ ratio >6 of the tricuspid 
inflow Doppler/ tricuspid annular tissue Doppler evaluation. 
Regardless of the method used for the evaluation of the RA 
pressure, jugular venous pressure estimates of experienced 
clinicians generally better estimate RA pressure than any 
TTE variable or combination of variables.

 Mean Pulmonary Artery Pressure

Mean pulmonary arterial pressure (mPAP) can also be esti-
mated with TTE. One advantage to estimating mPAP rather 
than sPAP is that PHT is defined based on mPAP. Possibly 
the simplest method of calculating the mean pulmonary arte-
rial pressure (mPAP) is:

 
mPAP PAsystolic pressure mmHg= × + [ ]0.61 2 26 .

 

For obvious reasons, this has little advantage to estimating 
sPAP and has the same limitations. While sPAP and mPAP 
are strongly correlated (r2 ~ 0.95) this relationship varies with 
high stroke volume, and may be problematic in patients with 
high pulmonary stroke volume those with severe anemia or 
intracardiac left-to-right shunt. Considering the limitations 
mentioned above of evaluation of the sPAP using the tricus-
pid regurgitation velocity jet, alternative methods have been 
developed in an aim to provide a more accurate assessment 
of the mPAP.

 Method 1: Use of the Pulmonary Valve 
Regurgitation Jet
The pulmonary regurgitation Doppler velocity pattern is 
characterized by a rapid rise immediately after the closure 
of the pulmonary valve and a gradual deceleration until the 
end of diastole. The pulmonary regurgitation velocity cor-
responds to the diastolic pressure gradient between the PA 
and RV through diastole (i.e., both the velocity and gradient 
decline). The peak pulmonary regurgitation velocity at the 
start of diastole reflects the pressure gradient between the 
PA and RV the start of diastole. Application of the modified 
simplified Bernoulli equation to peak pulmonary regurgita-
tion velocity (Fig. 11.2) with the addition of estimated RAP 
provides a reasonable estimate of mPAP [27]. Pulmonary 
regurgitation envelopes are often incomplete or absent, 
however, precluding this approach in many patients. Further, 
since the mPAP is lower than the sPAP, an inaccurate RAP 
estimate has a proportionally greater impact on mPAP esti-
mates. Thus, while this method can be useful qualitatively 
to confirm sPAP estimates or when the TR envelope is of 
poor quality, it is not generally as robust or as commonly 
used.

 Method 2: RV-RA Mean Systolic Gradient
The mean RV-RA systolic gradient can be derived from the 
Doppler profile of the tricuspid regurgitation (Fig. 11.1). The 
sum of this estimate and estimated RAP correlates with RHC 
mPAP [28]. This method depends on the presence a pristine 
complete tricuspid regurgitation Doppler envelope; in that 
situation, it has the advantage of ‘averaging the error’ of 
measurement over systole compared with a quadratic func-
tion a single velocity.
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 Method 3: Calculation from the Systolic 
and the Diastolic Pressures
The third method consists of estimating the PA systolic and 
diastolic pressures (see below) and calculating mPAP value 
using a standard equation:

 
mPAP =

× +( )2

3

dPAP sPAP

 

Where dPAP denotes diastolic PA pressure.

 Diastolic Pulmonary Artery Pressure

Two noninvasive echocardiographic methods can be utilized 
to evaluate the diastolic pulmonary artery pressure (dPAP): 
the first consists of evaluation of the end-diastolic PA-RV 
gradient and the second consists of assessment of the RV 
pressure at the time of pulmonary valve opening. Of course, 
these events are essentially simultaneous and both corre-
spond to end diastole.

 Method 1: Use of End-Diastolic PA-RV Gradient
The end diastolic PA-RV pressure gradient can be esti-
mated by applying the modified simplified Bernoulli 
equation to the end-diastolic pulmonary regurgitation 
velocity (Fig. 11.2). Adding the RAP to this calculation 

estimates dPAP; in research settings this correlates well 
with invasive dPAP measurements in select patients [29, 
30]. As with tricuspid regurgitation, inadequate pulmo-
nary regurgitant Doppler signals can be enhanced with the 
use of contrast or air-blood-saline mixture. The limita-
tions described for mPAP Method 1 estimation apply here 
as well.

 Method 2: RV Pressure Assessment at the Time 
of the Pulmonary Valve Opening
RV end diastolic pressure equals PA pressure at the moment of 
pulmonary valve opening. Given that the gradient between the 
RV and RA can be estimated by the velocity of the tricuspid 
valve regurgitant jet, applying the simplified Bernoulli at the 
time of pulmonary valve opening and adding the RAP to this 
value allows an estimation of dPAP [31]. The tricuspid valve 
regurgitant velocity Doppler sign needs to be aligned with the 
time from the QRS complex to the onset of pulmonary flow on 
the regurgitation velocity envelope (Fig. 11.3). While this 
method requires more effort and practice to allow reproducible 
demarcation of timing, it does correlated reasonably well with 
invasively measured dPAP in the research setting [31, 32].

Fig. 11.2 Doppler echocardiographic estimation of mean pulmonary 
artery pressure (mPAP) and diastolic PA pressure by continuous-wave 
Doppler signal of pulmonary regurgitation. Point 1 marks the maximal 
pulmonary regurgitation velocity at the beginning of diastole. Mean PA 
pressure correlates with 4 * (early PR velocity)2 + estimated RAP, in this 
example 21 mmHg + RAP. Point 2 marks the diastolic PR velocity at the 
onset of atrial contraction. PA diastolic pressure is estimated by 4 *(end 
PR velocity ~ 1.6 m/s)2 + estimated RAP. In this example, PA diastolic 
pressure is ~10 mmHg + RAP. Note that the point selected in this case is 
actually not truly at end diastole but rather before the A wave. Depending 
on how RAP is estimated and the magnitude of the A wave pressure 
augmentation (which can be large in a patient with good atrial function 
and a stiff RV), there can be marked variation in the correct RAP estimate 
for this calculation. Also notable is the presence of respiratory variation

Fig. 11.3 Diastolic PA pressure may be estimated by the Doppler 
velocity of tricuspid regurgitation at the time of pulmonary valve open-
ing. Transpulmonary flow (top) and tricuspid regurgitant flow (bottom). 
It is apparent that very small errors in measurement of timing (whether 
by measurement or changes in heart rate) may result in important error. 
Yellow lines: time between Q wave and pulmonary valve opening. Blue 
line: TR velocity at the time of pulmonary valve opening
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 Pulmonary Vascular Resistance

As will be further elaborated in the section discussing the 
invasive hemodynamic study, pulmonary vascular resistance 
(PVR) is a critical variable in understanding PHT physiology 
and appropriate management. PVR cannot be directly mea-
sured by TTE or RHC, and rather is estimated as a function 
of transpulmonary gradient and pulmonary blood flow.

Several methods have been proposed to estimate PVR with 
TTE. The first such technique consists of determining the ratio 
between the tricuspid regurgitation velocity and the velocity 
time integral of flow across the pulmonary annulus/RV out-
flow tract [33]. This ratio corresponds, with important excep-
tions, to the ratio of transpulmonary gradient to the cardiac 
output at the pulmonary bed used to estimate PVR by RHC. An 
equation was proposed to estimate PVR (in Wood units):

 
PVR

TTFV

RVOTVTI
= ´ +10 0 16.

 

In the initial report, TTFV to RVOT VTI ratio < 0.2 predicted 
PVR <2 WU with 70 % sensitivity and 94 % specificity [33]. 
In a study of patients with cirrhosis, a ratio > 0.12 had 100 % 
sensitivity and negative predictive value for the detection of 
PVR > 1.5 WU; all patients with ratios < 0.12 could safely 
proceed to liver transplantation without the need for invasive 
hemodynamic assessment to exclude portopulmonary hyper-
tension [34]. This method has several notable limitations. 
First, it does not account for the quadratic relationship 
between TTFV and pressure, and therefore markedly under-
estimates high PVR. Second, TTFV estimates of PA pressure 
do not reflect transpulmonary gradient (mPAP-PAWP). The 
accuracy of this method and others like it is unclear in 
patients with very high PAWP. Finally, the ratio does not 
have an intuitive interpretation and the equation to estimate 
true PVR (multiplying by 10 and then adding a small con-
stant) is also not intuitive.

A modification of this approach was developed empiri-
cally and involved a ratio of estimated PA pressure to veloc-
ity time integral of flow across the pulmonary valve [35]:

 
PVR

PASP

RVOTVTI
= + 3 if notch present

 

Of note, there a constant of +3 is added if there is notching of 
the RVOT Doppler envelope (see below). This equation is 
slightly more accurate than the original approach and is eas-
ier to apply in clinical practice [36].

There are several other techniques listed below. While all 
are reasonable, they require additional calculation and are 
less useful in a busy clinical practice.

A third method consists of measuring the ratio between 
sPAP and velocity time integral at the RVOT corrected for 
heart rate [37]. Compared with the tricuspid regurgitation 
velocity and the velocity time integral index, this ratio takes 

into account RAP and heart rate. When evaluated in a popu-
lation with PHT and high PVR versus invasive measurement 
of PVR, it was found that a cutoff value of 0.076 had 86 % 
sensitivity and 82 % specificity in determining indexed 
PVR > 15 resistance units.

A fourth technique consists of measuring the pre-ejection 
period (the time between the onset of tricuspid regurgitation 
and the onset of pulmonary systolic flow), the time interval 
between the onset of ejection and the time of peak flow 
velocity, or AcT), and total systolic time (the sum of the pre- 
ejection period and pulmonary ejection time) [38].

A final method is to estimate each component of PVR 
(mPAP, PAWP, pulmonary flow) using a set of different vali-
dated equations and then calculate PVR. This is appealing, 
and might be expected to provide more accurate estimates. 
Given the inaccuracy of TTE PAWP and pulmonary flow 
estimates, however, the resulting data are disappointing. 
Because of the labor involved and lack of incremental bene-
fit, this method is of limited clinical relevance.

 Ancillary Findings: Status of Right and Left 
Heart Chambers

Severe PHT causes RV and RA dilatation, RV dysfunction, 
abnormal ventricular septal motion, coronary sinus dilation 
and pericardial effusion [39]. Many of these findings are 
apparent only with severe disease, and may not reflect good 
variables for PHT screening; abnormal septal motion is an 
exception. Furthermore, right heart findings are not perfectly 
correlated to the severity of pulmonary vascular disease and 
are a function of multiple factors such as disease etiology, 
speed of disease progression, presence of tricuspid regurgita-
tion, co-existing right coronary disease, other associated car-
diac and vascular morbidities, and, presumably, genetic 
predisposition. Many of these findings may improve after ini-
tiation of pulmonary vasodilator therapy, and routine echo-
cardiographic follow up is also indicated to monitor the 
effects of such treatment [9–11]. These data taken in conjunc-
tion with change in patient symptom burden and 6 min walk 
distance constitute the core variables used to assess adequacy 
of medical therapy for pulmonary arterial hypertension.

 Right Atrial Dimensions
RA dimensions, including diameter and area, measured in 
the four chamber apical view should be measured. RA area 
>20 cm2 is considered abnormal and area >27 cm2 portends 
poor prognosis among patients with pulmonary arterial 
hypertension [40].

 Right Ventricular Indexes
It is well recognized that the RV is more challenging to 
assess with TTE than the LV because of its heavier trabecula-
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tions, and complicated geometry with the presence of an 
infundibulum. The initial physiologic response of the RV to 
pressure overload often includes dilatation. The apical four 
chamber view provides the most comprehensive view of the 
ventricle, though no single view is adequate (Fig. 11.4). A 
dilated RV often assumes a more globular shape, compared 
to the usual triangular appearance in the apical view. The 
ratio between the diastolic inflow diameters and areas of the 
RV and the LV correlates with the degree of RV dilatation: an 
area ratio ranging from 0.6–1 typically indicates mild RV 
dilation, while severe RV dilation is associated with a 
ratio > 1 [41]. Despite various attempts to quantify RV size, 
however, this remains a notable weakness of TTE evaluation 
of PHT.

Estimation of RV function may be accomplished via sev-
eral methods. Percentage RV fractional area change (FAC), 

defined as [(end-diastolic area – end-systolic area)/end- 
diastolic area] × 100, is a measure of RV systolic function 
that has been shown to correlate with RV ejection fraction 
(EF) by magnetic resonance imaging (MRI) [42, 43]. RV 
FAC is an independent predictor of heart failure, sudden 
death, stroke, and/or mortality in patients after pulmonary 
embolism [44] and myocardial infarction [45, 46]. FAC is 
obtained by tracing the RV endocardium in systole and dias-
tole from the annulus to the apex along the free wall (below 
the trabeculations), and then back to the annulus along the 
ventricular septum. The lower reference value for normal RV 
FAC is ~35 % [24]. Complex RV geometry, however, limits 
the accuracy of any 2D technique. 3 dimensional TTE is 
promising, but not yet widely available. Assessment of the 
RV myocardial performance index, also known as the Tei 
index, is an alternative, non-geometric approach. This index 
is defined as the ratio of the isovolumic contraction time plus 
isovolumic relaxation time to systolic ejection time [47]. 
With progressive ventricular dysfunction, ejection consti-
tutes a shorter portion of this time period. In pediatric idio-
pathic PHT, RV performance index is closely related with 
invasive mPAP and that it can be used to monitor mPAP after 
initiation of medical therapy [48]. A smaller study conducted 
in patients with connective tissue disease demonstrated that 
a myocardial performance index >0.36 combined with 
sPAP ≥ 35 mmHg may improve TTE accuracy in predicting 
PHT. The Tei index has also been shown to have important 
prognostic implications: in a series of 53 PHT patients, an 
elevated Tei index was associated with an increased risk of 
clinical events and death [49]. One important caveat to use of 
this method in monitoring to response to therapy may be its 
relative independence to changes in afterload [50]. The Tei 
index is less commonly used in clinical practice, perhaps 
because of its lack of direct correspondence to any single 
physiologic parameter and unintuitive interpretation.

RV contraction has a predominantly longitudinal com-
ponent (as opposed to torsion of the LV), and simply mea-
suring the distance travelled by the tricuspid annulus during 
contraction provides a reasonable estimate of RV function 
[9]. This measurement is termed tricuspid annular plane 
systolic excursion (TAPSE) and is usually measured by 
M-mode echocardiography of the lateral tricuspid annulus 
(though it can be estimated from 2D images) (Fig. 11.5). 
Normal TAPSE is >1.6–1.7 cm (though most normal peo-
ple have TAPSE > 2–2.2 cm) and is reduced with RV dys-
function [51]. Low TAPSE (<1.8 cm in one study) predicts 
increased risk of death in pulmonary arterial hypertension 
[52]. RV function also predicts outcome in patients with 
left heart failure. Important limitations to this method 
include its angle and load dependency, its focus on a single 
dimension of right ventricular motion and the fact that the 
tricuspid annular motion may be affected by overall heart 
motion [53].

Fig. 11.4 Apical 4 chamber views of a normal size right ventricle and 
right atrium (top) and of a markedly enlarged right ventricle and right 
atrium in a patient with pulmonary arterial hypertension. Note the 
round shape assumed by the right ventricle in the bottom image as 
compared to the normal, crescent shape right ventricle in the top 
image. Also noted is the presence of a small pericardial effusion 
(arrows). RV right ventricle, RA right atrium, LV left ventricle, LA left 
atrium
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 Morphology of the Pulmonary Flow Velocity 
Curve
The “domelike” morphology (parabolic curve) of Doppler 
pulmonary flow velocity in individuals with normal pul-
monary pressure and resistance assumes a more “triangu-
lar” shape skewed towards late systole in patients with 
PHT (Fig. 11.6). Peak velocity appears during early ejec-
tion compared with mid- ejection in normal people. In 
some cases there is flow deceleration in mid systole fol-
lowed by a second late-ejection increase in velocity, 

resulting in the appearance of mid- systolic notching [54, 
55]. The pulmonary flow acceleration time (defined as the 
time interval from the onset of forward flow in the pulmo-
nary artery to the peak velocity) is inversely related to 
sPAP, mPAP and PVR [56, 57]. Both notching and short 
acceleration time correspond to true late ejection flow 
deceleration secondary to reflected pressure waves; there-
fore, they are present in patients with elevated PVR and 
non- compliant pulmonary arteries but not in patients with 
PHT due to left heart disease.

a

b

Fig. 11.5 (a, b) Measurement 
of the tricuspid annular plane 
systolic excursion (TAPSE) by 
M-mode echocardiography. (a) 
Low TAPSE is reduced in the 
setting of pulmonary arterial 
hypertension related to systemic 
sclerosis. (b) A patient with 
chronic thromboembolic 
pulmonary hypertension but 
preserved RV function 
(TAPSE ~ 2.4 cm). Increasing 
brightness and contrast on 
M-Mode images can help define 
TAPSE
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 Impact on the Left Heart and Cardiac Output

By altering RV size and geometry PHT may cause com-
pression of the left heart chambers, resulting in impaired 
LV filling (preload limitation) and reduced cardiac output 
[39, 58, 59]. LV compression can be quantified using the 
eccentricity index, the ratio of anterior-inferior to septal-
lateral short axis dimensions of the left ventricle, both in 
diastole and in systole [60]. Eccentricity index is assessed 
on the two- dimensional short-axis view of the LV 
(Fig. 11.7). Late systolic septal flattening (systolic eccen-
tricity index >1) is a sensitive marker of elevated RV 
impedance, largely as the result of prolonged RV contrac-
tion [61]. The consequently abnormal LV filling can be 
assessed by the evaluating the Doppler appearance of the 
mitral inflow, with E < A velocities (Grade I “diastolic dys-
function”) [39]. Compression of the LV cavity with limited 
ventricular diastolic filling is associated with worse prog-
nosis in patients with PHT [62].

 Additional Findings Associated with PHT

Coronary sinus dilation suggests elevated RAP in the absence 
of alternative explanation (e.g., left superior vena cava drain-
ing to the coronary sinus). The presence of a pericardial effu-
sion (Fig. 11.4) has similar pathophysiology and has important 
prognostic implications [63]. Such pericardial effusions are 
rarely hemodynamically important in patients with severe 
pulmonary arterial hypertension; pericardiocentesis is contra-
indicated as it often has catastrophic consequences related to 
changes in RV geometry. This recommendation does not 
apply to patients with other forms of PHT or mild PAH with 
alternative causes for pericardial effusion. Right-to-left shunt-
ing through a patent foramen ovale can be present at rest or 
with exercise. This causes hypoxemia unresponsive to O2 
supplementation. The diagnosis can be confirmed by intrave-
nous injection of agitated saline or proprietary contrast mate-
rial can make this diagnosis and may explain hypoxemia 
observed in a subset of patients with PHT.

a

b

Fig. 11.6 The pattern of systolic 
(ejection) flow across the 
pulmonary valve in a patient 
without (a) and with (b) 
pulmonary arterial hypertension. 
Acceleration time, the time 
between onset of flow and peak 
velocity, is normal (>100 ms) in 
the top example and there is a 
normal parabolic flow envelope. 
Three distinctive features of 
pulmonary arterial hypertension 
with elevated pulmonary vascular 
resistance are depicted on the 
bottom image: a more triangular 
shape of systolic flow skewed 
towards the end of systole, 
notching of the systolic flow 
(orange arrow) and short 
acceleration time of <80 
milliseconds (red lines)
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 Invasive Hemodynamic Assessment of PHT

 Preparation of the Patient for Cardiac 
Catheterization

Patients are usually asked to fast for at least 4–6 h prior to 
catheterization, though this is not absolutely necessary if 
administration of sedative agents is not planned. A periph-
eral intravenous line should be placed if sedation will be 
administered or if the patient is considered to be at elevated 
risk for adverse events. Most chronic medications should be 
continued as prescribed, including pulmonary vasodilators. 
It is reasonable to hold a diuretic dose on the morning of a 
catheterization in stable patients. There is variability in the 
approach to oral anticoagulant use. While continuing antico-
agulants is associated with increased bleeding risk, the abso-
lute risk of serious bleeding from venous catheterization is 
low even with therapeutic anticoagulation. We generally 
continue warfarin without change in regimen, and proceed 
with RHC as long as INR is <3. The INR should not be 
supratherapeutic, however, as this increases risk with no ben-
efit. The risk-benefit calculus will vary depending on the 
indication for anticoagulation. For example, uninterrupted 
anticoagulation is strongly merited in the presence of a 
mechanical mitral valve but is less important if the indication 
is primary prevention of stroke in the setting atrial fibrilla-
tion. The approach to newer anticoagulants must be similarly 
approached, though in general holding doses prior is reason-
able for most patients, with the duration depending on the 
specific pharmacokinetics of the drug, and will undoubtedly 

evolve as more experience is accrued with these agents. The 
timing for discontinuation of dabigatran prior to the catheter-
ization procedure varies by kidney function and bleeding 
risk; for patients with glomerular filtration rate > 60 ml/min 
and a low bleeding risk it is reasonable to hold the medica-
tion for 24 h prior to the procedure. This time frame is also 
recommended for patients at low bleeding risk treated with 
rivaroxaban and apixaban, regardless of their kidney func-
tion. Aspirin or other oral antiplatelet agents can usually be 
continued without interruption, though those on dual anti-
platelet therapy are at increased risk for bleeding. Given a 
small risk for lactic acidosis, patients taking metformin and 
scheduled for an elective procedure during which intrave-
nous iodinated contrast material may be administered should 
hold this medication the morning of the procedure and restart 
after renal function is confirmed to be stable for at least 48 h 
after the procedure if contrast is used [64]. Other consider-
ations include allergies, especially to heparin or latex which 
may require use of different techniques and equipment.

We believe that conscious sedation (e.g., intravenous ben-
zodiazepines or opiates) prior to or during the catheterization 
procedure should not be routine but rather should be consid-
ered on an individual basis. While providers vary in their use 
of sedation, in the absence of severe anxiety diagnostic RHC 
is usually tolerated without subjective distress. Conversely, 
although some prior studies have raised the concern that 
administrating systemic sedation to patients with PAH may 
be associated with adverse outcomes [65], the risk is likely 
small in hemodynamically stable patients unless liver or kid-
ney function is impaired. An additional downside to sedation 
is that patients must be monitored for a more extended period 
after the procedure if sedation is administered; this is incon-
venient for patients and requires additional resources. 
Another reason for avoiding systemic sedation is the poten-
tial effect on the patient’s hemodynamic profile during 
 catheterization. There are two potential mechanisms: first, 
administration may result in systemic hypotension [66] lead-
ing to unrepresentative (low relative to the unsedated state) 
readings of certain variables, such as LV end diastolic pres-
sure; second, benzodiazepines have a variable negative ino-
tropic effect with resulting worsening RV function, an effect 
that has been shown in patients with pre-existing LV dia-
stolic dysfunction [67]. These effects are usually not clini-
cally apparent or relevant but the lack of benefit from routine 
sedation makes the potential for even minor or rare adverse 
effects unacceptable. Indirect effects via respiratory inhibi-
tion with subsequent hypercapnia can also affect hemody-
anamic values.

If mechanical ventilation is clinically indicated, the 
potential associated hemodynamic effects must be consid-
ered. There is often an increase in RV afterload and decline 
in RV contractility, along with a number of other effects. 
With the use of positive end expiratory pressure (PEEP), 

Fig. 11.7 Measurement of the eccentricity index. Normally, D2/D1 
ratio approximates 1 throughout the cardiac cycle. In this example of a 
patient with pulmonary arterial hypertension, the ratio markedly >1 in 
this late systolic frame. Of note, less prominent end diastolic ventricular 
septal flattening is often present among patients with elevated PA 
impedance in the absence of any volume loading of the right ventricle. 
RV right ventricle, LV left ventricle
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positive intrathoracic pressure is variably transmitted to the 
central circulation, thus affecting right-sided pressures (espe-
cially during forced inspiration) [68–70]. The extent to 
which PEEP affects right-sided pressures is unpredictable 
and depends on various variables: baseline filling pressure, 
compliance of the chest wall, lung and of cardiac chamber 
compliance, and intravascular/cardiac volume status. There 
is no universal adjustment to account for the effect of PEEP 
on the PAWP, but PEEP < 10 cm H2O does not importantly 
affect PAWP [70]. For values above that, one suggested cor-
rection is that PAWP rises ~2–3 cm for every 5 cm H2O 
increment in PEEP [71]. To avoid unnecessary uncertainty, 
PEEP should be maintained as low as clinically reasonable.

A second alteration to be considered is an inaccurately 
elevated PAWP reading due to unexpected lung zone posi-
tion of the catheter tip. In the upright position, lung zone 3 is 
located at the base of the lung, where alveolar pressure is 
lower than both pulmonary arterial and pulmonary venous 
pressure; position of the catheter tip in zone 3 allows pres-
sure transmission directly from the left atrium to the wedged 
catheter tip. Under normal conditions, lung zone 3 is where 
the PAWP accurately reflects left atrial pressure [70]. With 
mechanical ventilation, the catheter tip is less likely to be 
located in zone 3, since alveolar pressure is increased and 
zone 3 accounts for a smaller portion of the lung. Use of 
PEEP and hypovolemia exacerbate this. Demonstrating that 
the catheter tip is below the level of the left atrium suggests 
zone 3 location [72]. Note that when the patient is supine, 
one cannot confirm position with AP imaging, since zone 3 
is posterior to, not inferior/caudal to, the left atrium. It is 
reasonable to obtain hemodynamic measurements in various 
pulmonary segments, preferably in both the right and left 
lungs, to support the assertion that any single measurement is 
representative of underlying hemodynamics.

 Percutaneous Access Sites and Catheter Choice

All roads lead to Rome and all systemic veins lead to the 
heart; therefore, any systemic vein could be used for venous 
access. Considerations as to optimal access sites include size 
of the vein, ease of vascular access, directness of course from 
access site to right heart, and requirements for monitoring 
after sheath removal.

The most common access sites used in catheterization 
for hemodynamic assessment of PHT are the femoral vein 
and the right internal jugular vein (IJ). The right IJ is pre-
ferred unless there is planned concomitant femoral arterial 
access or specific procedures (e.g., probing for PFO) are 
expected. Access via the left internal jugular vein or left 
subclavian vein does not provide as direct a catheter course, 
but is reasonable when right IJ access is not a good option 
(e,g., thrombosis). Proximal arm veins can also be used for 

venous access. This is commonly the favored approach 
when radial arterial access is used for a simultaneous left 
heart catheterization, but it limits catheter size and manipu-
lation. Several groups have reported on their experience 
with the IJ access technique in large groups of patients; 
when performed by experienced personnel, IJ access is 
quick (<15 min) and associated with a very low complica-
tion rate (1–1.7 %); hemostasis can be rapidly achieved and 
patients (in the absence of sedation) can be discharged 
directly following the procedure in most cases [73, 74].To 
facilitate both cannulation success and speed, 2D ultra-
sound guidance may be used to locate the IJ and adjacent 
carotid artery. Ultrasound guidance is especially encour-
aged when technical difficulties are suspected (i.e. patients 
with short or thick neck) or when difficulties are encoun-
tered at the time of the procedure. Potential complications 
with IJ access are uncommon and include pulmonary hem-
orrhage, pneumothorax, carotid puncture, sinus bradycar-
dia (vasovagal, usually transient and responsive to fluid; 
rarely requiring atropine administration) and complete 
heart block (especially in setting of pre- existing left bundle 
branch block). When considering catheter advancement to 
the pulmonary artery, one should keep in mind that IJ 
access will usually lead the catheter to the right PA, whereas 
femoral access will more commonly lead to catheter posi-
tion in the left PA. When femoral venous catheterization is 
performed, patients are usually observed in the supine posi-
tion for at least 2 h following removal of the sheath to 
ensure adequate venous hemostasis prior to ambulation. In 
the setting of active anticoagulation or a larger sheath, 
observation may be extended. Vascular closure devices, 
such as the Perclose ProGlide Suture-Mediated Closure 
System (Abbot Vascular, USA) can decrease bleeding time 
and access site complications. Sheath size is typically 
required to be 5 French or larger when using closure 
devices, and other contraindications should be checked 
with the manufacturer prior to usage. In the authors opin-
ion, the internal jugular approach is preferable when no 
other interventions are planned, as it allows easier catheter 
manipulation through the right ventricular outflow tract and 
into the pulmonary arteries and, barring complications, the 
patient can be discharged home soon after sheath removal.

When deciding upon access site in a given patient, histori-
cal data regarding prior venous and arterial access and poten-
tial obstructions, compressions, complex anatomical courses 
and prior procedural complications should be obtained. 
Patients with kidney disease on hemodialysis, congenital 
heart disease, pacemakers, or indwelling chronic venous 
access for other reasons (e.g., intravenous prostanoids) are 
more likely to have had multiple prior procedures and vascu-
lar injury or thrombosis. Imaging of the vascular bed may be 
established by various modalities including ultrasound, com-
puted tomography and magnetic resonance angiography.
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The quality of hemodynamic data depends on an array of 
variables. First, the quality of tracings depends on the fre-
quency response of the fluid filled catheter system. Frequency 
response is directly proportional to the size of the lumen and 
inversely related to length of tubing. Thus, optimal tracings 
are obtained with catheters with large lumens and minimal 
excess tubing.

Of note, the external diameter of the catheter is not always 
indicative of lumen size. A large catheter with multiple ports 
(e.g., 8 F catheter with RA, thermodilution and PA ports) 
will often have slower frequency response than a smaller 
single port catheter (e.g., 6 F single lumen catheter). 
Frequency response is generally <12 Hz [75]. Selection of 
catheter balances the risk associated with larger access 
sheath (albeit a very small risk), benefits of additional ports 
or technologies (e.g., ability to perform thermodilution car-
diac output estimates) and quality of hemodynamic 
tracings.

Catheters with end holes are necessary to measure occlu-
sion (wedge) pressures and for sampling pressures within 
small chambers or when discerning pressure gradients over 
short distances. While catheters with side holes are prefera-
ble to measure intra-cardiac pressures to prevent erroneous 
readings due to damping effect resulting from obstruction of 
the catheter tip by cardiac tissue this is a modest concern and 
issues are recognizable (blunted waveforms) and can be 
addressed with catheter repositioning. Generally only in the 
context of congenital heart disease are side-ports truly 
needed for this reason.

A “Swan-Ganz” catheter is commonly used for measur-
ing right-heart pressures when thermodilution is considered 
for evaluation of the cardiac output (see below). In addition 
to the balloon at the tip for flotation, it consists of an end- 
hole port, a side-hole port 30 cm from the catheter tip, and a 
thermistor for measurement of cardiac output by the ther-
modilution method. Other balloon flotation catheters 
include: the Berman catheter, which includes multiple side-
holes near the tip and no end hole or thermistor and is used 
mainly for angiography; catheters with an RV side port to 
allow a pacing via a temporary pacemaker wire; and the 
balloon-wedge catheter, which contains an end-hole similar 
to the Swan- Ganz catheter but no thermistor for cardiac out-
put measurement or additional infusion or pressure monitor-
ing ports [70].

It is not infrequent that coronary anatomy also must be 
visualized during catheterization to assess PHT. The reasons 
for this may be numerous: evaluation of the coronary anat-
omy as part of surgical planning, evaluation for a coronary 
fistula to the right sided chambers as a possible source of 
left to right shunt, evaluation of atherosclerotic coronary 
artery disease as a possible reason for impaired LV function 
or elevated filling pressure, and evaluation of the anatomic 
relations between the coronary arteries and the pulmonary 

arteries for specific procedures (e.g., percutaneous pros-
thetic pulmonary valve implantation). This is not part of the 
hemodynamic evaluation of PHT and will not be further 
detailed. There is debate on the additive value of left heart 
catheterization to the hemodynamic evaluation of 
PHT. PAWP and LV end diastolic pressure usually differ by 
a small amount though sometimes may vary by >5 mmHg 
[76, 77]. Use of strict cut-offs for diagnosis (e.g., 
PAWP > 15 mmHg) highlights the possible importance of 
this difference. While some have used this to suggest that 
LVEDP should be measured directly, PAWP may be a better 
indicator of pulmonary venous pressure through the entire 
cardiac cycle in most  situations including for patients with 
mitral valve disease. However, the issue is probably less  
the measurements and more the false assertion that any sin-
gle dichotomous cut-off reflects true physiology and diag-
nosis. Direct measurement of LVEDP is indicated in a small 
subset of patients but should not be used in routine evalua-
tion of PHT both because of limited additive data in the con-
text of real additional risk, patient inconvenience, and 
resource use.

 Equipment Selection and Specialized 
Techniques for Hemodynamic Catheterization

Table mounted fluid-filled pressure transducers are cur-
rently used by most catheterization laboratories. The pres-
sure wave is transmitted through the fluid-filled catheter to 
a membrane in the transducer; this alters membrane con-
figuration via oscillatory waves, resulting in a change in 
electrical resistance. The electrical signal is transmitted to 
a computer, which in turn converts the signal to temporal 
pressure data and provides a graphic representation of the 
pressure over time. These transducers usually arrive pre- 
calibrated but the accuracy of this calibration must be con-
firmed prior to the procedure. It is important to establish a 
standardized physiologic reference point for subsequent 
pressure measurements (“zeroing”) before measurements 
are made. Based on experimental data, the patient’s mid-
chest is often used, as this site approximates the location of 
the right atrium. Significant pressure changes and errone-
ous readings can be caused by improper transducer location 
and misidentification of the zero point; a transducer placed 
above the true zero position will lead to falsely low mea-
sured pressure reading, while a transducer placed below the 
true zero position will result in a falsely high pressure mea-
surements. Of note, pressure gradients are not affected by 
such error. Although widely accepted, the practice of trans-
ducer placement at the mid-chest level has been repeatedly 
challenged as it has been shown to result in systematic 
overestimation of the intracardiac pressures due to hydro-
static effects, thus producing physiologically significant 
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error in the measurement of diastolic intracardiac pressure 
[78–80]. A more accurate yet time consuming method con-
sists of aligning the external fluid-filled transducer with the 
uppermost blood level in the chamber in which pressure is 
to be measured (as assessed by fluoroscopy or echocardiog-
raphy), a method that highlights the fact that the only factor 
that contributes to measured hydrostatic pressure with a 
fluid-filled catheter system is the position of the transducer 
with respect to the uppermost fluid level in the container or 
chamber in which pressure is being measured [80].

Dissipation of the energy inside the pressure measuring 
system is called damping. Optimal damping is achieved by 
use of a short, wide-bore, non-compliant catheter system 
that is directly connected to the transducer with use of a 
low- density liquid from which all air bubbles have been 
removed [81]. Over-damping results in loss of high-fre-
quency events, causing underestimation of the systolic pres-
sure and overestimation of the diastolic pressure, while 
under-damping (sometimes called “ringing”) results in nar-
row, sharp upstrokes of the pressure waves. Additional 
important potential sources of error include catheter whip 
artifacts (motion of the tip of the catheter within the mea-
sured chamber) and catheter tip obstruction within small 
vessels or valvular orifices occurring because of the size of 
the catheter itself. When pressure is measured head-on (not 
an issue in routine RHC), there can also be error related to 
kinetic force related to blood flow. Formation of small 
thrombi in catheters can cause changes in pressure contour, 
especially in catheters with small internal diameters. Thus, 
we encourage the practice of rebalancing the zero baseline 
during pressure evaluation at each chamber or vessel and 
intermittent catheter flushing with saline or heparinized 
saline in order to avoid this.

Pressure can be directly measured by using a small 
transducer (micromanometer) mounted at the tip of a 
catheter, thus avoiding the limitations of a fluid-filled 
system [82]. Frequency response is much better than with 
fluid filled systems and this detailed data can be used to 
understand pulsatile components of flow and generate 
impedance spectra. Micromanometer catheters are expen-
sive and not routinely used during clinical RHC, but 
rather they form the basis of the pressure wire used for 
measurement of intracoronary pressures and are used for 
research studies.

In patients with a markedly enlarged right heart right 
atrium or severe tricuspid valve regurgitation, pulmonary 
valve regurgitation or abnormal right ventricular outflow 
tract anatomy (such as present in certain congenital heart dis-
eases such as physiologically corrected transposition of the 
great arteries or tetralogy of Fallot), manipulation of the 
catheter from the RV to the main PA may pose a technical 
challenge. To reiterate, choice of venous access site plays a 
large role in ease of catheter positioning. In difficult situa-

tions, several methods can be used to facilitate the advance-
ment of the catheter towards and through the RV to the PA:

 – Instead of attempting to advance the catheter in a direct 
fashion from the RA to the RV and out to the PA, the 
catheter is directed towards the lateral wall of the right 
atrium and with the balloon inflated, it is gently pushed 
against its wall. This will loop the catheter in the atrium, 
with its tip directed downwards towards the tricuspid 
valve. This loop provides mechanical support and this 
may allow transit in the setting of a large atrium or tricus-
pid valve regurgitation. Once the catheter has been 
advanced into the RV, the tip is directed up towards the 
PA.

 – The relatively soft shaft of an end-hole catheter makes it 
more challenging to torque. In that circumstance, a stiff 
wire with soft tip guide wire can be advanced through the 
tip of the catheter and maneuvered into the pulmonary 
artery. The wire is then advanced until its body is well 
past the orifice. Even a relatively stiff catheter will usually 
follow a guide wire when the stiff portion of the wire is 
positioned well distal to the proximal PA. An alternative, 
and often preferable, technique is to deflect the tip of the 
catheter toward, or even into, the orifice with an active 
deflector wire or a stiff, static deflector wire after manu-
ally curving the wire (typically with a single curve, but 
occasionally requiring a double “S” shaped curve) and 
then the catheter is advanced into the PA off the wire. 
Once it has been demonstrated that the tip of the catheter 
is directed precisely toward or into the PA with a deflector 
wire, the catheter is advanced off the deflector wire and 
into and through the vessel.

 – If the above methods fail, a different catheter should be 
considered. Several catheter options exist, and the choice 
is operator dependent. The most commonly used cathe-
ters include Judkins right, Bentson, multi-purpose and, 
occasionally, cobra catheters which provide a 1:1 torque 
and are pre-formed in a manner that can facilitate crossing 
both the tricuspid valve and the RV outflow tract. The 
same wire maneuvers described above can be applied to 
these catheters. Given their relatively small size, however, 
once positioned in the PA, they should be exchanged over 
a wire for a balloon tipped end hole catheter to allow more 
accurate pressure measurement.

 Pressure Measurements and Cardiac Output 
Determination

Once the pulmonary arterial catheter has been placed in the 
desired positions, measurements of saturations and pressures 
from the various chambers can be obtained. A hemodynamic 
study should be an interactive and dynamic procedure; each 
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measurement obtained adds a piece to the puzzle until a final 
picture is obtained. Data needs to be constantly re-interpreted 
and measurements should be repeated if a single value does 
not align with the emerging picture. Based on the sum of the 
findings, further testing and interventions are considered; 
these can include nitric oxide or other vasodilator adminis-
tration to assess pulmonary vaso-reactivity (see below), oxy-
gen supplementation, diuretic or nitroglycerin for isolated 
elevated left heart filling pressures or balloon occlusion of a 
patent shunt lesion.

For non-ventilated patients, hemodynamic pressure mea-
surements should reflect the time of most neutral intratho-
racic pressure, usually at end expiration. Mean pressures 
should not be considered an adequate substitute to end expi-
ratory pressures. Very rarely, in the cases of severe labored 
breathing, estimation of intrathoracic pressure using esopha-
geal manometry may be of value [83]. End-expiratory 
maneuvers (extended slow expiration without Valsalva or 

Mueller) are useful in select patients to provide an extended 
period of neutral intrathoracic pressure.

Reference pressure values for the various chambers and 
vessels are provided in Table 11.2. There are notable varia-
tions in “normal” based on patient position, size, clinical 
state, and sex. It should be noted that there is often a gap 
between truly normal values and values felt to reflect clini-
cally relevant pathophysiology. For example, normal PAWP 
is 12 mmHg or lower, but values ≤15 mmHg are usually not 
considered sufficient for a diagnosis of left heart failure. 
Likewise, mPAP is normally <20 mmHg but a value 
≥25 mmHg is required for a diagnosis of PHTN

The normal right atrial (RA) pressure is 0–5 mmHg; the 
height of the “a” wave typically exceeds the ‘v’ wave 
(Fig. 11.8). Possible reasons for encountering elevated RA 
“v” waves are tricuspid regurgitation and a non-compliant 
RV. A non-compliant RV causes accentuation of the “a” 
wave in the setting of normal RA contractility. Constrictive 

Table 11.2 Normal invasive hemodynamic data [121, 122]

Average Range

Pressures
Right atrium
a wave 6 3–6 mmHg

v wave 5 1–4 mmHg

Mean 3 1–5 mmHg

Right ventricle
Systolic 25 20–30 mmHg

End-diastolic 4 2–7 mmHg

Pulmonary artery
Systolic 25 16–30 mmHg

Diastolic 9 4–13 mmHg

Mean 15 9–18 mmHg

Pulmonary capillary wedge
Mean 9 5–12 mmHg

Left atrium
a wave 10 4–14 mmHg

v wave 12 6–16 mmHg

Mean 8 6–11 mmHg

Left ventricle
Peak systolic 120 90–140 mmHg

End-diastolic 8 6–12 mmHg

Vascular resistances
Systemic vascular resistance 1100–1400 700–1600 Dynes*sec/cm-5

Total pulmonary resistance 200 100–300 Dynes*sec/cm-5

Pulmonary vascular resistance 70 20–180 Dynes*sec/cm-5

Blood Flow

Stroke volume 90 50–150 mL/beat

Cardiac output 5.8 3.6–8 L/min

Cardiac index 3.3 2.2–5 L/min/m2

These data reflect general guidelines for adults when supine at rest. It is critical to consider the clinical context, which often diverges importantly 

from ideal conditions, in interpretation such as sedation, anxiety, position, body size and gender
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pericarditis and tamponade may cause equalization of the 
“a” and the “v” waves.

Elevated RA pressure implies more clinically severe dis-
ease or other causes of volume overload. Elevated RA pres-
sure, along with low cardiac index (CI) and elevated mean 
PA pressures have been incorporated in a formula to predict 
prognosis in a National Institutes of Health (NIH) registry 
study, published in 1991 [84]. Despite the fact that this study 
was conducted in an era when no US Food and Drug 
Administration-approved therapies for PAH were available, 
the adverse prognosis associated with elevated RA pressure 
persists [85]. Thus, markedly elevated RA pressure (>15 or 
>20 mmHg) is highlighted as a poor prognostic sign in 
patients with PHT [86, 87].

The normal RV systolic pressure is 20–30 mmHg, and the 
normal RV end-diastolic pressure is 0–8 mmHg. PHT causes 
RV hypertrophy with elevated filling pressures; it can also 
cause progressive tricuspid regurgitation, and RV diastolic 
and systolic dysfunction [88, 89]. Since these pathophysio-
logical change may take place in a staged manner, the hemo-
dynamics (and hence the pressure tracings) may vary 
depending on the disease stage; in the setting of preserved 
RV contractility the peak rate of RV pressure rise may be 
increased by up to 10 times the normal value [90]. 
Occasionally, prominent “a” waves (large pressure augmen-
tation with atrial contraction) will be present on the RV 
waveforms at this disease state, indicating decreased compli-
ance of the RV: the compliant RV is able to normally “accom-
modate” the contraction of the RA without a substantial rise 
in pressure, and this finding suggests RV non-compliance. 
With severe or chronic PHT, RV systolic dysfunction results 

in depressed upstroke and delayed relaxation on pressure 
tracings.

The driving pressure of the flow across the pulmonary 
circulation is referred to as the transpulmonary pressure gra-
dient (TPG), and is the calculated result of subtracting the 
pulmonary venous pressure, estimated by PAWP, from the 
mean PA pressure:

TPG
mean PApressure
pulmonaryarterywedgepressure PAWP

= − ( )





.

The pulmonary circulation presents low resistance to flow 
compared with the systemic circulation. The normal PA 
systolic pressure is 20–30 mmHg, and the normal diastolic 
pressure is 4–12 mmHg. RV and PA systolic pressure 
should be approximately equal; a systolic pressure drop 
between the RV and the PA suggests pulmonary valve ste-
nosis or subpulmonary muscular obstruction; a gradient in 
the distal pulmonary circulation may be caused by pulmo-
nary artery (main or branch) stenosis or obstruction. This 
is uncommon but has important treatment implications and 
constitutes another reason for measuring PA pressure 
bilaterally.

As mentioned above, the definition of PHT is 
mPAP > 25 mmHg at rest. Pulmonary arterial hypertension 
(PAH) refers to PHT with elevated pulmonary vascular resis-
tance (PVR) >3 Wood units and normal left heart filling pres-
sure (PAWP ≤ 15 mmHg). TPG calculation (shown above) is 
major determinant in differentiating precapillary from post-
capillary PHT. TPG >12 mmHg suggests some degree of 
“precapillary” PHT (whether due to active vasoconstriction, 

Fig. 11.8 Signal averaged hemodynamic tracings in a patient with pulmo-
nary hypertension due to elevated left heart filling pressure. From left to 
right are tracings fro the right atrium, right ventricle, pulmonary artery and 
pulmonary artery wedge position. The blue double ended arrow designates 
the transpulmonary gradient, the difference between mean PAP and mean 
PAWP. In this case the transpulmonary gradient is <10 mmHg (normal). 
Right atrial and pulmonary artery wedge tracings are similar with subtle 
differences. First, the a and v waves occur earlier in the right atrium, since 

it is measuring the right atrial pressure changes simultaneously while the 
pulmonary artery wedge position requires transmission of pressure through 
the pulmonary vasculature. Second, a wave pressure is usually higher than 
the pressure of the v wave in the right atrium while v wave pressure is gen-
erally higher in the left atrium/pulmonary artery wedge pressure. In the 
normal circulation, left atrial/pulmonary artery wedge pressure is higher 
than right atrial pressure. RA right atrium, RV right ventricle, PA pulmonary 
artery, PAWP pulmonary artery wedge pressure

11 The Cardiopulmonary Hemodynamic Evaluation of Pulmonary Hypertension



188

arteriolar remodeling or another process). As detailed below, 
however, the same hemodynamic pattern is seen in pulmo-
nary venoocclusive disease. In the setting of high PAWP, the 
diastolic PA pressure to PAWP pressure gradient can also be 
used to identify the presence of a degree of pulmonary vas-
cular disease not entirely related to elevated left heart filling 
pressures. A gradient >5–7 mmHg is abnormal (Fig. 11.8) 
[91]. The clinical importance of this finding in patients left 
heart disease remains to be defined [92, 93], but in theory 
this may identify a subset of patients who could respond to 
directed pulmonary vasodilator medical therapy.

Pulmonary wedge angiography can be performed to con-
firm wedge placement by hand injection of a small amount 
(2–5 mL) of contrast material distal to a ‘wedged’ pulmonary 
artery catheter to opacify the distal pulmonary vasculature 
(Fig. 11.9). The balloon is deflated, allowing contrast to flow 
through the pulmonary vasculature, thus outlining the pulmo-
nary venous drainage. Obtaining a sample of wedge blood 
with oxygen saturation greater than 90 % from the catheter tip 
strongly supports the achievement of good wedge position, 
though such samples are not always easy to obtain from a 
wedged catheter and the procedure carries some risk of dam-
age to the pulmonary vasculature [70]. Wedge angiography is 
also informative in providing a measure of the physical 
appearance of the branch pulmonary arteries and perfusion, 
the presence of pulmonary arteriovenous malformations, and 
possible evidence of macroscopic pulmonary venous obstruc-
tion. The operator should be aware that high pulmonary arte-
rial pressure creates difficulty in obtaining a true “wedge”. It 

can be difficult to completely obstruct antegrade flow in the 
setting of elevated PA pressure, and even a small amount of 
systolic forward flow can cause inaccurately high PAWP esti-
mates relative to the left atrial pressure [94, 95]. It is often 
helpful to deflate the balloon by ~0.5–1 mL; this results in 
forward movement of the balloon into a smaller branch vessel 
with a more secure seal. An additional option is to deliver a 
small soft tipped 0.018 in. guide wire out of the catheter tip 
and advance it further into the PA. The soft tips of these wires 
limit vessel wall injury, and are platinum covered in order to 
provide enhanced visibility. Different operators use different 
wires based on personal experience and level of comfort. 
Most choose soft-tipped wires with 1:1 torque, such as Flex T 
wire©, BMW wire©, or Whisper wire©. Once the wire 
reaches the desired position, the catheter can be slowly 
advanced over it. It is not uncommon for this “tracking” to be 
challenging, especially when attempted in tortuous vessels; 
however, one should not give in to the temptation to use a 
stiffer wire given the much higher risk of vessel wall injury. 
The use of double-balloon insufflation in the wedge position 
to secure catheter position is controversial, as it may also lead 
to vessel wall injury or balloon rupture; it can be useful but 
should only be used in specific situations by experienced 
operators. These issues are important in the patient with large 
left-sided v waves, when PAWP tracing can be similar to the 
PA tracing with subtle clues to differentiate them (Fig. 11.10).

While the terms wedge pressure, occlusion pressure and 
capillary pressure tend to be used interchangeably, there are 
technical differences between them. In clinical practice, the 

Fig. 11.9 Injection of contrast material through the end-hole port with fluoroscopic confirmation of wedge positioning, with no contrast-free 
forward flow
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distinction is rarely relevant. Pulmonary capillary wedge pres-
sure refers to occlusion of a small branch pulmonary artery 
with an end hole catheter without a balloon tip, while “pulmo-
nary artery occlusion pressure” is a more accurate term for 
what is usually referred to clinically as wedge pressure. Wedge 
pressure is slightly higher than occlusion pressure, a fact 
related to continued flow through distal veins via collateral 
vessels when only a small branch artery is occluded. Because 
wedge and occlusion pressures prevent flow through the capil-
laries and small venules, these techniques underestimate true 
capillary pressure [96]. While this error is usually clinically 
unimportant, it is importantly misleading in the small subset of 
patients with pulmonary venoocclusive disease (normal PAWP 
despite markedly elevated pulmonary capillary pressure, and 
thus have a hemodynamic picture indistinguishable from 
PAH). Also of note, a massively dilated right heart can com-
press the left ventricle and impair filling, resulting in elevated 
left sided filling pressures. Such an increase in PAWP must be 
discriminated from the more common reason of elevation of 
PAWP, i.e. left- sided lesions or systolic or diastolic dysfunc-
tion. In theory, the shape of change in pressure with time after 
occlusion of the pulmonary artery with a balloon tipped cath-
eter can help define true capillary pressure [97], but this is 
difficult to apply in clinical practice.

 Cardiac Output Measurements

The determination of cardiac output (CO) is essential for the 
diagnostic work-up and follow-up in patients with PHT. The 

two most commonly used methods for this evaluation are 
the Fick method and the thermodilution method. When 
reviewing the results of a right heart study, one should 
acknowledge the fact that no completely accurate clinical 
method of measuring CO in all patients exists, yet a value 
can be estimated on the basis of various assumptions. For 
comparison among patients, cardiac output should be 
indexed to the patient’s body surface area and expressed as 
cardiac index (CI).

 Fick Method
The Fick principle ‘assumes’ that the rate at which oxygen is 
consumed is a function of the rate of blood flow times the 
rate of oxygen pick-up by the red blood cells [98, 99]. The 
basic assumption made in this principle is that the same 
number of red blood cells that enter the lungs must leave 
them if no intracardiac shunt is present. Hence, the rate of 
flow of the red blood cells as they pass through the lung can 
be determined if the numbers of oxygen molecules that are 
attached to the red blood cells entering the lung, the number 
of oxygen molecules that are attached to the red blood cells 
leaving the lung, and the number of oxygen molecules con-
sumed during travel through the lung are known. This can be 
expressed as the follows:

Cardiacoutput liter minute

oxygen consumption ml

A VO

/

/ min
( )

=
( )

−D 22 1 36 10× × ( )×. /Hemoglobin mg dL

Fig. 11.10 Hemodynamic 
tracings from pulmonary artery 
(green) and pulmonary artery 
wedge (red) positions in a patient 
with large v waves in the context 
of left heart non-compliance. If 
care is not taken, the wedge 
tracing morphology can appear 
similar to the pulmonary artery 
morphology. Since only one of 
the two tracings is usually 
displayed at time, this can cause 
confusion and possibly lead to an 
adverse event if wedge position is 
not identified and therefore 
maintained for an extended 
period. A key difference is that, 
the peak of the v wave occurs 
after the peak of pulmonary 
artery systolic pressure, and well 
after the electrocardiographic T 
wave (highlighted in yellow for 
the 3rd contraction)
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Where ΔA-V O2 is the arterial-venous oxygen saturation dif-
ference and the constant 1.36 is the oxygen-carrying capac-
ity of hemoglobin (expressed in mL O2/g Hgb).

By reviewing the equation above, it can be appreciated 
that the important variables to be recorded at the hemody-
namic study are A-V O2 content difference and oxygen con-
sumption. The A-V O2 content difference is measured by 
simultaneously obtaining systemic arterial and mixed venous 
blood samples and analyzing the percent oxygen saturation. 
Ideally, the arterial blood sample should be obtained from 
the pulmonary veins; however, in the absence of a right-to- 
left intracardiac shunt, the femoral or central aortic artery 
oxygen content provide very close approximations. The PA 
is the most reliable site for obtaining mixed venous blood. In 
other sites, such as either vena cava, right atrium, or right 
ventricle, there may be significant variation in blood oxygen 
content within the chamber. Potential errors at the time of 
A-V O2 difference determination are usually mainly due to 
improper collection of the mixed venous or arterial blood 
samples. Ideally, these blood samples should be collected 
close to simultaneously in a steady state environment. 
Further, the location of sampling should maximize the likeli-
hood of obtaining representative mixed samples, limiting the 
impact of streaming. In addition, care should be taken to 
ensure that the mixed venous sample is not sampled from the 
wedge position due to catheter migration, as this will falsely 
elevate the oxygen saturation.

The other important measurement in Fick’s method is the 
oxygen uptake (also referred to as consumption). At steady 
state, oxygen consumption is the rate at which oxygen is 
taken up by the blood from the lungs and should ideally be 
measured directly in the catheterization laboratory. Cardiac 
output using the Fick principle can be calculated using either 
the “direct” or the “indirect” methods. Direct Fick refers to 
measuring every component required to apply the Fick prin-
ciple: mixed venous and systemic arterial oxygen content 
(usually very closely estimated by [Hgb] and oxygen satura-
tion] and total body oxygen consumption. The most common 
variable which is not measured, and rather assumed, is O2 
consumption. Often, however, systemic arterial saturation is 
estimated (albeit not assumed) by non-invasive pulse oxim-
etry. Oxygen consumption should be measured or cardiac 
output should also be estimated using a dilution technique to 
confirm accuracy; isolated indirect Fick estimates should be 
avoided for reasons detailed below.

Available commercial systems typically use a fitting gas 
exchange mask or mouthpiece that collects and measures the 
oxygen content of expired air. Measurement of oxygen 
uptake may prolong the duration of the study, though only in 
catheterization laboratories which do not regularly perform 
this measurement. It requires a cooperative or ventilated 
patient, a steady state environment, and trained personnel. 
Unfortunately, most catheterization laboratories choose to 

forgo this precise and rigorous technique and rather use an 
estimated (often referred to as “assumed”) value for oxygen 
uptake based on the patient’s age, sex and body surface area. 
Many labs use an estimate of 125 mL/min/m2 of body sur-
face area for all patients (approach of Dehmer); others use 
this estimate for most patients and 110 mL/ min/m2 for 
elderly patients. There are alternative approaches (LaFarge, 
Bergstra) to estimate VO2 using age, heart rate and sex, but 
these are less frequently used in adult clinical practice. Body 
surface area can be estimated by a number of different equa-
tions. As is the case for many other “assumed” values in 
medical calculations, differences among patients who 
undergo right heart studies would likely make these esti-
mates inaccurate [100–102]. Depending on the predictive 
equation used, cardiac output estimates are inaccurate (rela-
tive to direct Fick) by >25 % in at least 1 of 6 patients. The 
error is >10 % in well over half of patients [103]. The degree 
of error is especially striking in obese patients, but none of 
the clinically used formulas provide adequately reliable esti-
mates for patients of any body mass index.

The Fick method is often favored in patients with low car-
diac output rather than the thermodilution method (discussed 
below). Because the Fick equation requires a steady state of 
O2 consumption and delivery, changes in output are not cap-
tured in real time. Also, ventilation of subjects with inspira-
tory O2 fractions larger than 60 % require consideration of 
the contribution dissolved arterial O2 or this can cause inac-
curate estimates [102].

 Thermodilution Method
In this method, CO is calculated by using an equation that 
considers the temperature and specific gravity of an injected 
solution and the temperature and specific gravity of the blood 
along with this solution volume. The thermodilution proce-
dure requires injection of a bolus of liquid (usually normal 
saline) into the proximal port of the catheter. The change in 
temperature in the sample is measured by a thermistor 
mounted in the distal end of the catheter. The change in tem-
perature versus time is then graphically displayed, and a cali-
bration factor is used. The cardiac output is inversely related 
to the area under a thermodilution curve, shown as a function 
of temperature versus time, with a smaller area under the 
curve indicative of a higher cardiac output. Temperature 
fluctuation in the circuit can affect accuracy however, and the 
use of two thermistors can significantly improve the accu-
racy of this technique [104, 105]. The thermodilution method 
has several advantages. Perhaps its greatest advantage is the 
rapid display of results with computerized methods, and 
other advantages are the lack of need for withdrawal of arte-
rial blood since it is less affected by recirculation than other 
indicator methods. Thermodilution cannot be used in the 
presence of intracardiac shunting. Many hold that thermodi-
lution can be inaccurate in patients with severe tricuspid 
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regurgitation, extremes of cardiac output or an irregular 
rhythm. Hoeper et al. compared the Fick and the thermodilu-
tion methods for evaluation of CO in patients with severe 
PHT, and reported that the accuracy of thermodilution was 
similar to the Fick method over a broad range of CO values 
(1.7–7.8 L/min). Importantly, the agreement between the 
two methods was not affected by the severity of tricuspid 
regurgitation [106]. Hillis et al. also reported good agree-
ment between the Fick and the indicator dilution methods 
(combination of thermodilution and indocyanine green dye) 
in patients without PHT with broad range of CO values (dif-
ference of <10 % and <20 % in 67 % and 91 %, respectively, 
of the 808 patients studied) [107].

As can be predicted from the Fick principle, CO can be 
roughly assessed by the mixed venous oxygen saturation. 
Assuming normal hemoglobin concentration and normal 
arterial oxygen saturation, low mixed venous oxygen satura-
tions indicate low cardiac output. Understanding the princi-
ples allows one to avoid misinterpretation of situations where 
low mixed venous saturation may be present with normal car-
diac output (e.g., arterial hypoxemia, severe anemia, situa-
tions with high oxygen consumption such as exercise). While 
low cardiac output or index is a universal marker of adverse 
outcomes, decreased venous saturation itself may be a strong 
predictor of poor outcome in pulmonary arterial hypertension 
patients [108, 109], though some investigators failed to 
observe this prognostic implication in other cohorts [84].

Finally, CO can also be estimated by angiographic estima-
tion of stroke volume. This can be calculated by tracing the LV 
end-diastolic and end-systolic images. Stroke volume is the 
amount of blood ejected with each beat. Calibration of the 
images with grids or ventricular phantoms is often necessary to 
obtain accurate ventricular volumes. Angiographic approaches 
are rarely used, and are not depended upon as a primary method 
to estimate CO. The main technical drawback of this method is 
the inherent inaccuracy of calibrating angiographic volumes. 
Such large contrast volume loads can also cause adverse clini-
cal events in patients with important PHT. In cases of valvular 
regurgitation or atrial fibrillation, angiographic cardiac output 
does not accurately measure true systemic outputs.

 Pulmonary Vascular Resistance

PVR is calculated as:

 

PVR
Mean PApressure PAWP

Cardiacoutput CO

TPG

CO
=

-( )
( )

=
( )

 

Multiplying the resistance thus calculated (Wood units: 
mmHg/L/min) by 80 converts to the resistance unit of 
dynes*sec/cm5; normal supine resting PVR is <200 
dynes*sec/cm5 (or 2.5 Woods units). PVR can be indexed to 

the patient’s body size (PVRI = PVR × BSA). This is neces-
sary in children given the marked differences in body size, 
but also has some advantage in adults. Using PVR instead of 
PVRI may result in important underestimation of the preva-
lence of PHT in patients with markedly elevated body mass 
index. [110] Also, PVRI may be a better marker of adverse 
outcome after cardiac transplant than unindexed PVR [111]. 
Elevated PVR is considered to mainly reflect pathological 
changes in the pulmonary vascular bed and the functional 
status of pulmonary vascular endothelium and smooth mus-
cle cells; however, it is also related to blood viscosity and to 
changes in perivascular alveolar and pleural pressure [96, 
112–114]. Normal PVRI increases with age. The upper limit 
for PVRI in normal subjects increases from about 2.8 
WU*m2 (6–10 yrs) to 3.2 WU*m2 (32–45 yrs) to 4.6 WU*m2 
(60–83 yrs) [112, 113].

 Direct Measurement of Left Heart Pressure

Evaluation of left sided pressures requires arterial access 
unless a known patent inter-atrial communication that can be 
safely crossed exists and only left atrial and pulmonary 
venous pressures need to be directly assessed. This require-
ment has to be appreciated in advance, especially in patients 
who are taking anticoagulants and in those with known dif-
ficult access sites. Possible conditions in which direct evalu-
ation of the left sided pressures may be required include one 
or more of the following:

 – Uncertainty about a direct correlation between the PAWP 
and the left atrial pressure/LV end-diastolic pressure, such 
as in patients with suspected pulmonary vein obstruction 
or cor triatriatum.

 – Clinical or imaging-based suspicion of restrictive/con-
strictive physiology, requiring concomitant measurement 
of RV and LV pressures.

 – Left-sided valvular disease that is suspected to contribute 
to the overall hemodynamic picture, requiring direct eval-
uation of the pressure gradient across the involved valve(s).

 – Known or suspected coronary artery disease requiring 
direct visualization of the coronary bed.

 Provocative Maneuvers in the Cardiac 
Catheterization Lab

 Vasoreactivity Testing

Pulmonary vasoreactivity testing is typically performed dur-
ing the second stage of the invasive hemodynamic study after 
all the basic data has been collected. The main historical 
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purpose of acute pulmonary vasoreactivity testing is to iden-
tify a small subpopulation of patients who can benefit from 
treatment with calcium channel blocker agents (CCBs). 
Until the 1990s, these were the only clinically used agents 
available for treating PAH. The usefulness of testing and 
benefit from long term CCB therapy was demonstrated pre-
dominantly in patients with idiopathic PAH. In patients with 
PAH due to other etiologies such as heritable PAH, connec-
tive tissue disease, and HIV, the usefulness of acute vasore-
activity tests and long-term treatment with CCBs is less 
clear.

Acute vasoreactivity testing should be performed with 
short-acting agents that have little or no systemic effects. 
The agent most commonly used in acute testing is nitric 
oxide (NO), while inhaled epoprostenol or intra- venous epo-
prostenol or adenosine can also be used as alternatives (with 
the caveat that intravenous administration may cause sys-
temic vasodilation). Simply administering a high concentra-
tion of inhaled oxygen is not sufficient, though can be helpful 
in determining if supplemental oxygen is likely to have a 
notable clinical benefit. The most widely used definition of 
“a positive” acute response is both reduction of mean PA 
pressure by ≥10 mmHg and resulting absolute mPAP 
≤40 mmHg with increased or unchanged cardiac output  
[9–11]. Using these criteria, about 10 % of the patients with 
idiopathic pulmonary arterial hypertension are considered 
“responsive”. Acute responders are likely to show a sus-
tained response to long-term treatment with high doses of 
CCBs; responders have excellent prognosis, with up to 95 % 
survival at 5 years [115, 116]. The value of performing a 
vasoreactivity testing and the usefulness of long term CCB 
treatment are less clear in patients with PHT associated with 
congenital heart disease, PAH associated with scleroderma 
or other associated PAH, as acute response as defined above 
is exceptionally rare.

In addition to assisting in patient management, the results 
of vasodilator testing have also been shown to have impor-
tant prognostic implications, as the extent of acute response 
correlates with prognosis. However, the usefulness of this 
incremental prognostic information is unclear in caring for 
the patient and some clinicians do not perform vasodilator 
therapy on patients other than the subset eligible for possible 
treatment with CCB.

 Exercise Testing and Fluid Administration

Not uncommonly, basic hemodynamic studies in individuals 
with PHT reveal borderline elevated left sided filling pres-
sures, which can become truly elevated in states of vigorous 
myocardial contraction or of high volume load, Typically, 
these patients also have evidence of diastolic dysfunction by 
echocardiography (see above), further raising the concern 

for elevated left sided filling pressures contributing to the 
their symptoms. When the level of suspicion is sufficient, 
this option should be fully explored during the catheteriza-
tion procedure, as elevated left sided filling pressures could 
be potentially amenable to medical therapy.

In attempting to relate the patient’s symptoms to the phys-
iologic and hemodynamic state, provocation of elevated left 
sided filling pressures should be attempted by performing 
maneuvers that will closely imitate the physiologic condi-
tions that cause enhanced myocardial contraction and vol-
ume overload. The two commonly used methods for this 
purpose are exercise and a fluid challenge. Common cath lab 
exercise protocols include supine cycle ergometry (often 
starting at a 20-W workload and increasing by 10-W incre-
ments in 3-min stages to maximum tolerated levels) and out-
stretched arm adduction lifting of weights (if femoral access 
had been obtained with repetition frequency gradually 
increased to fatigue) [117]. Elevation of PAWP >25 mmHg is  
commonly used to define a positive response. Because intra-
thoracic pressure swings are enhanced with the increased 
work of breathing during exercise, pressures should be mea-
sured as the mean of inspiration and expiration. When pos-
sible, values should be confirmed with the left ventricular 
end diastolic pressure. Fluid challenge protocols vary 
between laboratories, the most common consisting of a bolus 
infusion of 10–15 mL/kg of isotonic saline. Similar defini-
tions and considerations for positive response and simultane-
ous left ventricular end diastolic pressure measurement exist 
for fluid challenges [118]. However, the response to fluid is 
not equivalent to that seen with exercise; with sufficient vol-
ume IV fluid will increase filling pressures even normal peo-
ple. Exercise is more sensitive, specific, and physiologic than 
administration of intravenous fluid [119].

 Special Considerations: Hemodynamic 
Measurement in the Setting of Congenital 
Heart Disease

The invasive hemodynamic study is an integral part of the 
standard evaluation and follow up of patients with various 
types of congenital heart disease (CHD). The spectrum of 
CHD is wide, and it is beyond the scope of this chapter to 
discuss the various anatomies or the distinctive hemody-
namic features accompanying each type of lesion. However, 
several important considerations should be mentioned with 
regards to the invasive hemodynamic studies in patients sus-
pected or known to have CHD, as they differ from those in 
patients with assumed normal cardiac anatomy:

 A. Vascular Access Site
In general, the same considerations discussed above regarding 
femoral and IJ access apply for patients with CHD. However, 
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the presence of certain lesions may recommend a particular 
access site and not another. One common example is the 
presence of an atrial septal defect or a patent foramen ovale, 
in which femoral access is preferred. Catheters introduced 
through the IJ veins are typically oriented towards the tri-
cuspid valve and into the RV (i.e., anterior- inferior direc-
tion), whereas in order to engage the atrial septum the 
catheter should be aimed in the posterior- superior direction. 
Similar considerations exist for a membranous or outlet-
type ventricular septal defect, whereas in apical muscular-
type ventricular septal defect the jugular approach is 
preferred for the converse reason. Occluded venous access 
sites are common in CHD patients. Access through uncom-
mon sites, such as the hepatic vein, may be necessary. This 
type of access should be performed by trained, operators. 
Briefly, a needle (typically Chiba needle) is passed under 
ultrasound guidance between the mid and anterior axillary 
line, near the costal margin between the diaphragm and the 
inferior liver edge. The needle is advanced posteriorly and 
cephalated toward the intrahepatic IVC or just below the 
IVC-RA junction, to within a few centimeters of the right 
border of the spine. When contrast injection confirms entry 
into a large central hepatic vein, a sheath and dilator are 
advanced over a guide wire to the atrium. At the end of the 
procedure, a catheter (usually one French size smaller than 
the entry catheter) is exchanged, and this sheath is with-
drawn, with hand injection of contrast until the tip of the 
sheath is seen to be out of the vessel and within the liver 
parenchymal tract. This tract is then occluded using coils, 
vascular plug, or Gelfoam.

B. Choice of Gas to Fill Balloons
Balloon catheters use in CHD patients: whereas in the non 
CHD patients the floating balloons of end hole, side hole 
(Berman catheter) or Swan-Ganz catheters are filled with 
regular room air, in patients with known or suspected intra-
cardiac or vascular shunts, CO2 filling is preferred. CO2 is 
approximately 20 times more soluble than oxygen in blood, 
reducing the likelihood of a catastrophic outcome in the set-
ting of balloon rupture and embolization of the contents in 
the setting of shunting.

 C. Locating an Intracardiac or Great Vessel Shunt
All patients with PHT should be evaluated for presence of an 
intracardiac or great vessel shunt. These shunts can be either 
the cause of the disease (i.e., Eisenmenger syndrome), the 
result of the disease (i.e., opening of a patent foramen ovale 
in the face of elevated right sided filling pressures) or merely 
an unrelated bystander (i.e. small restrictive ventricular sep-
tal defect) [120]. In order to locate and determine the magni-
tude of the shunt, the oxygen saturation of blood should be 
measured at multiple levels of the heart and great vessels 
(often termed an “oximetry run” or “shunt run”). This allows 

evaluation of a significant “step-up” or “step-down” in the 
saturations, indicating the presence of a shunt. For a com-
plete oximetry run, blood should be sampled at the inferior 
vena cava, RA (to avoid sampling of low saturated blood 
entering the RA from the coronary sinus, sampling should be 
obtained with the catheter directed towards the lateral RA 
wall), high superior vena cava, low superior vena cava, RV 
inflow, RV outflow, main pulmonary artery, left ventricle, 
ascending aorta and descending aorta. The LA and the pul-
monary veins can be easily accessed in the presence of an 
atrial septal defect or a patent foramen ovale (via femoral 
vein access). Special maneuvers, such as trans-septal punc-
ture, are needed to enter the LA in the absence of these com-
munications in order to determine the pulmonary venous 
saturation in the presence of a right to left shunt at the pul-
monary venous level (such as in patients with total or partial 
pulmonary anomalous venous connection). Samples should 
be obtained in quick succession to minimize the effect of 
normal temporal variation in oxygen uptake, cardiac output 
and loading conditions, and, therefore, variation in oxygen 
saturations. A significant step-up is considered present if the 
increase to the PA is ≥6–7 % from the atrial level or mean 
absolute difference ≥ 5 % at the ventricular levels.

Quantification of shunt magnitude. Shunt quantification 
is expressed usually by a ratio of the pulmonary blood flow 
(“Qp”) to systemic blood flow (“Qs”).

Qp is inversely proportional to the difference between 
pulmonary venous saturation and pulmonary arterial satura-
tion). Qs is inversely proportional to the difference between 
systemic arterial saturation and mixed venous saturation.

When Qp is greater than Qs (Qp/Qs >1), this indicates a 
left-to-right shunt. Qp/Qs between 1.0 and 1.5 indicates a 
“small” left-to-right shunt, and a Qp/Qs >2.0 indicates a larger 
left to-right shunt, though context remains critical. Conversely, 
Qs>Qp (Qp/QS<1) indicates a predominantly right-to left 
shunt. Fig. 11.11 shows an example of the hemodynamic 
findings in a patient with PHT and an atrial septal defect.

Certain considerations regarding the oximetry run in 
patients with congenital heart disease should be recognized:

 1. Shunt detection is enhanced in the presence of low sys-
temic venous saturation.

 2. High systemic flow may diminish arterio-venous oxygen 
saturation difference across the systemic bed, leading to 
higher mixed venous oxygen saturation which may falsely 
emphasize the degree of left-to-right shunt.

 Calculation of the Pulmonary Vascular 
Resistance
Whereas in patients without CHD systemic blood flow (Qs) 
approximates pulmonary blood flows (Qp) closely, this is not 
true for many patients with CHD. Thus, when calculating the 
PVR in this patient population, when using the formula 
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should be used for the denominator.

 Conclusions

Hemodynamic evaluation in patients with suspected or 
known pulmonary hypertension does not start with cath-
eterization. Rather, a large part of the history and physical 
examination aim to define the likely hemodynamic under-
pinning of the patients symptoms. Transthoracic echocar-
diography has assumed a major role in the hemodynamic 
evaluation of pulmonary hypertension. The focus is often 
too narrowly on the systolic pulmonary artery pressure 
estimate, but echocardiography can provide extensive 

information on the full array of hemodynamic variables. 
Catheterization remains a requisite part of definitive diag-
nosis and understanding of pulmonary hypertension 
hemodynamics. A comprehensive understanding of the 
techniques and pitfalls of each of these approaches is 
required to ensure that hemodynamic data obtained are 
valid, representative and accurate.
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      Advanced Imaging in Pulmonary 
Hypertension       

     Geeshath     Jayasekera      and     Andrew     J.     Peacock     

         The defi nite haemodynamic diagnosis of pulmonary hyper-
tension (PH) requires right heart catheterization (RHC) and 
direct measurements of right ventricular, pulmonary artery 
and pulmonary capillary wedge pressures and cardiac out-
put. As this is an invasive test with risk and cost implications 
diagnostic algorithms have been devised that combines clini-
cal assessment, non-imaging cardio-respiratory assessment 
and non-invasive imaging in patients suspected of having 
pulmonary hypertension. The initial aim is to establish a ten-
tative diagnosis of pulmonary hypertension, to assess its 
severity and to identify the underlying etiology. Diagnosis 
must then be confi rmed by RHC. Subsequently non-invasive 
imaging techniques may be used to monitor disease progres-
sion as well as response to treatment in patients with pulmo-
nary hypertension as an alternative to repeat invasive right 
heart catheterization. In the future these imaging techniques 
may also help us to understand the cellular and molecular 
mechanisms responsible for the pathophysiology of pulmo-
nary hypertension in both the pulmonary circulation and the 
right ventricle (RV). 

    Echocardiography 

    Morphological Assessment of the Right Heart 
and Pulmonary Circulation 

 Two-dimensional echocardiography using a subcostal/apical 
4-chamber view has been used to obtain various variables in 
the assessment of right ventricle morphology in patients with 
pulmonary hypertension. In two studies the right ventricular 

end diastolic dimension alone and the right ventricular end 
diastolic dimension indexed to body surface area correlated 
well with mean pulmonary artery pressure (mPAP) [ 1 ,  2 ] 
(Fig.  12.1 ).

   Volume calculations of the right ventricle are essential for 
quantifi cation of RV systolic function. Due to the partly 
retrosternal location of the right ventricle and the heavily tra-
beculated RV border, imaging of the right ventricle by con-
ventional echocardiography is challenging. However using 
complex biplane and multi-slice methods to evaluate RV 
geometry did not improve the accuracy of the results com-
pared to simple mono-plane area length method [ 3 ,  4 ]. 
Measurements of RV free wall thickness and RV mass are 
less practical due to the trabeculations of the RV endocardial 
surface and the complex RV shape. 

 To differentiate RV dilation secondary to RV pressure 
overload from RV dilatation due to increased preload, sys-
tolic and diastolic positioning of the inter-ventricular septum 
(IVS) may be used (Fig.  12.2 ). Increased RV preload resulted 
in predominantly end-diastolic leftward IVS displacement 
while in pure pressure overload this was maximum at end 
systole [ 5 ]. Ryan et al. used a left ventricular eccentricity 
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  Fig. 12.1    2D echocardiogram – Short axis view of a patient with idio-
pathic pulmonary arterial hypertension showing RV dilatation ( red arrow )       
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index, defi ned as the ratio of the length of two perpendicular 
minor axis diameters, which were obtained at end systole 
and end diastole. One of these diameters bisected and was 
perpendicular to the inter-ventricular septum. In normal sub-
jects in the study the index was 1.0, while in RV volume 
overload the index was signifi cantly increased at end dias-
tole, and approximately 1.0 at end systole. In the group of 
patients with RV pressure overload the index was greater 
than 1.0 in both end systole and end diastole [ 6 ].

       Haemodynamic Assessment of the Right Heart 
and the Pulmonary Circulation 

 Bernoulli equation (pressure gradient = 4 V 2  mmHg) is used 
to calculate the pressure gradient driving blood through a 
cardiac orifi ce (Fig.  12.3 ). Tricuspid valve regurgitant jet 

velocity from the apical 4-chamber view is usually used to 
calculate tricuspid regurgitant pressure gradient (TRPG) 
(V = peak tricuspid regurgitant velocity at end diastole). The 
calculation of systolic pulmonary arterial pressure (sPAP) 
uses the equation, sPAP = TRPG + Right Atrial Pressure 
(RAP). This calculation is based on the assumption that there 
is no right ventricular outfl ow tract stenosis allowing the 
right ventricular systolic pressure to be equivalent to 
sPAP. Although not routinely used in the diagnosis and fol-
low up of pulmonary hypertension echocardiography derived 
diastolic pulmonary artery pressure (dPAP) and mean pul-
monary pressure (mPAP) may be useful when tricuspid 
regurgitant jets cannot be used. In a study by Lei et al. the 
peak diastolic and end diastolic pulmonary artery to right 
ventricular pressure gradients derived by Doppler fl ow pro-
fi les correlated well with measurements at right heart cathe-
terization. A correlation was also observed between 
pulmonary artery diastolic pressure and Doppler derived end 
diastolic pressure gradient [ 7 ].

   Right atrial pressure measurement is required to calculate 
sPAP from tricuspid and pulmonary regurgitant jets. In an 
early study by Nakao et al., they suggested that inferior vena 
cava (IVC) diameter of more than 1 cm and area of more 
than 2.0 cm 2  measured by echocardiography at the left lateral 
position to have sensitivities of 84 % and 73 % and specifi ci-
ties of 95 % and 100 % for the diagnosis of raised right atrial 
pressure (8 mmHg) respectively [ 8 ]. Kircher et al. analysed 
the respiratory motion of the IVC by two-dimensional echo-
cardiography. They measured the inspiratory and expiratory 
IVC diameters and suggested the use of percentage collapse 
(Caval Index) as a predictor of Right atrial pressure (Caval 
index < 50 % indicate RA pressure ≥ 10 mmHg) [ 9 ].  

    Echocardiography Defi nition of Pulmonary 
Hypertension 

 Pulmonary hypertension is defi ned as mPAP exceeding 
25 mmHg at rest during right heart catheterization. Various 
attempts have been made to defi ne non-invasive diagnostic 
criteria of pulmonary hypertension based on echocardio-
graphic fi ndings thus studies have concentrated on defi ning 
normal echocardiogram derived pulmonary artery pressures. 
In a study of 53 healthy people TRPG ranged from 12.6 to 
29.3 mmHg. The study authors concluded that TRPG of 
30 mmHg should be considered the upper limit of normal 
[ 10 ]. In an analysis of the Massachusetts General Hospital 
echocardiographic database, 3790 echocardiographically 
normal subjects had a measured sPAP documented. The esti-
mated upper 95 % limit for sPAP was 37.2 mmHg 
(RAP = 10 mmHg). A sPAP >40 mmHg was found in 6 % of 
those >50 years old and 5 % of those with a BMI >30 kg/m 2  
[ 11 ]. The alternative approach has been to estimate mPAP 

  Fig. 12.2    2D echocardiogram – Apical chamber view of patient with 
idiopathic pulmonary arterial hypertension. There is inter-ventricular 
septal bowing ( arrow ) and marked dilatation of right sided chambers       

  Fig. 12.3    Continuous wave Doppler mapping of the tricuspid regurgi-
tant jet. A tricuspid regurgitant velocity of 4 m/s 2  is demonstrated. 
Using the Bernoulli equation (pressure gradient = 4 V 2  mmHg) a TRPG 
of 64 mmHg could be derived       
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based on pulmonary artery pressures measured by 
 echocardiography. Syyed et al. identifi ed a relationship 
between sPAP from echocardiography and mPAP from right 
heart catheterization. They identifi ed a linear relationship 
(sPAP = 1.5 mPAP + 0.46) which was maintained following 
changes in posture and activity [ 12 ].  

    Pulsatile Pulmonary Haemodynamics 

 Kitabatke et al. used a Doppler technique to study the fl ow 
velocity patterns of the right ventricular outfl ow tract. They 
identifi ed characteristic abnormalities of the pulmonary 
valve motion in pulmonary hypertension including rapid 
opening slope in systole and mid-systolic semi-closure of the 
pulmonary valve. In patients with pulmonary hypertension 
the fl ow velocity pattern demonstrated a rapid acceleration 
reaching a peak level sooner than the normal cohort. Mid 
systolic notching due to a secondary slower rise during 
deceleration was also observed in some of the patients. They 
observed that the time to peak fl ow (AcT) and the ratio AcT/
RVET (Right ventricular ejection time) decreased with rising 
mPAP [ 13 ]. However AcT was shown to be longer in patients 
with low cardiac index [ 14 ] and high pulmonary blood fl ow 
in congenital cardiac diseases [ 15 ] and shorter in patients 
with high body surface area [ 16 ] and proximal pulmonary 
emboli [ 17 ].  

    Prognostic Staging and Follow Up 

 There are specifi c echocardiographic fi ndings that are impor-
tant in terms of prognosis in patients with pulmonary hyper-
tension. In a study by Raymond et al. the abnormal 
echocardiographic fi ndings of presence of pericardial effu-
sion, right atrial enlargement and septal displacement during 
diastole refl ected the severity of right heart failure and pre-
dicted adverse events in patients with severe pulmonary 
hypertension [ 18 ]. Tei et al. introduced a Doppler derived 
index (Tei index or Myocardial performance index) that 
combined elements of systolic and diastolic function for the 
assessment of global right ventricular function. The index is 
calculated using tissue Doppler recordings and is defi ned as 
(A-B)/B where A is the time interval between the end and 
onset of the trans-tricuspid fl ow and B is the right ventricular 
ejection time. The A interval includes the isovolumetric con-
traction time (IVCT), isovolumetric relaxation time (IVRT) 
and the ejection time, thus the Tei index can also be expressed 
by the formula (IVCT + IVRT)/RVET. The Tei index was a 
strong predictor of clinical status and survival and was rela-
tively unaffected by heart rate, right ventricular pressure, 
right ventricular dilatation or tricuspid regurgitation [ 19 ]. 
Vogel et al. examined the effect of acute changes in loading 

conditions and contractile functions on the Tei index. In a 
study of Yorkshire pigs the relationship between dP/dt max  and 
the Tei index was inconsistent post Dobutamine infusion. 
The index was signifi cantly affected by acute changes in 
afterload and preload [ 20 ]. 

 In contrast to the left ventricle, which shortens relatively 
symmetrically in the transverse and longitudinal planes, the 
right ventricle contraction is predominantly on a longitudinal 
plane. Thus the displacement of the tricuspid annulus towards 
the RV apex at systole is correlated with the RV ejection 
fraction. This measure, known as TAPSE (Tricuspid annular 
plane systolic excursion) have been found to be highly repro-
ducible and practical [ 21 ,  22 ]. In a prospective observational 
study by Forfi a et al. a TAPSE of less than 1.8 cm was associ-
ated with greater RV systolic dysfunction, right heart remod-
elling and RV/LV disproportion. A high TAPSE (1.8 cm or 
more) also predicted survival with a 1 and 2-year survival 
rates of 94 % and 88 % compared to 60 % and 50 % in the 
low TAPSE group [ 23 ]. In a later study in 59 idiopathic pul-
monary arterial hypertension (IPAH) patients, the group with 
TAPSE ≤ 15 mm and a left ventricular eccentricity index 
≥1.7 had the highest adverse event rate. Higher TAPSE and 
a lack of TR predicted a favourable prognosis [ 24 ]. An 
important point to consider is that TAPSE could be pseudo- 
normalised in signifi cant volume loading as seen in left to 
right shunting or severe functional TR. 

 A novel measurement, pulmonary vascular capacitance 
(PVCAP), was assessed as a predictor of morality in patients 
with pulmonary arterial hypertension (PAH) in a recent 
study. PVCAP was defi ned as stroke volume/pulmonary 
artery pulse pressure and is measured by two-dimensional 
and Doppler echocardiography. Patients in the highest 
PVCAP quartile had a 39 % mortality against 7 % in the low-
est quartile [ 25 ].  

    Differential Diagnosis 

 Echocardiography may also aid in identifying the cause of 
pulmonary hypertension including left heart disease, con-
genital cardiac diseases and valvular pathology. It may also 
help in identifying alternative causes of right ventricular 
dilatation including right ventricular arrythmogenic dyspla-
sia and right ventricular infarction.  

    New Developments in Echocardiography 

 RV measurements by 2-dimensional echocardiography are 
diffi cult due to its complex shape. 3-dimensional echocar-
diography (3D Echo) has been used frequently in the volum-
etry of the left ventricle and Grapsa et al. compared RV 
volume and mass data obtained by 3D echo against cardiac 
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MR imaging (Fig.  12.4 ). They measured RV end diastolic 
and end systolic volumes, stroke volume and RV mass and 
compared these fi ndings with CMR. Although CMR showed 
less inter-observer variability for some measures, RV vol-
ume and mass were similar for CMR and 3D echo in PAH 
patients [ 26 ]. In a study comparing 2-D echo to 3D echo, an 
index of RV contractility corrected for preload (dP/dt/EDV) 
and right ventricular end-diastolic volume (RVEDV) was 
measured. The 2D Echo derived contractility index did not 
correlate with disease severity while 3D echo derived values 
were potential markers of disease severity [ 27 ]. Comparing 
the two imaging modalities de Bello and colleagues showed 
that 3D echo derived RV diastolic and systolic volumes as 
well as ejection fraction to have a higher discriminating 
power compared to the 2D derived variables [ 28 ].

   More recently 3-D speckle tracking which has been used 
extensively in left ventricular functional assessment, has 
been used to assess patients with pulmonary hypertension. 
Myocardial strain is defi ned as the relative lengthening or 
shortening of a myocardial segment expressed as a percent-
age of its initial length. The PH population had reduced right 

ventricular strain and dysynchronous ventricles. Although 
area strain, longitudinal strain, circumferential strain and 
radial strain were all reduced in patients with PH, area strain 
correlated best with RVEF and was the only predictor of 
mortality [ 29 ] (Fig.  12.5 ).

   In patients with dilated right ventricles 3D echocardiogra-
phy has the disadvantage of suboptimal images, and the 
resulting exclusion of the RV free wall from the imaging has 
lead to inaccurate volumes. As an alternative to this, Bhave 
et al. suggested using a “knowledge based reconstruction” 
method for 3D modelling of the RV endocardium from 2D 
images. This involved acquiring 2D images localised in 3 
dimensional space by a magnetic fi eld generator located 
under the patient and a magnetic fi eld sensor, then using a 
reconstruction algorithm to construct a 3D model. This is 
based on identifying specifi c landmarks and a reconstructing 
algorithm using these landmarks to fi t sub regions of the 
right ventricle to hearts in a database of patients with similar 
pathology. These provided valuable and accurate RV vol-
umes, which compared with CMR, but larger studies are 
required to determine the practicality of this approach [ 30 ].   

  Fig. 12.4    3D Echocardiography – RV volume and ejection fraction by three-dimensional echocardiography       
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    Chest Radiography 

 Plain chest radiography usually provide the fi rst clue to the 
presence of pulmonary hypertension. It is inexpensive and 
widely available. The Chest x-ray appearance of pulmonary 
hypertension consist of enlargement of the pulmonary arter-
ies, rapid tapering of the vessels as they extend to the lung 
periphery and an enlarged heart, particularly the right sided 
chambers (Fig.  12.6 ). There is reduction of the size of the 
intrapulmonary vessels known as peripheral pruning, which 
is a distinct feature of pulmonary arterial hypertension. 
Transverse diameter of the proximal interlobar pulmonary 
artery on posterior-anterior chest radiograph that exceeds 
16 mm in men and 15 mm in women is a useful measurement 
for enlargement of the central pulmonary arteries, likely to 
be due to pulmonary arterial hypertension in the absence of a 
left-to-right shunt [ 31 ].

   Kanemoto and colleagues reviewed 59 chest radiographs 
in patients with primary pulmonary hypertension(PPH). 
They compared fi ve measured values between normal  control 

and PPH group. DPA/(T/2), which is an indicator of the 
degree of protrusion of the main pulmonary artery, where 
DPA is the width of the main pulmonary artery from the mid-
line and T the thoracic diameter (divided by half thoracic 
diameter to eliminate differences) was signifi cantly higher in 
the PPH group. The average width of the descending branch 
of the pulmonary artery (dPA) was more than twice that of 
the control group (12.1–25.1). The PL/T index (The point of 
union of the external border of the upper lobe artery with the 
pars interlobaris = point L, the sum of horizontal distances of 
the right and left L to the midline = Pulmonary Lobar diam-
eter, PL) was increased in the PPH population [ 32 ]. 
Previously Lupi et al. had suggested that the PL/T index as a 
radiological index suggesting pulmonary arterial hyperten-
sion [ 33 ]. 

 The normal values for the width of the descending 
branch of the right pulmonary artery has been reported as 
9–13 mm by Schwedel et al. [ 34 ] 9–16 mm by Simon et al. 
[ 35 ] and 9–16 mm for men and 9–15 mm for women by 
Chang et al. [ 36 ] 

  Fig. 12.5    Heterogeneous segmental contraction and dyssynchrony in a patient with pulmonary hypertension       
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 In chronic thromboembolic pulmonary hypertension 
apart from features of peripheral oligaemia there may be 
asymmetry of hilar vessels when thrombosis occurs in cen-
tral pulmonary arteries. Woodruff et al. reviewed 22 chest 
radiographs of patients with chronic thromboembolic pul-
monary hypertension. Cardiac enlargement was defi ned by a 
cardiothoracic ratio of more than 0.5 and right ventricular 
enlargement was defi ned by a retrosternal cardiac silhouette 
height greater than one-third the distance between the ante-
rior cardiophrenic sulcus and the angle of Louis. All the 
patients in both operative and non-operative groups had 
abnormal chest radiographs. Nineteen patients had cardio-
megaly and 13 of these had predominantly right ventricular 
enlargement. A value of 0.23 for the ratio of the diameter of 
the main pulmonary artery to the diameter of the left hemi-
thorax (DPA/DHT) was considered normal in a previous 
study and all but one patient had a higher ratio in this study. 
Twelve patients had enlarged right descending pulmonary 
arteries (16 mm for men and 15 mm for women). Specifi c 
areas of diminished vascularity were found in about two 
third of the patients and these were confi rmed by pulmonary 
angiography [ 37 ]. Findings of an abnormal chest radiograph 
in this study and in a further study by Tilkian et al. [ 38 ] were 
in contrast to previous studies by Moser et al. [ 39 ] and 
Benotti et al. [ 40 ] who concluded most patients with CTEPH 
have normal chest radiographs. 

 Chest X-ray will also provide important clues regarding 
the cause of pulmonary hypertension including parenchymal 
lung disease. Although the presence of pulmonary 

 hypertension can be recognised in a plain chest radiograph, 
the characteristic fi ndings are only likely to be visible in 
severe disease, which limits the role of chest radiography in 
diagnosing early or mild pulmonary hypertension. Assessment 
of peripheral pruning may be subjective and measurements of 
interlobar arteries are affected by variable magnifi cation and 
the presence of severe parenchymal lung disease.  

    Ventilation Perfusion Scintigraphy 

 Ventilation perfusion scintigraphy (V/Q scan) is a vital 
investigation in the diagnostic workup of pulmonary hyper-
tension (Fig.  12.7 ). The sensitivity and specifi city of V/Q 
scanning in distinguishing chronic thromboembolic pulmo-
nary hypertension (CTEPH) from other types of pulmonary 
hypertension is well documented. In a study in patients with 
pulmonary hypertension by Worsley et al. a high probability 
V/Q scan had sensitivity and specifi city of 96 % and 94 % 
respectively in detecting patients with CTEPH [ 41 ]. When 
high and intermediate probability V/Q scans taken in combi-
nation the sensitivity and specifi city were 100 % and 86 % 
respectively. In this series none of the patients with normal or 
low probability V/Q had CTEPH. In a larger retrospective 
review by Tunariu et al., when only high probability scans 
were considered of suggestive of CTEPH the sensitivity was 
96.2 % with a specifi city of 94.6 % [ 42 ]. When both high and 
intermediate probability scans were considered suggestive of 
CTEPH the specifi city fell to 90 %.

   These and a number of other studies demonstrated V/Q 
scanning to be a safe and highly sensitive test for suspected 
CTEPH. Grouping intermediate probability results with low 
probability results provide a highly sensitive and specifi c 
investigation in the diagnosis of CTEPH. It is important to 
note that large mismatched defects at V/Q scanning maybe 
seen in patients with idiopathic pulmonary arterial hyperten-
sion presumably due to thrombosis in situ. These defects 
may also be seen in other disease processes that affect central 
arteries and veins such as large vessel vasculitis [ 43 ], fi bros-
ing mediastinitis [ 44 ], pulmonary artery sarcoma [ 45 ] and 
pulmonary veno-occlusive disease [ 46 ]. 

 The introduction of multidetector CT pulmonary angi-
ography (CTPA) has replaced V/Q scanning as fi rst line of 
the investigation in the diagnosis of acute pulmonary embo-
lism. However the role of CTPA in detecting chronic throm-
boembolic pulmonary hypertension is variable. Pitton et al. 
showed multidetector CTPA to have a sensitivity of 70.4 % 
for segmental and 63.6 % for subsegmental branches when 
compared to pulmonary digital substraction angiography 
(DSA) [ 47 ]. The retrospective review by Tunariu et al. con-
fi rmed that normal V/Q scintigraphy excluded CTEPH 
whereas normal CTPA did not [ 42 ]. In the CTEPH group in 
this study, CTPA was reported as showing features 

  Fig. 12.6    Chest radiograph of a patient with idiopathic pulmonary 
arterial hypertension. There is cardiomegaly, prominent pulmonary 
arteries ( red arrow ) and peripheral oligaemia ( blue arrow )       
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 suggestive of CTEPH in 40 of the 78 patients with a false 
negative report in 38 of the 78 (sensitivity 51 %). A CTPA 
report was considered as suggestive of CTEPH, if it stated 
visualisation of the thrombus, calcifi ed thrombus, recanali-
zation, sudden change of vessel calibre, strictures, postste-
notic dilatation, webs or perfusion abnormality. The 
presence of mosaicism was also noted but its presence 
alone without other features was not considered diagnostic 
of CTPEH.  

    Computed Tomography 

 There have been dramatic technological advances in com-
puted tomography (CT) in recent years with sub millimetre 
thick slices, optimal contrast enhancement and improve-
ments in post processing power. CT also has the advantage of 
imaging the heart and the lung parenchyma as well as the 
pulmonary arteries and has a greater resolution than other 
imaging modalities giving a clearer view of morphological 

  Fig. 12.7    Ventilation perfusion scintigraphy in a patient with chronic thromboembolic pulmonary hypertension showing multiple mismatched 
perfusion defects       
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changes in the pulmonary vessels. It is also an imaging 
modality that is often performed as part of the early diagnos-
tic assessment in patients presenting with chest discomfort 
or dyspnoea. However repeated exposure to radiation pre-
cludes CT as a routine test used in assessing disease progres-
sion and response to treatment. 

    The Main Pulmonary Artery Signs 

 The intra pericardial main pulmonary artery cannot be mea-
sured on conventional chest radiography but can be identi-
fi ed and measured on CT. There have been various studies 
over the years examining the reliability of CT in detecting 
pulmonary hypertension using variety of methodologies. 
Although right heart catheterization is gold standard in mea-
suring pulmonary artery pressures, these studies have con-
centrated on providing a non-invasive surrogate of pulmonary 
hypertension. 

 In an early study of 32 patients with cardiopulmonary dis-
ease a diameter of the main pulmonary artery above 28.6 mm 
predicted the presence of pulmonary hypertension (Fig.  12.8 ). 
In this study the calculated cross sectional areas of main and 
interlobar pulmonary arteries normalised to body surface 
area were found to give the best estimates of PAP [ 48 ]. A 
study by Haimovici et al. found a similar correlation in pre 
lung or heart-lung transplantation patients [ 49 ].

   Ng et al. measured aortic and main pulmonary artery 
diameters on a single defi ned axial scan level [ 50 ]. The level 
was at which the right pulmonary artery is in continuity with 
the main pulmonary artery and sweep across the midline. In 
this study both the main pulmonary artery diameter (dPA) 
and the ratio of the main pulmonary artery to the ascending 

aorta (rPA) were positively related to mean pulmonary artery 
pressure (mPAP). In patients younger than 50 years of age 
the mPAP correlated more with rPA than dPA and vice versa 
in patients older than 50 years of age. They suggested that 
this may be due to a gradual increase of aortic diameter with 
age and concluded rPA should be used as a non invasive indi-
cator of the presence of PH. A degree of ‘internal normalisa-
tion’ with lack of dependence on body surface area and sex 
(as both variables infl uence pulmonary artery and aortic 
dimensions to a equal degree) as well as technical changes 
during imaging were suggested as advantages of using rPA 
over dPA. 

 In another study in patients with parenchymal lung disease 
or possible pulmonary vascular disease, CT determined main 
pulmonary artery diameter of ≥29 mm had a sensitivity of 
87 %, a specifi city of 89 % and a positive predictive value of 
0.97 for predicting PH. The main pulmonary artery was mea-
sured at the widest portion within 3 cm of the bifurcation [ 51 ]. 

 In a study by Mohammedi et al. the main PA was mea-
sured in 4 different ways in order to establish the method 
with the best correlation to mPAP. The method in which the 
axial diameter of the main PA, measured along the line that 
originates from the centre of the adjacent aorta and passes 
perpendicular to the long axis of the main PA at the level of 
PA bifurcation, was the most reproducible with the least 
observer variability. The study showed, a threshold of main 
pulmonary artery diameter (mPA) > 31.5 mm was found to 
be 52 % sensitive and 90.2 % specifi c for pulmonary hyper-
tension. In this study the main PA ratio >1 was 71 % sensi-
tive and 76 % specifi c for pulmonary hypertension [ 52 ]. 
Truong et al. in the Framingham heart study used the trans-
verse axial diameter of the main pulmonary artery and the 
ascending aorta at the level of the bifurcation of the right 
pulmonary artery for their measurements. They established a 
90th percentile sex-specifi c cut off value for mPA for men of 
29 mm and women of 27 mm and found an association with 
dyspnoea using the aforementioned cut off values. 
Interestingly they did not fi nd an association with dyspnoea 
when using a 90th percentile cut off value of 0.9 or com-
monly used value of 1.0 for the pulmonary artery ratio [ 53 ]. 

 As noted above, there is a large variation both in terms of 
the methodology and the reported cut-off diameter of the 
main pulmonary artery on CT when determining dilatation. 

    Beyond the Main PA 
 The studies that measures the calibre of right and left PA and 
the right interlobar artery did not appear to offer an advantage 
over main PA measurements on the strength of correlation with 
right heart catheter derived mPAP. In a study by Tan and col-
leagues who looked at CT determined measurements of main 
Pulmonary artery, right and left PA and the ratio between seg-
mental arteries and their corresponding bronchi (ABR), a ratio 
of more than 1:1 in three of four lobes were higher in the PH 

  Fig. 12.8    CTPA demonstrating enlargement of the main pulmonary 
artery ( Arrow ) in a patient with idiopathic pulmonary arterial 
hypertension       
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population compared to the control group (65 % vs 22 %). The 
apical segmental arteries and the bronchi of the upper lobes and 
the posterior basal segmental arteries and the bronchi of the 
lower lobes were chosen for this study [ 51 ]. It is important to 
note that solitary segmental artery enlargement may be seen in 
normal patients as well as patients with regional lung abnor-
malities such as pulmonary fi brosis. In this study the combina-
tion of a main PA diameter of or more than 29 mm and an ABR 
of more than 1:1 in three or four lobes was the most specifi c 
fi nding for the presence of PH (specifi city 100 %). 

 Hypertrophy of the bronchial arteries is a well-recognised 
radiological feature on conventional angiography and CT 
pulmonary angiography in patients with chronic thrombo-
embolic pulmonary hypertension (Fig.  12.9 ). Although the 
mechanism of bronchial artery hypertrophy is not well 
understood its role is thought to be to maintain the viability 
of the lung parenchyma after pulmonary artery occlusion. 
Hypertrophied bronchial arteries are easily identifi ed on CT 
and is usually not visualised in normal individuals. Remi- 
Jardin et al. defi ned bronchial artery hypertrophy as a curvi-
linear mediastinal vessel of more than 1.5 mm diameter, 
which is seen along the course of the proximal bronchial 
tree. In an earlier study of patients with primary pulmonary 
hypertension and chronic thromboembolic pulmonary hyper-
tension, they suggested that visualisation of brnchopulmo-
nary collaterals and demonstration of bronchopulmonary 
collateral fl ow to be a distinguishing feature of CTEPH from 
those with primary pulmonary hypertension. However more 
recent studies have demonstrated bronchial artery hypertro-
phy to occur in patients with idiopathic pulmonary arterial 
hypertension as well as Eisenmenger’s syndrome [ 54 ].

   A study by Shimizu et al. showed that in CTEPH patients 
the cross sectional area of bronchial arteries correlates to the 
extent of central pulmonary thrombus. When they grouped the 
CTEPH patients into main, lobar and segmental type based on 
the most proximal location of thrombi, they did not fi nd any 
signifi cant difference between the total area of bronchial arter-
ies in segmental type CTPEH and pulmonary arterial hyper-
tension patients. The cross sectional area of bronchial arteries 
did not have a signifi cant correlation with mPAP or PVR but 
their presence predicted a better post surgical outcome [ 55 ].   

    Cardiac Signs 

 ECG gated CT can be used to obtain information regarding 
ventricular function and to detect congenital cardiac abnor-
malities but conventional CT provide information that can be 
used in the diagnostic workup in patients suspected of hav-
ing pulmonary hypertension. An axial RV to LV ration of 
more than 1:1 at the mid ventricular level is indicative of 
right ventricular enlargement (Fig.  12.10 ). There may be 
paradoxical bulging of the inter-ventricular septum towards 
the left ventricle, although this is better appreciated in cine 
review of ECG gated studies. When CT features of PH are 
associated with left sided heart chamber enlargement, pul-
monary venous dilation and interlobular septal thickening, 
this is suggestive of pulmonary venous hypertension with a 
possible left heart cause. Thickening and calcifi cation of the 
mitral valve leafl ets with associated left atrial enlargement, 
which is suggestive of mitral valve disease and aortic valve 
calcifi cation and LV hypertrophy suggestive of aortic valve 
disease can be identifi ed on conventional CT. Left atrial 

  Fig. 12.9    CTPA with coronal reformatted projection showing bron-
chial artery hypertrophy in a patient with chronic thromboembolic pul-
monary hypertension ( arrow )       

  Fig. 12.10    CTPA in a patient with idiopathic pulmonary arterial 
hypertension demonstrating dilatation of right-sided cardiac chambers, 
and right ventricular hypertrophy       

 
 

12 Advanced Imaging in Pulmonary Hypertension



208

myxomas, by interfering with mitral valve function and pul-
monary vein drainage can occasionally present with pulmo-
nary hypertension and can be identifi ed as a well defi ned 
intracavitary mass with low attenuation [ 56 ].

   The presence of contrast in the inferior vena cava or 
hepatic veins during fi rst pass contrast enhanced chest com-
puted tomography is associated with tricuspid regurgitation. 
The extent of contrast refl ux was associated with pulmonary 
artery pressures measured at right heart catheterization as 
well as the severity of tricuspid regurgitation by echocar-
diography [ 57 ]. It is important to note that although this is a 
specifi c sign of TR, the specifi city decreases at higher con-
trast injection rates of grater than 3 ml/s [ 58 ]. 

 Pericardial effusions are common in patients with severe 
pulmonary hypertension and this was demonstrated in a mul-
ticentre trial of patients with severe pulmonary hypertension 
on prostacyclin. The 1-year mortality in patients with small or 
moderate effusions was three times that of patients with trace 
or no effusions. The presence of effusion also correlated with 
right atrial size, severity of TR and reduced 6-min walk test 
[ 59 ]. On computed tomography pericardial effusions create 
an infi lling of the space between the main pulmonary artery 
and ascending aorta which is known as the bikini bottom sign.  

    Lung Parenchyma 

 Mosaicism of the lung parenchyma is characterised by 
sharply demarcated areas of heterogenous attenuation that 
predominantly conform to the boundaries of the secondary 
pulmonary lobules (Fig.  12.11 ). In the context of pulmonary 
hypertension this is most commonly seen in patients with 
chronic thromboembolic pulmonary hypertension. In 

CTEPH, mosaicism corresponds to V/Q mismatch. The 
darker areas represent hypoperfusion while the higher atten-
uation areas correspond to normal or hyperperfusion. 
However mosaicism is not specifi c for CTEPH and can be 
seen in patients with small airways diseases as well as infi l-
trative lung diseases [ 60 ]. In small airways disease expira-
tory HRCT demonstrate air trapping which caused an 
increase in the conspicuity of the mosaic pattern. It was ini-
tially thought that this could be used to differentiate CTEPH 
from small airways disease but studies have reported air trap-
ping as well as bronchial dilatation in patients with CTEPH 
[ 61 ,  62 ].

      Computed Tomography in Chronic 
Thromboembolic Pulmonary Hypertension 
 Contrary to the fi ndings in acute pulmonary emboli, which 
result in a concavity within the contrast material on angiogra-
phy, CTEPH may lead to a complete vessel cut off which 
appears as a convex margin of contrast material on CTPA. In a 
complete obstruction the distal vessel diameter will be 
decreased and the pulmonary artery diameter may be increased 
at the site of the thrombus. In a partial obstruction CTPA fi nd-
ings include abrupt vessel narrowing, irregularity of the inti-
mal surface contour and intravascular bands and webs. Bands 
are thin structures attached to the vessel wall that can be up to 
20 mm in length with a free mid portion and webs are a 
descriptive term for a complex network of bands. These fea-
tures seen in pulmonary angiography represent organising 
thrombi (Figs.  12.12 ,  12.13  and  12.14 ). Chronic organising 
thrombi can rarely be calcifi ed. Pulmonary artery diameter 
may be increased with a raised main pulmonary artery to 
ascending aorta ratio as described earlier in the chapter. The 
right ventricle undergoes hypertrophy and  subsequently 

  Fig. 12.11    High-resolution CT scan of chest showing subtle areas of 
mosaic oligaemia in a patient with CTEPH ( arrow )       

  Fig. 12.12    CTPA demonstrating bilateral fi lling defects due to lami-
nated thrombus in the right and left pulmonary arteries ( arrows )       
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dilates with right ventricular failure. There may be  displacement 
of the interventricular septum towards the left ventricle during 
systole. The refl ux of contrast material to the IVC or hepatic 
veins maybe observed which would indicate tricuspid regurgi-
tation. Bronchial artery hypertrophy as well as enlarged non-
bronchial systemic arteries are more common in patients with 
Chronic Thromboembolic Pulmonary Hypertension com-
pared to other forms. The key parenchymal imaging feature of 
CTEPH is mosaic attenuation pattern of the lung parenchyma. 
Pulmonary infarcts may be visible especially at the lower parts 
of the lung as wedge shaped or linear, peripheral, irregular 
densities [ 63 ] (Fig.  12.15 ). They are due to occlusion of seg-
mental and smaller pulmonary arteries and occur commonly 
in peripheral type CTEPH.

      The morbidity and mortality from pulmonary thromboen-
darterecomy (PEA) has fallen signifi cantly over the last few 
years. Several studies have concentrated on imaging features 

that help predict surgical success in patients undergoing 
PEA. In a study by Bergin et al. CT pulmonary angiographic 
evidence of extensive central vessel disease and limited 
small vessel involvement predicted a favourable post surgi-
cal outcome [ 64 ]. In a study by Shimizu et al. the total area 
of bronchial arteries correlated to the central extent of 
thrombi and also predicted the gas exchange improvement 
after PEA suggesting that these patients had a lower propor-
tion of distal vascular disease [ 55 ]. The presence of periph-
eral sub pleural densities, which refl ect pulmonary infarcts 
commonly seen in peripheral type CTEPH demonstrated a 
positive correlation with postoperative PVR, which may lead 
to a poor postoperative outcome.  

    Computed Tomography in Pulmonary 
Veno- occlusive Disease 
 Pulmonary veno-occlusive disease is a rare cause of pulmo-
nary hypertension where there is involvement of the post- 
capillary vasculature. It is diffi cult to make this diagnosis 
in vivo and a histopathological diagnosis using open surgical 
biopsy is usually contraindicated in these patients due to 
general frailty of this patient group. Two studies that retro-
spectively identifi ed fi fteen and eight patients with PVOD, 
studied the radiological features that would assist non- 
invasive CT assessment in these patients [ 65 ,  66 ]. The most 
common CT fi ndings were septal lines, ground glass opaci-
ties particularly with a centrilobular distribution and lymph-
adenopathy. In the absence of other causes of pulmonary 
hypertension; e.g.; CTEPH and left sided heart disease, ade-
nopathy was highly specifi c for PVOD. Normal left sided 
cardiac chambers and normal pulmonary capillary wedge 
pressure allows distinction of PVOD from pulmonary venous 
hypertension.    

  Fig. 12.13    CTPA demonstrating an arterial web in the right middle 
lobe pulmonary artery ( arrow )       

  Fig. 12.14    Right sided fi lling defect and left pulmonary artery web 
( arrow )       

  Fig. 12.15    High resolution CT showing multiple peripheral lung opac-
ities in a patient with distal CTEPH ( arrow )       
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    Magnetic Resonance Imaging 

 Although pulmonary arterial hypertension is a disease of the 
pulmonary vasculature, it is the subsequent right ventricular 
failure that is the main cause of morbidity and mortality in 
patients with PAH. Measurements of right ventricular struc-
ture and function have shown to be important in determining 
patient prognosis as well as response to treatment. 

 Cardiac magnetic resonance imaging is a non-invasive 
imaging tool and provides high-resolution three-dimensional 
images of the heart (Figs.  12.16 ,  12.17 ,  12.18  and  12.19 ).

      Short axis stacks are used to reconstruct a 3D image of 
the right and the left ventricle and ventricular volumes and 
wall mass can be measured covering the entire cardiac 
cycle. Endocardial and epicardial contours are drawn at 
end- diastole and end-systole during post processing of 
images and ventricular volumes are calculated using the 
“Simpsons rule”, which takes the sum of individual slice 
volumes and the interslice gap into account. From the vol-
ume changes of the right ventricle over time, systolic and 
diastolic function can be derived. New software solutions 
with semi automatic analysis have resulted in decreased 
post processing times. The inter-study reproducibility and 
accuracy of CMR measurements using a semiautomatic 
analysis have been validated in several reports [ 67 ,  68 ]. 
Velocity encoded cine MR images are used to quantify pul-
monary artery fl ow. The aorta fl ow can be measured in the 
same plane and the ratio of pulmonary artery: aorta fl ow 
(Qp:Qs) and vice versa can be used to assess intracardiac 
shunts. Beerbaum et al. concluded that the calculation of 
Qp:Qs by cardiac MR to be quick, safe and reliable in chil-
dren with cardiac defects [ 69 ] 

 The ability to assess right ventricular systolic func-
tion by conventional echocardiography based on volume 
calculations is limited. Although contrast-enhanced 
three- dimensional echocardiography has become avail-
able recently and has shown to be useful in assessing RV 
mass and RV ejection fraction, CMR remains the gold 
standard [ 26 ]. 

 A large number of studies using cardiac MR imaging in 
patients with pulmonary arterial hypertension have been 
published. Many CMR measures have shown to be strongly 
predictive of mortality and survival thus offering potential 
for monitoring and assessing response to treatment. 

 Of these, Stroke volume (SV) is recognised as the key 
MR prognostic measure in PAH patients. Van Wolferen et al. 
investigated the prognostic signifi cance of a variety of LV 
and RV structural and functional measurements in patients 
with idiopathic pulmonary arterial hypertension [ 70 ]. They 
showed that a low SV at baseline is a predictor of poor prog-
nosis. They also showed that stroke volume rather than car-
diac index to have a stronger correlation with prognosis in 

these patients, possibly explained by the fact that there may 
be compensatory increase in heart rate which will fl aw the 
relationship between cardiac output and prognosis. The 
results in this study also suggested that a decrease in stroke 
volume during treatment to be an indicator of treatment 
 failure. Although results were comparable when SV were 

  Fig. 12.16    Cardiac MR – Short axis view of a patient with IPAH dem-
onstrating a dilated, hypertrophied right ventricle ( white arrow ), marked 
interventricular septal bowing ( red arrow ) and a pericardial effusion 
( blue arrow )       

  Fig. 12.17    Cardiac MR – Four-chamber view of another patient with 
IPAH. There is gross dilatation of the right atrium and right ventricle, 
increased right ventricular trabeculation and a visible tricuspid regurgi-
tant jet ( Arrow )       
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measured by Cardiac magnetic resonance imaging or with 
the Fick method, CMR underestimated stroke volume. This 
is probably explained by turbulent blood fl ow patterns 
observed in the main pulmonary artery. This was evident 
both at baseline as well as follow up. 

 In a large single centre cohort of patients with systemic 
sclerosis associated PAH stroke volume index (SVI) was a 
strong predictor of survival. There was twofold increased 
risk of mortality in patients with a SVI of 30 ml/m 2 . Van 
Wolferen et al. evaluated 111 patients at baseline and at 1 
year follow up to identify a minimally important difference 
in stroke volume in patients with PH. They used both an 
anchor based method (using 6MWT as anchor) and a 
distribution- based method and showed a 10 ml change in 
stroke volume during follow up should be considered as clin-
ically relevant [ 71 ]. 

 Right ventricular ejection fraction is also an important 
prognostic factor in patients with pulmonary hypertension 
and is poorly derived by conventional echocardiography. A 
study in a large group of WHO group 1 patients with pulmo-
nary arterial hypertension, right ventricular ejection fraction 
measured at baseline was a better predictor of mortality com-
pared to pulmonary vascular resistance (PVR) [ 72 ]. They 
showed, in patients who are on PAH targeted therapy that RV 
function can deteriorate despite reduction in PVR, which 
occurred in 25 % of the patients. They showed that the dete-
rioration of RVEF was associated with poor outcome inde-
pendent of any changes of PVR. They hypothesized that the 
deterioration in RVEF could be explained by pulmonary 
pressures and subsequently ventricular wall tension that was 
unaltered after medical treatment despite a fall in PVR. This 
study emphasized the importance of monitoring RV function 
during the course of the disease. 

  Fig. 12.18    Cardiac MR – Short axis views of a patient with IPAH at the time of diagnosis ( a ) and after 12 months of Epoprostenol and Sildenafi l  
( b ). Note the reduction in right ventricular dilatation, improved LV fi lling and resolution of the interventricular septal bowing       

  Fig. 12.19    Cardiac MR – Short axis view of this 33 yr old female with 
exertional dyspnoea. There is right ventricular dilatation and hypertro-
phy ( red arrow ), and interventricular septal bowing ( blue arrow )       
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 RV end diastolic volume is another predictor of prognosis 
in PAH. Kaplan-Meier survival analysis in a study by Van 
Wolferen et al. demonstrated that patients with a Right ven-
tricular end diastolic volume index (RVEDVI) of <84 ml/m 2  
at diagnosis had a signifi cantly better survival compared to 
those with a RVEDVI of 84 ml/m 2  or more [ 73 ]. A further 
study by Yamada et al. showed that an increased RVEDI pre-
dicted both hospitalization and mortality in patients with 
IPAH but couldn’t establish a signifi cant difference between 
the aforementioned two groups in the previous study [ 74 ]. 

 In a study by Mauritz and colleagues, CMR defi ned geo-
metric changes during the development of RV failure [ 75 ]. 
They identifi ed certain Cardiac MR derived geometric char-
acteristics that defi ned non survivors (survival less than 5 
years) at the beginning of the study and at 1 year follow up. 
They identifi ed that the RV longitudinal shortening (distance 
change between end diastole and end systole of the tricuspid 
annulus to apex distance) and transverse shortening (change 
between end diastole and end systole of the RV free wall to 
septal distance) are already reduced at baseline in non survi-
vors, that transverse shortening further declines over time 
while longitudinal shortening and RV free wall motion stay 
the same and that the end stage decline in RV function is due 
to progressive leftward septal displacement rather than fur-
ther changes in RV free wall transverse or longitudinal dis-
placement. The authors concluded that although there is a 
parallel decline in longitudinal and transverse shortening 
during progressive right ventricular failure, a fl oor effect is 
reached for longitudinal shortening. Further RV failure is 
due to a progressive leftward septal displacement and as 
transverse shortening incorporates both free wall and septal 
motion, it could be used as a variable of monitoring RV fail-
ure. They identifi ed that the RV fractional area change 
(RVFAC) which combines the effect of both transverse and 
longitudinal shortening (calculated by = 100 × [(RVED area – 
RVES area)/RVED area]) to correlate well with RVEF. They 
identifi ed that a decline in RVFAC to be an accurate measure 
of RV failure in patients with severe PAH. 

 In a multicentre study prospectively assessing the use of 
cardiac MR before and during PAH disease specifi c 
 treatment, Peacock et al. demonstrated the importance of 
including both left sided and right sided variables when 
determining cardiac function [ 76 ]. In this EURO-MR study 

they highlighted that LV end-diastolic volume (LVEDV) to 
be more closely related to stroke volume than RV end-end 
diastolic volume. From previous studies it was known that 
poor LV output in PH patients was due to poor LV fi lling 
which was a consequence of prolonged RV contraction time. 
This contributed to a decreased stroke volume thus LVEDV 
refl ected both the stroke volume and RV contraction time. 

    Beyond Conventional Cardiac MR 

 Perfusion CMR can be used to assess myocardial perfusion, 
thus gaining insight into right ventricular dysfunction in 
patients with PAH. Vogel – Claussen et al. studied the relation-
ship between LV and RV myocardial perfusion with ventricular 
function and hemodynamics in patients with PAH. The sub-
jects had stress induced with Adenosine followed by injection 
of gadopentate dimeglumine as the contrast agent. RV and LV 
myocardial perfusion values at rest and after adenosine stress 
was calculated. In this study they found that RV and LV myo-
cardial perfusion reserves to be associated with elevated mPAP 
in patients with PAH. Reduced perfusion reserves were 
inversely correlated with RV workload and RV dysfunction. 
These fi ndings suggested that reduced myocardial perfusion 
reserves may contribute to RV dysfunction in patients with 
PAH but concluded that further studies are required to deter-
mine the prognostic importance of these fi ndings [ 77 ]. In 
another study in patients attending the Emergency department 
with chest pain, Cardiac MRI identifi ed diffuse subendocardial 
hypoperfusion defects which were not seen in SPECT imaging. 
Cardiac stress perfusion MRI had a higher spatial resolution 
compared with both SPECT and PET imaging which may 
explain the higher detection of perfusion defects [ 78 ]. 

 Contrast enhanced MR angiography may be an alterna-
tive to conventional digital subtraction angiography which is 
still the gold standard in the diagnosis of chronic thrombo-
embolic pulmonary hypertension. In a study of patients with 
CTEPH before and after pulmonary endarterectomy breath- 
hold MR imaging not only revealed the typical fi ndings of 
CTEPH such as webs and bands, vessel cut offs and central 
thromboemboli but also had the added advantage of being 
able to assess the right ventricular volumes and function 
simultaneously [ 79 ]. 
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 Blyth et al. used contrast enhanced Cardiac MR imag-
ing to determine the presence and extent of delayed con-
trast enhancement (DCE) in patients with pulmonary 
hypertension. DCE was present in most patients with PH 
and the extent of DCE correlated with haemodynamic 
variables [ 80 ] (Fig.  12.20 ). Further studies have demon-
strated the signifi cance of right ventricular insertion point 
DCE as a marker for more advanced disease and poor 
prognosis [ 81 ].

        Positron Emission Tomography 

 There is increasing evidence that infl ammation and 
immune dysregulation may play a role in IPAH and ele-
vated levels of proinfl ammatory cytokines have been 
found in the serum of these patients. There have been 
various efforts to develop imaging techniques to track 
these infl ammatory changes.  18 F-FDG PET have been 
extensively used in oncology to identify primary and met-
astatic tumour cells and a similar increased glycolytic 
metabolism has been seen in endothelial cells derived 

from IPAH-transplant patients. Hagan et al. hypothesized 
that increased FDG uptake would be present in the right 
ventricle, pulmonary arteries and lung parenchyma of 
PAH patients due to the possible pathological role of 
infl ammation in PAH and the presence of deranged endo-
thelial function. They demonstrated that FDG uptake 
(which was normalized for venous blood activity – Target 
background ratio) to be higher in the lung parenchyma 
and the right ventricle of IPAH patients compared to 
CTEPH or normal populations. They suggested using 
FDG uptake as a surrogate marker of cellular metabolism 
and immune activation as underlying mechanism of the 
disease [ 82 ] (Fig.  12.21 ).

   In another study Wang et al. evaluated gated  18 F-FDG 
PET for the assessment of right ventricular volume and 
function in patients with PH and compared it to cardiac MR 
and cardiac CT data (Fig.  12.22 ). Right ventricular end dia-
stolic and end systolic volumes and right ventricular ejec-
tion fraction were calculated. They determined  18 F-FDG 
uptake as RV corrected standardized uptake value (SUV) 
and the ratio of RV to left ventricular corrected standard-
ized uptake value (Corrected SUV R/L). Their study dem-
onstrated that gated PET correlated well with cardiac MR 
in assessing RV volume and function, however gated PET 
underestimated RVESV and RVEDV while overestimating 
RVEF when compared to CMR. They also found statisti-
cally signifi cant negative correlation between RV SUV and 
RVEF by CMR as well as corrected SUV R/L. This study 
demonstrated that  18 F-FDG gated PET could be used in the 
simultaneous assessment of RV function as well as RV 
metabolism [ 83 ]. Previously Bokhari et al. had suggested 
that perfusion and metabolic PET imaging using N-NH(3) 
and  18 F-FDG respectively to be a feasible modality to quan-
tify RV blood fl ow and metabolism (Figs.  12.23  and  12.24 ). 
The RV free wall myocardial glucose uptake correlated 
well with mean pulmonary artery pressure suggesting the 
possibility that this could be used as a novel early bio-
marker in patients with PAH [ 84 ]. Another study by Can 
et al. also suggested that increased FDG uptake in RV myo-
cardium was associated with elevated systolic PAP. The 
myocardial FDG uptake also correlated with pre-existing 
prognostic markers including elevated BNP and reduced 
exercise capacity [ 85 ].

  Fig. 12.20    Cardiac MR – showing late Gadolinium enhancement of 
the right ventricular insertion point in a patient with PH ( arrows ) 
(Source: Freed et al. [ 81 ], p4, Fig 1. (CC BY 2.0))       
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  Fig. 12.22    Representative short-axis images of a patient with IPAH 
before ( a ) and after 6 months of treatment ( b ). Treatment resulted in a 
reduction of mPAP and PVR with a marked reduction in RV/LV FDG 

ratio (With permission: The University of Chicago Press, Fang et al. 
[ 86 ], p. 6, Fig 4)       

  Fig. 12.23    Nitrogen 
13-NH 3  resting myocardial 
perfusion images of the left 
and right ventricles, 
illustrating short-axis 
images ( top ) and horizontal 
long-axis images ( bottom ). 
 Arrows  point to the enlarged 
right ventricle (With 
permission: Wolters Kluwer 
Health, Bokhari et al. [ 84 ], 
p644)       

  Fig. 12.21    Positron emission tomography (PET) and fused PET/computed tomography of the right ventricle and pulmonary trunk of an  idiopathic 
pulmonary arterial hypertension subject (With permission: The University of Chicago Press, Guy Hagan et al. [ 82 ])       
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         Conclusion 

 Although right heart catheterization is the gold standard 
in the diagnosis of pulmonary hypertension, imaging 
methods play an important role in the diagnostic process, 
in measuring response to treatment and determining prog-
nosis. They are non-invasive but importantly may tell us 
more about RV function than we can acquire from right 
heart catheterization. At present there are few imaging 
methods, which help us understand the molecular and cel-
lular processes occurring in the right ventricle and pulmo-
nary circulation in patients with pulmonary hypertension. 
However, we hope that advances in imaging techniques 
such as positron emission tomography will give us greater 
insight into the basic pathobiology of pulmonary vascular 
remodeling and RV dysfunction.     
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            Right Heart Catheterization 

 Right heart catheterization (RHC) remains the gold standard 
technique for making the diagnosis of PAH. Because the 
catheter, a fl uid fi lled thin hollow tube, is advanced via a cen-
tral vein directly into the chambers of the right side of the 
heart and the pulmonary artery, it provides direct measure-
ment of the right atrial pressure (RAP), mean pulmonary 
artery pressure (mPAP), and the pulmonary artery occlusion 
pressure (PAOP). Using various approaches the cardiac out-
put (CO) can be determined and the total pulmonary vascular 
resistance (tPVR) calculated. These fi ndings not only pro-
vide an accurate diagnosis, but also have been shown to have 
a strong correlation with the prognosis and survival in PAH 
patients. In patients studied prior to treatment in the National 
Institutes of Health primary pulmonary hypertension registry 
mPAP, RAP and cardiac index (CI) were all found to be pre-
dictive of survival. Data from the French network on pulmo-
nary hypertension, that evaluated patients who are on current 
therapies showed that baseline RAP and CI were signifi -
cantly associated with survival in the modern treatment era 
[ 1 ,  2 ]. RHC is recommended with pulmonary vasodilator 
testing to establish the diagnosis of PAH. Using an acute 
vasodilator such as nitric oxide (NO) and/or oxygen (O 2 ), 
vasoreactivity of the pulmonary arterial tree can be assessed. 
A study using multivariate analysis showed that decreases in 
tPVR and mPAP with inhaled NO and O 2  were independent 
predictors of survival in PAH patients [ 3 ]. 

 While the RHC is considered an invasive procedure, it is 
relatively safe and has a very low complication rate. However, 
using it to serially follow patients to assess treatment 
response, and to decide on changes in management of ther-
apy is expensive, and not practical. Additionally, the data 
obtained can be highly operator dependent resulting in 
potential for measurement errors from improper data acqui-
sition and analysis. An important example of a common 
error is not accounting for respirophasic variation. The respi-
rophasic changes in intra thoracic cavity can produce large 
swings in the atrial pressures that can lead to errors in assess-
ing tPVR [ 4 ]. Also there is signifi cant institutional variabil-
ity in the assessment of CO. Some centers utilize an assumed 
oxygen consumption (VO 2 ) value rather than using actual 
measured values that require a metabolic cart. This can lead 
to errors in the determination of CO when using the Fick 
principle. Further, it is performed at rest and in the supine 
position when in daily life the patients’ spend the majority of 
their time in the upright position. These changes in position 
can have signifi cant impact on preload and afterload. 
Additionally improper leveling and, zeroing the pressure 
transducer to the right atrium or phlebostatic axis can infl u-
ence the measurements. Because the measurements are 
obtained through a fl uid fi lled catheter there can be problems 
with over or under damping pressure curves as a result of the 
position of the catheter or bubbles in the line. Adverse events 
related to the use of the catheter are rare, but are important. 
These include hematoma, pneumothorax, ventricular 
arrhythmias, vessel wall tear or rupture, and hypotension due 
to vagal stimulation. The RHC is relatively expensive and 
can involve the use of fl uoroscopy and X-irradiation 
exposure. 

    Exercise Testing 

 In cardiopulmonary diseases studies have shown better cor-
relations between exercise tolerance and peripheral abnor-
malities than central hemodynamic abnormalities that are a 
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result of cardiac dysfunction itself. This has been suggested 
because peripheral changes often become more limiting fac-
tors to exercise capacity of patients [ 5 ,  6 ]. Thus alterations in 
exercise physiology in PAH can be attributed to multiple fac-
tors of the cardiopulmonary and musculoskeletal systems. 
Exercise intolerance in addition to being the most common 
symptom, is also one of the earliest symptoms experienced 
by PAH patients. Hence the changes in physiology and eval-
uation of response to therapy with exercise testing have been 
studied with great interest. There are a number of options of 
exercise testing that range from those requiring low technical 
expertise and are easy to perform to those which give more 
physiological and detailed data but demand specifi c exper-
tise and are more costly. The ordering physician makes a 
selection among these depending on the clinical question 
being asked and the availability of resources. 

 Maximal exercise testing measures maximum oxygen 
consumption (VO 2 max) and has been suggested as the basis 
for determining physical fi tness [ 7 ]. VO 2 max is dependent on 
oxygen delivery, oxygen extraction, and oxygen utilization. 
Maximal exercise is determined by the subject achieving a 
plateau of VO 2  as workload is increased along with achieving 
a heart rate of 80 % of age predicted maximum, and a respi-
ratory exchange ratio (ratio of metabolic gas exchange calcu-
lated by VCO 2 /VO 2 ) greater than 1.10. Submaximal exercise 
testing is attractive because even subjects, who have limited 
mobility because of pain, or fatigue, can easily do it in vari-
ous settings. There are a number of options for submaximal 
testing including the six-minute walk test, and submaximal 
cardiopulmonary exercise testing (sCPET). 

 The six-minute walk test (6-MWT) has evolved as the 
standard approach used in clinical trials and in longitudinal 
follow up of patients. The combination of the ease and con-
sistency of testing has resulted in widespread employment in 
the evaluation of patients. Absolute distance walked after ini-
tiation of therapy has been shown to be predictive of out-
come [ 8 ]. Current treatment guidelines recommend that 
serial measurements be a part of longitudinal clinical care 
and that a 6 min walk distance (6MWD) >500 m be a goal of 
therapy. Lower risk patients, those who walk at least 400 m, 
may be considered for oral mono-therapy. Patients who walk 
less than 300 m fall into a higher risk group and should be 
considered for more complex treatments such as prostacyclin 
or combination therapy [ 9 ,  10 ]. It is important to understand 
that these recommendations are based primarily on experien-
tial evidence, and the 6MWD has not been studied under 
these conditions. In addition, the utility of the 6MWD in PH 
patients who walk more than 450 m may be more limited. 

 The 6-MWT is attractive as it is a very simple test that 
correlates with CO, tPVR, changes in tPVR, RAP and also 
decreases in proportion to the severity of WHO FC [ 8 ,  11 ]. 
The 6MWD has been shown to have an independent correla-
tion with survival in patients with PAH and the baseline 

6MWD can act as a good index of prognosis [ 12 ]. It has been 
widely used to predict outcomes after commencement of 
therapy, and recent studies have shown that decline in 6MWD 
is more strongly, and signifi cantly, associated with prognosis 
than improvement [ 13 ]. Exercise limitation, demonstrated 
by reduced 6MWD, has repeatedly been shown to be an 
excellent predictor of death in PAH, and the distance walked 
correlates strongly with peak VO 2 , oxygen pulse, and VE/
VCO 2  slope as measured by the maximal CPET [ 8 ]. 

 6MWT provides additional information about oxygen 
desaturation with exercise, and heart rate recovery following 
exercise. The percentage change in oxygen saturation with 
exercise can be used to assess the need for supplemental oxy-
gen, and mortality risk in patients. Paciocco et al. in 2002 
assessed whether oxygen desaturation with exercise and dis-
tance achieved during a six-minute walk are associated with 
mortality in moderately symptomatic untreated PAH patients. 
They concluded that 6MWD ≤ 300 m increased the mortality 
risk by 2.4 while change in oxygen desaturation with exer-
cise by more than 10 % increased the mortality risk by 2.9. 
Consequently, degree of oxygen desaturation was found to 
be a better predictor of mortality when compared with 
reduced 6MWD in the same study population [ 14 ]. 

 Heart rate recovery response post exercise has been used 
to predict survival in PAH patients. Minai et al. calculated 
heart rate recovery value at 1 min (HRR1) by calculating the 
difference of heart rate at the end of 6MWT and at 1 min 
after completion of the 6MWT. They found that patients with 
a HRR1 <16 beats/minute were signifi cantly more likely to 
have clinical worsening events (6.7 months versus 13 
months) than those patients with HRR1 ≥16. The odds of 
clinical worsening were signifi cantly greater among patients 
with HRR1 <16 at all time points during follow-up. HRR1 
<16 was a better predictor of clinical worsening than 6MWD 
alone, and when combined with the 6MWD improved the 
ability of 6MWD to predict time to clinical worsening. They 
also observed that these patients were more likely to need 
supplemental oxygen during the 6MWT, belonged to WHO 
FC 4, and had more severe right ventricular dysfunction and 
pericardial effusion [ 15 ]. 

 The 6-min walk test can be modifi ed to study the age 
related chronotropic responses and heart rate recovery pat-
terns. In a recent study using a modifi ed 6MWT with a por-
table, signal morphology based, impedance cardiography 
with real-time wireless monitoring to record dynamic heart 
rate responses; by recording and measuring the beat-by-beat 
R-R intervals, heart rate (HR) acceleration and decay slopes 
were calculated which were then used to compare normal, 
PAH, and parenchymal lung diseases (with restrictive and 
obstructive pathologies). HR curves were less steep in PAH 
than both healthy and parenchymal lung disease groups. HR 
acceleration rates were slower in patients with PAH or other 
lung diseases with progression of their disease [ 16 ]. In a 
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similar fashion, a study from the same group showed how 
impedance cardiography during 6 min walk test can be used 
to estimate hemodynamic parameters such as CI non inva-
sively in a feasible and reliable manner. They also noted that 
stroke volume plays a more predominant role in the CO 
increase during 6MWT than heart rate in PH patients [ 17 ]. 

 The 6-min walk distance (6MWD) has been the mainstay 
of evaluation of patients with PAH since 1990. Although this 
test provides an indirect estimate of aerobic capacity in a 
very convenient way, there are a number of limitations in 
using the 6-MWT in standard clinical practice. The 6MWT 
provides a global assessment of functional capacity but, it 
does not provide specifi c information on the physiological 
mechanisms of exercise limitation. It has limited diagnostic 
capability as it lacks accuracy and sensitivity. It is usually not 
used in an age-adjusted fashion, thereby underestimating 
severity of disease in younger patients. It is also subject to a 
“plateau effect” that limits its sensitivity for detecting 
improvement in patients starting with greater walk distances. 
Mood and motivation, age, obesity, musculoskeletal limita-
tions, and exercise training infl uence the 6MWT. Hence 
there has been increasing enthusiasm toward creating simpli-
fi ed tests that allow the early detection and monitoring of 
PAH. Incremental sub-maximum cardiopulmonary exercise 
testing utilizing portable metabolic carts is one such tech-
nique. It provides information about cardiopulmonary physi-
ology in a simple, quick and mobile way. It has the added 
advantage of being more objective, providing physiologic 
data yet being simple, and easy to perform. A recent study 
reported that submaximal exercise testing maybe superior to 
the 6-min walk test in assessing PAH disease severity. This 
conclusion was based on the fi nding that submaximal VE/
VCO 2  correlated with WHO FC, BNP, PASP, RAP and 
mPAP, where as the 6MWD correlated only with WHO FC, 
BNP and PASP [ 18 ]. 

 In a population where performance of a maximal test is not 
possible and pVO 2  cannot be calculated, submaximal exercise 
testing parameters like Oxygen Uptake Effi ciency Slope 
(OUES) can be useful. It is a CPET-derived variable that pro-
vides a combined picture of the effects of increased ventilation 
and poor O 2  transfer and/or peripheral O 2  utilization. This sub-
maximal parameter integrates the factors of pulmonary dead 
space ventilation and exercise-induced lactic acidosis aiming 
to show how effectively O 2  is extracted from the atmosphere 
and taken into the body as exercise progresses. Low OUES 
values have been associated with worse outcomes in PH. An 
ROC curve analysis in PH patients indicated a best OUES cut-
off for prognostication of 0.56 L·min −1  per logV' E  [ 19 ]. 

 While sub maximum exercise testing can be performed 
quickly in an outpatient setting, providing important physi-
ological data, it being a fairly new technique faces challenges 
of lack of data, validation of existing data, and need of expert 
skills for performance and interpretation.  

    Maximal Cardiopulmonary Exercise Testing 

 The development of non-invasive techniques like CPET has 
helped us to identify at risk patients or those with subtle clin-
ical fi ndings by detecting abnormalities in exercise physiol-
ogy. It is a functional test that may elicit early and reproducible 
abnormalities indicative of PH. CPET generally consists of 
an incremental symptom-limited cycling or treadmill exer-
cise test with measurements of ventilation and pulmonary 
gas exchange. It can quantify the degree of exercise impair-
ment, rule in or out a pulmonary mechanical limit to exer-
cise, and suggest disorders manifested by abnormal O 2  
delivery or subsequent uptake and utilization, including 
PH. It is highly reproducible, with little test-to-test variabil-
ity [ 20 ], which makes it a great tool to be used for serial 
assessment of the functional status of patients and to guide 
management plans. More recently PAH clinical trials have 
also been designed using CPET to follow patient’s functional 
status after addition of a new drug [ 21 ] or when transitioning 
from one therapy to another [ 22 ]. 

 The variables measured by this technique can largely 
refl ect PH-related impairment of O 2  delivery to the exercis-
ing muscle bed, and lung ventilation-perfusion abnormali-
ties. Additionally it allows reproducible assessment of 
functional capacity and treatment effi cacy in PH and to pre-
dict survival. CPET can reliably demonstrate changes in 
VO 2 max, rate of increase in VO 2 , anaerobic threshold, blood 
pressure, O 2  pulse, and ventilatory effi ciency slope in a 
reproducible and safe manner in severely decompensated 
patients [ 20 ] Sun et al. have shown an inverse correlation 
between VO 2 max, AT, and resting pulmonary hemodynamics 
in PH patients [ 20 ]. Patients with a VO 2 max value below 
10.4 mL/kg/min, have been shown to have increased risk of 
early mortality [ 23 ]. 

 Ventilatory ineffi ciency is one of the hallmarks of PH dur-
ing exercise [ 20 ] and can be identifi ed by an increased slope 
of the linear phase of VE/VCO 2  or its absolute value at the 
ventilatory anaerobic threshold (VE/VCO 2  at AT) . The ratio 
of VE/VCO 2  gives us a combined picture of the ventilatory 
dead space and arterial CO 2  levels. VE/VCO 2  provides a 
powerful marker of the abnormal pulmonary vasculature. It 
is calculated by the equation: VE/VCO 2  = (k)/ (Pa CO2  (1 – 
VD/VT); where VD is dead space and VT is tidal volume. 
VE/VCO 2  is inversely related to both resting and peak CO in 
PH patients [ 20 ]. A sudden rise in VE/VCO 2  may suggest 
dynamic opening of a PFO and right to left shunting during 
exercise [ 24 ]. In a multivariate analysis, the persistence or 
development of an exercise-induced right-to-left shunt 
strongly predicted death or need for transplantation (p < 
0.0001) independent of hemodynamics and all other exercise 
measures, including peak VO 2  [ 25 ]. 

 In normal individuals exercise induces pulmonary 
 vascular recruitment and distension. In individuals with 
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 pulmonary vascular remodeling or dysfunction, alveolar 
dead space fails to fall normally [ 26 ]. When P ET co 2  at AT is 
<30 mmHg and especially <20 mmHg, in a patient with 
exertional dyspnea of unknown cause, PH should be consid-
ered. It has been shown that the P ET co 2  [ 27 ] transition from 
rest to AT can distinguish between PAH and left ventricular 
dysfunction; P ET CO 2  tends to decrease in PAH, whereas the 
P ET CO 2  tends to increase in left ventricular dysfunction 
[ 26 ]. Others have also reported an association between heart 
rate recovery recorded during CPET to the overall response 
to incremental exercise. Ramos et al. showed that a pre-
served heart rate recovery (HRR) value of >16 beats post 
exercise is associated with less impaired response to incre-
mental  exercise in patients with PAH. Conversely, a delayed 
HRR at 1-min post exercise also had negative prognostic 
 implications [ 28 ]. 

 CPEt also has potential application in the management of 
other pulmonary vascular disease entities such as group 2 
and 3 PH. In Heart failure with preserved ejection fraction 
(HFpEF) it can be used for assessment and management of 
HFpEF by quantifying the exercise impairment and ruling 
out a pulmonary mechanical limit. Guazzi et al. have shown 
that CPET variables such as VO 2 max, VE/VCO 2  slope, rest 
and peak P ET co 2  correlate with diastolic function in patients 
with HFpEF [ 29 ]. While in Group 3 PH, the two most com-
mon causes of exercise impairment are pulmonary vascular 
limit and pulmonary mechanical limit to exercise. This test 
also provides the breathing reserve index (BRI), which is the 
ratio of VE at peak exercise to maximum voluntary ventila-
tion at rest. When an abnormal AT precedes a BRI of 0.70, 
pulmonary vascular disease can limit exercise capacity. 
Conversely, when a BRI of 0.70 precedes the AT, a pulmo-
nary mechanical limit can be considered the primary 
impairment. 

 The resting pulmonary and cardiac function testing can-
not reliably predict exercise performance and functional 
capacity. Overall health status correlates better with exercise 
tolerance than with resting measurements. The utility of CO 
and CI measured invasively to decide the management plans 
for PAH patients is well established, but more recently the 
application of inert gas rebreathing techniques to CPET has 
made measuring both CO and gas exchange during exercise 
non- invasively possible. It estimates pulmonary blood fl ow 
by using agents such as acetylene or nitrous oxide, which 
possess a very high solubility in blood. This methodology 
provides a potential tool to comment on the survival of PH 
patients that is more readily accessible. This technique has 
been widely used and studied in left heart failure patients but 
data in PH is lacking. Also it gives no information about pul-
monary artery pressures or other aspects of right ventricular 
function. It’s application in patients with impaired V/Q like 
group 3 and group 4 PH could lead to inaccurate results. This 
is also a concern in patients with intra-cardiac shunts. 

 The limitations of CPET in patients with PH are several. 
While generally safe, it can be diffi cult for some severely 
limited patients. It is more labor intensive than the submaxi-
mal CPET or 6MWT. It requires specifi c equipment, and 
experienced and trained personnel to operate and interpret 
the fi ndings. Use of this test is also contraindicated in severe 
PH patients with exertional syncope, cardiac arrhythmias, or 
acute right ventricular failure [ 30 ]. Its utility to reliably dis-
tinguish the diagnosis of PAH from other forms of PH on its 
own is limited. Patients with PH have a similar pattern of 
response to exercise as patients with left heart failure and PH 
secondary to left sided heart disease. It provides information 
that can be used to defi ne a management and follow up plan. 
For assessing right ventricular function in a simple, quick, 
and a non-invasive way, echocardiography has been widely 
used in combination with CPET. 

 Monitoring changes in the RV can refl ect changes in the 
pulmonary vascular bed. Functional status and mortality in 
PAH is closely associated with right ventricular (RV) struc-
ture and function. Echocardiography provides us both quan-
titative and qualitative information about the anatomy and 
functional assessment of the RV and pulmonary circulation. 
It can record important variables including tricuspid regurgi-
tant velocity, estimated pulmonary artery systolic pressures 
(PASP), Tricuspid Annular Pulmonary Systolic Excursion 
(TAPSE), Fractional Area change (FAC) and Tei-index, 
which have been shown to correlate with central hemody-
namics and right heart function. In addition, it provides data 
about RV size, RV mass, right ventricular outfl ow tract struc-
tural and morphological changes that occur with disease pro-
gression. It allows noninvasive estimation of tPVR, measured 
as the ratio of the tricuspid regurgitant velocity to the 
velocity- time interval of the RV outfl ow tract. Each of these 
data makes echocardiography a great screening tool, and a 
tool for longitudinal follow up of patients. Unfortunately, its 
utility as a diagnostic tool remains limited. PASP estimated 
by echocardiography frequently leads to inaccurate diagno-
sis of pulmonary hypertension when compared with RHC 
results [ 31 ]. The spatial resolution, acoustic window, inter 
operator-variability, potential for errors in patients with chal-
lenging anatomy (obesity, associated lung diseases) and 
complex geometry of RV can be major limitations when 
using echocardiography in pulmonary vascular diseases 
[ 32 ]. 

 Exercise echocardiography has increasingly been utilized 
to assess the response of the right ventricle and pulmonary 
vascular bed to exercise. It has been proposed as a reliable 
means to detect pathological increases in pulmonary artery 
pressures especially in patients at risk for pulmonary 
 hypertension [ 33 ]. Steen et al. confi rmed the presence of 
EiPAH by RHC in a patient group of 54 scleroderma patients. 
A positive exercise test result was defi ned as an increase of at 
least 20 mmHg in the RVSP with exercise. Coincident RHC 
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with exercise was performed in those with a positive exercise 
test, confi rming the presence of PAH in 81 % patients stud-
ied [ 34 ]. While early data are encouraging for the use of 
exercise echocardiography in subjects at risk of PAH, the 
approach is not standardized, and exercise parameters should 
be adjusted based on age and gender-related variations. 
Echocardiography is more prone to inaccuracies when per-
formed with exercise. Moreover formal validation of non- 
invasive with invasive measurements during exercise has 
been limited. Echocardiography alone may be insuffi cient to 
include or exclude HFpEF, which can have a direct impact 
on PAP and PVR [ 35 ]. 

 Invasive hemodynamic techniques can accurately charac-
terize the changes in the pulmonary vasculature during exer-
cise by directly measuring central hemodynamics providing 
data with very high specifi city and sensitivity. It can be con-
sidered the gold standard approach to diagnose and differen-
tiate various types of pulmonary vascular diseases. Although 
invasive in nature, it provides important data to study the 
pressure-fl ow behavior of the pulmonary circulation and pro-
vide identifi cation of early disease states, and assessment of 
treatment effect. 

 A number of groups have studied the changes in the 
hemodynamics with exercise to provide prognostic informa-
tion and predict changes in the exercise capacity of estab-
lished PH patients. In group 1 patients, Castelain et al. [ 36 ] 
have shown how exercise tolerance improvement after pros-
tacyclin therapy might be attributable to the decrease in 
incremental pulmonary vascular resistance during exercise. 
Provencher et al. [ 37 ] used changes in exercise hemodynam-
ics to predict the changes in 6MWD on therapy. They con-
cluded that improvement in exercise tolerance with chronic 
PAH therapy is independently related to improvement in pul-
monary hemodynamics measured during exercise but not 
those measured at rest. Blumberg et al. [ 38 ] studied the 
application of exercise hemodynamics in a population with 
group 1 and group 4 PH highlighting that exercise CI and the 
pressure/fl ow relationship were signifi cant indicators of 
prognosis. 

 Measuring the cardiac fi lling pressures during a resting 
supine RHC differentiates the diagnosis of Group 1 and 
Group 2 PH. Exercise hemodynamics can increase the speci-
fi city and sensitivity for the diagnosis of HfPEF. Borlaug 
et al. [ 39 ] demonstrated that patients with pulmonary venous 
hypertension showed a marked increase in PAOP during 
exercise, which could be used to discriminate HFpEF from 
PAH. Kitzman et al. [ 40 ], similarly found that compensated 
outpatients with HFpEF had normal resting PAOP but devel-
oped marked increase in exercise PAOP compared to resting 
PAH patients, suggesting that HFpEF may initially manifest 
with only intermittent elevations in cardiac fi lling pressures 
at rest, but with exercise the correct hemodynamics categori-
zation can be clarifi ed. These two sub groups of PH have also 

been shown to differ at the level of systemic oxygen extrac-
tion patterns during exercise. Tolle et al. in 2008 [ 41 ] demon-
strated that maximum systemic oxygen extraction ratio was 
highest in systolic dysfunction, intermediate in diastolic dys-
function, and lowest in PAH. Maximum Systemic oxygen 
extraction ratio (SER) was calculated by peak (Ca-v¯O 2 )/
peak CaO 2 . They also noted signifi cant correlation of the 
peak CO with peak SER in PAH and systolic dysfunction in 
group 2 PH. 

 Invasive CPET (iCPET), performed with simultaneous 
pulmonary and radial artery catheter pressure measurements, 
and blood sampling every minute during the test accurately 
characterizes pulmonary arterial and cardiac fi lling pressures 
during exercise [ 32 ]. Performed in the upright position, it 
reproduces what subjects actually go through while perform-
ing daily life activities. It provides an assessment of exercise 
capacity, and defi nes the detailed contributions of any car-
diac, pulmonary vascular, peripheral, skeletal or mechanical 
limitations leading to dyspnea. 

 ICPET has also been shown to have an important role in 
the diagnosis of exercise induced pulmonary hypertension 
(eiPAH). Although eiPAH was excluded from the PH clini-
cal classifi cation in 2008 and again in 2013, this subset of 
patients present with unexplained exercise intolerance, and 
depressed VO 2  max. They are usually placed under the cat-
egory of unexplained dyspnea, after excluding all the known 
causes of dyspnea. They all have normal pulmonary func-
tion testing including diffusing capacity for carbon monox-
ide, normal radiographic imaging of the chest, and a normal 
resting echocardiogram. They present with a normal hemo-
dynamic picture on resting supine RHC but when chal-
lenged with exercise they develop abnormal pulmonary 
vascular responses to exercise without evidence of diastolic 
dysfunction. Using iCPET Tolle et al. for the fi rst time ever, 
showed that these patients had a signifi cantly lower exercise 
capacity, as measured by VO 2 max, than normal or detrained 
people. At peak exercise, mPAP almost doubled from rest-
ing values compared with normal. While no signifi cant 
changes in RAP or PAOP were recorded, PVR, which was 
higher at rest compared to normal subjects, demonstrated a 
blunted fall with exercise. The degree of severity of the 
abnormal central hemodynamics, including a blunted fall in 
PVR, was signifi cantly reduced, compared to patients with 
resting PAH. The authors suggested a PVR cut off value of 
120 dynes · s · cm −5  and mPAP max of >30 mmHg as the 
diagnostic criteria for this disease. They also showed that 
within the eiPAH group, mPAP response to exercise fol-
lowed one of two patterns. eiPAH patients with “takeoff” 
physiology demonstrating signifi cantly higher VO 2 max and 
Q t max than  “plateau” eiPAH. (Fig.  13.1 ) The “takeoff” 
physiology seen in eiPAH patients resembled normal/
detrained “takeoff” physiology while the “plateau” physiol-
ogy resembled the physiology seen in those with resting 
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PAH [ 42 ]. This pattern potentially identifi es eiPAH as an 
intermediate exercise phenotype between normal subjects 
and those with resting PAH.

   EiPAH has been described as an intermediate clinical 
entity by two other groups. Condliffe et al. [ 43 ] noted that 
19 % of 42 systemic scleroderma (SSc- eiPAH) patients 
developed resting PAH when a repeat right-heart catheter-
ization was performed. Saggar et al. [ 44 ] also noted that 3 
of the 24 SSc-eiPAH patients developed resting PAH 
when followed serially over time. This fi nding was 
reported as part of an open label clinical trial of ambrisen-
tan. In the same study using invasive exercise testing they 
also demonstrated the positive therapeutic effect of 
Ambrisentan on exercise hemodynamics in these subjects. 
In summary, iCPET can be used to diagnose disease at an 
earlier, milder phase. ICPET can also be used for the 
accurate assessment of treatment effect on pulmonary 
artery hemodynamics. 

 In Chronic thromboembolic pulmonary hypertension 
(CTEPH) patients, invasive exercise hemodynamics has 
been utilized to defi ne the cause of persistent exertional dys-
pnea in post pulmonary endarterectomy patients. These sub-
jects were found to have an abnormal pulmonary vascular 
response to exercise based on an abnormal PVR and pulmo-
nary arterial compliance when the hemodynamics in spite of 
normal in resting hemodynamics. The increase in PVR was 
mild, relative to the alteration in compliance, and exercise 
arterial compliance was the only independent predictor of 
decreased exercise capacity in this group of subjects [ 45 ]. In 
addition to what has already been discussed, iCPET can also 
be used to include or exclude other causes of exercise intol-
erance like preload-dependent limitations to stroke volume 
and cardiac output, oxidative myopathies, and left to right 
shunting. 

 The limitations of exercise hemodynamic testing are 
 signifi cant because of its invasive nature that limits its use 
for serial measurements. Although rare, other potential 

 complications include infection, vascular thrombosis, and 
pain at the site of catheter placement. ICPET can be costly, 
labor intensive, and requires technical expertise not only 
for accurate performance but also for recording and inter-
pretation of the results. Consistent invasive measurements 
during exercise are challenging to perform and must be 
interpreted carefully because of the potential for large 
intra-thoracic pressure swings associated with increased 
minute ventilation during exercise. Boerrigter, et.al studied 
the worst possible scenario for this problem when they 
studied iCPET in a COPD population with esophageal bal-
loons in place. They suggested that central hemodynamics 
measured using conventional end‐expiration method might 
lead to an overestimation of intravascular pressures during 
exercise. To obtain exercise hemodynamic data more 
 reliably by averaging pressures over the respiratory cycle 
or using the RAP waveform to correct for intra-thoracic 
pressure (Fig.  13.2a, b ) [ 4 ].

        Imaging of the Right Heart System 

 Functional status and mortality in patients with PAH is 
related primarily to RV structure and function. Direct 
assessment of RV function using noninvasive techniques 
may provide a more informative way of determining 
response to therapy and monitoring disease progression in 
PH. With constant advances in the fi eld of imaging, we 
now has access to a number of non invasive imaging tools 
to more clearly defi ne the interaction between the RV and 
pulmonary circulation. Magnetic resonance imaging 
(MRI) and Computed Tomographic (CT) scanning are 
becoming increasingly important to study the RV-PA cou-
pling and provide detailed quantitative data with extreme 
quality. Prognostic markers have been identifi ed with inde-
pendent predictive value for identifi cation of treatment 
failure. 
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    Computed Tomographic Imaging 

 Over the past decade, cardiac CT has evolved rapidly from 
the introduction of 4-detector row systems to those with 64 
detectors, dual-source CT and, more recently, 320-detector 
systems. This has been accompanied by improvements in 
spatial and temporal resolution, extended longitudinal cover-
age and decreased scan times and radiation exposure. Current 
generation ECG gated multidetector CT (MDCT) scanners 
have a spatial resolution that ranges from 0.3 to 0.5 mm, 
which permits accurate and consistent assessment of the RV 
and PA. In addition use of the contrast agents, gives us addi-
tional information about ventricular volumes, ejection frac-
tion, and vascular structures. 

 Studies have evaluated the specifi city and sensitivity of 
CT defi ned dilatation of the main pulmonary artery as a 
marker for pulmonary hypertension. A value ≥29 mm had 
a sensitivity and specifi city for the detection of PH of 
77.4 % and 89.6 % respectively. The ratio between 

 pulmonary artery and abdominal aorta when greater than 1, 
was shown to be 86.8 % sensitive and 79.2 % specifi c for a 
diagnosis of PH. This ratio correlated with RHC derived 
mean PA pressures and in combination with ECHO derived 
RV systolic pressures. The correlation was (R2 = 0.45, 
p < 0.001) alone, and (R2 = 0.55, p < 0.001) in combination, 
giving a 96 % specifi city and 59 % sensitivity for PH diag-
nosis [ 46 – 48 ]. 

 Kuriyama et al. have reported the use of cross-sectional 
areas of the main and inter-lobar pulmonary arteries for esti-
mating the pulmonary artery pressures. In this study the 
upper limit of normal diameter for the main pulmonary 
artery was found to be 28.6 mm. In the PH patient group, the 
diameters were correlated with data from cardiac catheter-
ization and a value greater than 28.6 mm readily predicted 
the presence of pulmonary hypertension. The calculated 
cross-sectional areas of the main and inter-lobar pulmonary 
arteries were also found to give the best mPAP estimates 
(r = 0.89, P < 0.001 and r = 0.66, P <0.001) [ 49 ]. 
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  Fig. 13.2    ( a ). Example of pulmonary artery pressure before ( PAP ) and 
after ( PAPtm ) continuous correction for esophageal pressure ( Peso ) at 
maximal exercise in a patient with severe COPD (FEV1: 30 % of pre-
dicted). ( b ) Simultaneous measurement of RAP and esophageal pres-
sure (Peso) at maximal exercise in the same patient as shown in Fig. 

  2.1    . RAPnadir is the lowest point in RAP during expiration, which rep-
resents RAP during relaxation. Note that RAP falls towards Peso during 
relaxation. RAPswing was determined as the difference between inspi-
ratory RAP and expiratory RAP       
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 Groves et al. demonstrated that contrast refl ux into the 
inferior vena cava and hepatic veins on fi rst-pass contrast- 
enhanced CT was a strong marker for tricuspid regurgitation 
(TR), having 90.4 % sensitivity and 100 % specifi city when 
compared to echocardiography. They further demonstrated 
excellent correlation between semi-quantitative grading of 
TR with systolic PA pressure measured by RHC (r = 0.69, 
p < 0.001). Subsequently, others have shown that high-grade 
contrast refl ux was associated with a diagnosis of PH (OR 
5.41, 2.95–9.94 95 % CI, p < 0.001) in a large retrospective 
cohort [ 50 ,  51 ]. 

 When CT-measured PA volumetric analyses are adjusted 
with body surface area, they correlate highly with mean PA 
pressure (r =0.89, p < 0.05) [ 52 ] A study in patients awaiting 
lung transplantation demonstrated that mPAP correlated 
strongly with the combination of cross-sectional areas of the 
main and left main PA indexed to body surface area (r = 0.81, 
p = 0.0001) [ 53 ]. 

 Simon et al. have also shown the utility of ECG gated 
MDCT to detect the regional changes in RV structure and 
function, which may be early markers of patients at risk 
for developing RV failure. The increased pulmonary vas-
cular resistance exposes the right side of the heart to 
chronic pressure and volume overload. The morphology of 
the heart compensates in the form of septal bowing into 
LV. When the heart contracts, the LV faces the conse-
quences of pressure overload while during the relaxation 
phase, the volume changes interfere with its normal func-
tioning. These manifest as RV hypertrophy and RV strain. 
This study emphasized that patients with different pulmo-
nary and RV fi lling pressures display signifi cantly differ-
ent phenotypes. Even in the presence of normal RV fi lling 
pressures, RV infundibular changes might be useful to 
characterize regional RV remodeling and function in PH 
and direct therapeutic decision making early in the disease 
process [ 54 ]. 

 In group 4 PH patients, pulmonary thromboendarter-
ectomy (PTE) is the recommended treatment but the pre-
diction of post surgical outcome remains challenging. In 
CTEPH patients Heinrich et al. have reported how pre 
operative CT scan findings can help predict hemody-
namic improvement after PTE. They also concluded that 
absence of central thrombi is a significant risk factor for 
inadequate hemodynamic improvement. In a more recent 
study Scholzel et al. found pre-operative PA diameter 
indexed for body surface area as the only independent 
predictor for hemodynamic improvement after PTE in 
CTEPH [ 55 ,  56 ]. 

 Although CT scan has been shown to give us important 
data about pulmonary vessels and morphological changes in 
heart structure limitations of radiation exposure, use of con-
trast agents, and little experience in pulmonary vascular dis-
eases, makes its use limited.  

    Cardiac Magnetic Resonance Imaging 

 Noninvasive cMRI provides a comprehensive picture of RV 
structure and function with excellent resolution. It reports 
on markers of RV structure and function including right 
ventricular end-diastolic volume index (RVEDVI), left 
ventricular end diastolic volume index (LVEDVI), right 
ventricular ejection fraction (RVEF), and relative area 
change of the pulmonary trunk. The use of cMR in PAH is 
increasingly attractive as cMR is considered the gold stan-
dard for assessment of RV volume, mass, and function. In a 
recent pan-European study investigating the relationship 
between RV structure and function, and survival, a large 
RV end-diastolic volume, low left ventricular end-diastolic 
volume, and a low SV at baseline were associated with a 
poor prognosis. Progressive dilatation of the RV, a further 
decrease of LV diastolic volume, and a further decrease in 
SV at follow-up predicted treatment failure and a poor 
long-term outcome [ 57 ] MRI is ideally suited to longitudi-
nal follow-up of patients with PAH due to its non-invasive 
nature, high reproducibility and has the advantage over 
other biomarkers in PAH due to its high sensitivity to detect 
changes in morphological, functional and fl ow related 
parameters. 

 CMRI provides details about the morphological changes 
in the anatomy of right ventricle, septum and related struc-
tures, which correlate with invasive pulmonary hemody-
namic parameters. Saba et al. showed that Ventricular Mass 
Index (VMI) (ratio of right ventricular mass over left ven-
tricular mass) had a strong correlation with mean pulmonary 
artery pressures (r = 0.81) Also the sensitivity and specifi city 
for detecting PH were 84 and 71 % respectively for the VMI 
when compared with conventional commonly practiced 
technique of echocardiography [ 58 ]. Similarly septal curva-
ture metrics have been used to judge the RV afterload and to 
assess the acute vaso-reactivity of pulmonary vasculature 
during vasodilator testing. 

 The normally cross sectional circular shape of the LV 
is the result of the positive pressure gradient between the 
LV and RV throughout the cardiac cycle. However, in PH, 
the LV–RV pressure gradient is less than that observed in 
normal population or can even be negative causing the 
septum to become either fl attened or bow into the 
LV. Panda et al. have shown this septal curvature using the 
real time cMRI has a very strong correlation between the 
PAP and PVRi at baseline and during vasodilator chal-
lenge. Also others have shown the presence of a strong 
correlation by comparing the septal curvature parameters 
with the hemodynamic parameters of PASP, RVSP mea-
sured on RHC [ 59 – 61 ]. 

 With the progression of the disease, the changes in the 
RV functioning and structure lead to the changes of LV 
contour. This LV deformation can be quantifi ed using MRI, 
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which helps to calculate echocardiographic indices such as 
the LV systolic and diastolic eccentricity indices (sEI, dEI). 
These indices correlate with mPAP and can identify the 
prognosis of PAH patients. Elevated RV pressures cause the 
inter- ventricular septum to bow to the left in patients with 
PH, this leftward motion of the inter ventricular septum 
causes the deformation of the LV, “D shape”, as a result of 
the pressure differential between LV and RV chambers. 
Several investigators have quantifi ed the paradoxical inter-
ventricular septal position by measuring the curvature of 
the septum and have shown strong correlations with the 
severity of PH [ 61 – 63 ]. 

 Cardiac MR can also be used to track reverse remodeling. 
In patients with non operable CTEPH, treated with balloon 
pulmonary angioplasty there was signifi cant improvement in 
RV dilatation (RVEDVI and RVESVI), RV systolic function 
(RVEF), RV hypertrophy (RVMI and VMI), and inter ven-
tricular septal bowing assessed by cMR. There were strong 
correlations between observed changes in RV remodeling, 
measured with cMR, and changes in invasive hemodynamic 
parameters. cMR has been used to demonstrate RV reverse 
remodeling after successful pulmonary thromboendartec-
tomy in CTEPH patients in both early and later phases of 
recovery [ 64 ,  65 ]. 

 Also MR angiography of the pulmonary arteries and a 
time resolved contrast enhanced lung perfusion scan can 
help in identifi cation of CTEPH. The high signal to noise 
from blood fl ow provides good contrast within the vessel 
lumen and thus serves as a non-contrast enhanced angio-
gram, which can be useful in the delineation of adherent 
material in the central pulmonary arteries in CTEPH [ 66 ]. 
Contrast enhanced MR angiograms can provide an overview 
of vessel pruning in PH and the delineation of thromboem-
bolic material in CTEPH. 

 While cardiac MR is considered the gold standard for 
measurement of cardiac function, and it offers very high spa-
tial resolution, clinicians have been slow to utilize cardiac 
MRI for a number or reasons. Data on the use of cMR as an 
outcome measure is limited. While certain subjects cannot 
tolerate the claustrophobia they feel inside the magnet, some 
patients are too large to fi t in the MRI chambers. We do not 
generally image patients who have implanted defi brillators 
or pacemakers because of heating of the tip of leads. 
Compared with other non-invasive approaches, cMR is more 
time consuming. Cardiac MR techniques are also dependent 
on image acquisition during repeated breath hold maneuvers 
of 5–10 s. If patients are unable to perform this maneuver, an 
important consideration in PH patients, image quality can be 
signifi cantly degraded. Cardiac volumetric parameters vary 
with age, gender and body surface area. Hence there is also a 
need to adjust these measurements accordingly as they may 
be critical to recognize the clinical abnormalities in individ-
ual patient [ 67 – 69 ].   

    Conclusion 

 Since 1929 when Dr. Werner Frossman performed the 
fi rst human cardiac catheterization, various tools have 
evolved that provide important insights about the pulmo-
nary circulation in both clinical management and clinical 
research. For research we want testing that offers reliable, 
time sensitive information that provides clear reproduc-
ible end points in clinical trials. In contrast, tools for clini-
cal practice need to readily provide information 
longitudinally to defi ne a patients’ progression of a dis-
ease state and / or response to therapy. Currently no single 
tool can provide comprehensive information regarding 
screening, diagnosis, disease progression, or prognosis in 
patients with pulmonary vascular disease. While RHC 
remains the gold standard for making the diagnosis and 
classifi cation of pulmonary vascular diseases, there 
remains a signifi cant gap when it comes to evaluation and 
quantifi cation of symptoms, providing information about 
prognosis of the disease, and directing therapy. Commonly 
used methods such as echocardiography (screening and 
follow up) and 6MWT (for follow up) provide limited 
insight, while the use of techniques like sCPET, CPET 
and cMRI, have increased our understanding of the com-
plex impact of pulmonary vascular diseases. 

 Because exercise intolerance is the predominant com-
plaint in PAH and is clearly multifactorial, measuring and 
following changes in exercise capacity would provide 
important insight into disease progression and response to 
therapy. It is also clear that an important determinant of 
outcome is right ventricular function. With continued 
improvements in exercise testing and imaging techniques, 
development of an approach that combines both will 
result in improved understanding of the disease and pro-
vide a more reliable approach to assessment in practice 
and research.     
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      Biomarkers and Other Methods 
for Assessing Patient Progress       

     Nadine     Al-Naamani       and     Ioana     R.     Preston     

         Pulmonary arterial hypertension (PAH) is associated with 
signifi cant morbidity and mortality. Patients with PAH have 
non-specifi c symptoms and are often diagnosed late in the 
course of the disease. Patients with certain conditions, such 
as scleroderma or HIV infection, are at risk for PAH devel-
opment. Early identifi cation and risk stratifi cation are neces-
sary in disease diagnosis, evaluation of prognosis, selection 
of the appropriate initial treatment, and guidance of further 
treatment decisions. These important considerations empha-
size the need for identifying biomarkers for PAH. In 1998, 
the National Institute of Health defi ned a biomarker as “a 
characteristic that is objectively measured and evaluated as 
an indicator of normal biological processes, pathogenic pro-
cesses, or pharmacologic responses to a therapeutic interven-
tion.” [ 1 ] In other words, biomarkers refl ect disease-associated 
molecular changes in body tissue and fl uids [ 2 ]. Biomarkers 
may or may not correlate with a patient’s experience and 
sense of well-being [ 3 ]. A useful biomarker should be reli-
able, reproducible, inexpensive and relatively easy to mea-
sure and interpret by clinicians. Clinical parameters have 
been traditionally used to assess a patient’s progress and 
clinical course in PAH, although in recent years, several 
serologic markers have been investigated in PAH. However, 
current clinical guidelines recommend brain natriuretic pep-
tide (BNP) or its precursor N-terminal fragment of pro-BNP 
(NT-pro-BNP) as the only serologic biomarkers for longitu-
dinal follow-up of PAH patients [ 4 ]. Major impediments in 
the development of useful biomarkers in PAH include small 
sample sizes in which potential biomarkers are tested and 
lack of validation of associations between biomarkers and 
patient’s health status or response to treatment. 

 In this chapter, we review current and potential biomark-
ers in PAH, emphasizing their role in the pathophysiologic 

process, as well as their clinical utility and limitations 
(Table  14.1 ). Lastly, we briefl y discuss other tools that are 
currently used in clinical context to assess patient progress.

   Biomarkers in PAH can be divided into fi ve major catego-
ries: biomarkers of endothelial dysfunction, biomarkers of 
infl ammation and oxidative stress, biomarkers of right ven-
tricular (RV) failure, biomarkers of pulmonary arterial 
remodeling, and other biomarkers. 

    Biomarkers of Endothelial Dysfunction 

 Endothelial dysfunction and eicosanoid imbalance play an 
integral role in the pathogenesis of PAH. Several markers of 
endothelial dysfunction have hence been studied as potential 
biomarkers in PAH. 

 Endothelins are a family of naturally occurring peptides 
that include endothelin-1 (ET-1), endothelin-2 (ET-2) and 
endothelin-3 (ET-3). ET-1 is abundant in the human lung 
and is the most potent vasoconstrictor, mainly released 
from the vascular endothelium [ 5 ]. ET-1 has been impli-
cated in the pathogenesis of PAH [ 6 ,  7 ]. Elevated plasma 
ET-1 levels have been detected in patients with PAH [ 7 –
 10 ] and in one study ET-1 levels correlated with the right 
atrial pressure and pulmonary artery oxygen saturation [ 7 ], 
both markers of prognosis. ET-1 levels have also been 
shown to be inversely correlated with survival of PAH 
patients on conventional therapy [ 11 ]. Another small study 
of 16 PAH patients showed that the levels of ET-1 and its 
precursor big ET-1 were strongly correlated with pulmo-
nary vascular resistance (PVR), mean pulmonary artery 
pressure (mPAP), cardiac output (CO), cardiac index (CI) 
and 6-min walk distance (6MWD) [ 12 ]. In a study of 33 
treatment-naïve PAH patients, the ET-1/ET-3 ratio has 
been shown to be positively correlated with the right atrial 
pressure and the New York Heart Association functional 
class (NYHA FC), and negatively correlated with mixed 
venous oxygen saturation, and associated with survival 
[ 13 ]. More recently, a study of 28 PAH patients evaluated 
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COOH-terminal pro-endothelin-1 (CT-pro-ET-1), which is 
derived from the ET-1 propeptide in equal amounts as 
ET-1, as a potential biomarker [ 14 ]. The study found that 
CT-pro-ET-1 plasma levels at baseline were associated 
with the clinical severity of the disease and 12-months’ 
hospitalizations due to PAH-worsening, heart/lung trans-
plantation, or all-cause mortality. Despite these associa-
tions, endothelins have not been adopted as a valid 
biomarker in PAH for several reasons. First, ET-1 levels 
have been shown to be elevated in African ethnicity, old 
age and male sex and levels are reduced in individuals 
treated with angiotensin converting enzyme inhibitors, 
statins, vasodilators, or β-blockers [ 15 ]. Second, there are 
no studies evaluating the utility of endothelins as a screen-

ing tool for PAH. Third, in patients treated with endothe-
lin-receptor antagonists, it is diffi cult to interpret changes 
in endothelin levels over time as attributable to treatment 
effect or underlying disease. Finally, endothelins have not 
been validated in large prospective cohorts. 

 Plasma von Willebrand factor (vWF) is a large glyco-
protein that is produced in endothelial cells and megakary-
ocytes. vWF plays an important role in clot formation by 
stabilizing and activating factor VIII and by binding to IIb/
IIIa receptors, recruiting and activating platelets. Elevated 
levels of vWF have been associated with worse outcomes 
in healthy individuals, as well as patients with congestive 
heart failure, coronary artery disease and acute respiratory 
distress syndrome [ 16 – 18 ]. Patients with IPAH have, on 
average, higher levels of vWF as compared to patients with 
PAH from other etiologies, such as congenital heart disease 
patients [ 19 ,  20 ]. Higher vWF levels have been associated 
with worse survival in patients with idiopathic, familial, 
anorexigen use associated- and congenital heart associated-
PAH [ 21 ,  22 ]. A small study of 10 PAH patients showed 
that vWF proteolysis paralleled hemodynamic improve-
ments after initiation of prostacyclin therapy [ 23 ]. vWF 
levels were also shown to be predictive of future develop-
ment of elevated pulmonary artery pressures in patients 
with limited scleroderma, a condition recognized as a risk 
factor for PAH development; however, vWF levels 
decreased over the 3 year follow-up period of the study 
[ 24 ], limiting this marker only as a research tool at this 
time. 

 Angiopoietin -1 (Ang-1) and its antagonist angiopoei-
tin-2 (Ang-2) are angiogenic factors that bind to the tyro-
sine kinase with immunoglobulin-like and EGF-like 
domains 1 (Tie) family of receptors and are responsible for 
vascular development, remodeling and maturation [ 25 ]. 
Imbalances in the angiopoetin-Tie2 receptor system have 
been implicated in the pathogenesis of IPAH [ 26 ,  27 ]. 
Plasma levels of Ang-1, Ang-2, soluble Tie2 and vascular 
endothelial growth factor (VEGF) were elevated in patients 
with IPAH as compared to healthy controls [ 28 ]. Ang-2 
but not the other angiogenic markers correlated with CI, 
PVR, and mixed venous oxygen saturation and changes in 
Ang-2 after initiation of therapy correlated with mean 
right atrial pressure, PVR and mixed venous oxygen satu-
ration [ 28 ]. Ang-2 was also an independent predictor of 
mortality in IPAH [ 28 ]. 

 Circulating endothelial cells (CECs) are thought to shed 
in response to endothelial injury. One study found that the 
CECs count was increased in the serum of patients with 
IPAH and PAH associated with other etiologies as compared 
to healthy controls [ 29 ,  30 ]. The CECs count also correlated 
with hemodynamic parameters in these patients. The number 
of CECs decreased in response to initiation of PAH-specifi c 
therapy in children with PAH [ 31 ].  

   Table 14.1    Biomarkers in PAH   

 Biomarker  Study endpoints 

 Endothelins 

   Endothelin-1  Hemodynamic measurements, 
survival 

   Big ET-1  Hemodynamic measurements, 
6MWD 

   ET-1/ET-3  Hemodynamic measurements, 
NYHA FC, survival 

   CT-pro-ET-1  Clinical severity, hospitalizations, 
survival 

 vWF  Hemodynamic measurements, 
survival 

 Angiopoietin  Hemodynamic measurements, 
survival 

 Circulating endothelial cells  Hemodynamic measurements, 
treatment-response 

 Interleukins  Survival 

 Osteopontin  Hemodynamic measurements, 
6MWD, NYHA FC, survival 

 Pentraxin-3  Screening 

 Adiponectin  N/A 

 Uric acid  Hemodynamic measurements 

 Isoprostanes  Survival 

 BNP/NT-pro-BNP  Hemodynamic measurements, 
NYHA FC, 6MWD, 
treatment-response 

 Troponin  Hemodynamic measurements, 
survival 

 Renin-angiotensin-
Aldosterone system 

 Hemodynamic measurements, 
disease progression 

 Pim-1  Screening, survival 

 Markers of renal 
dysfunction 

 Survival 

 Serum sodium  Survival 

 Hemoglobin A1c  Survival 

   ET  endothelin,  6MWD  six-minute walk distance,  NYHA FC  New York 
Heart Association functional class,  CT-pro-ET-1  COOH-terminal pro-
endothelin- 1,  BNP  brain natriuretic peptide,  NT-pro-BNP  N-terminal 
fragment of pro-BNP,  Pim-1  provirus integration site for Moloney 
murine leukemia virus  
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    Biomarkers of Infl ammation and Oxidative 
Stress 

 There is an increasing amount of evidence that implicates 
infl ammation in the pathogenesis of PAH. There is a wide 
array of infl ammatory cytokines that are elevated in patients 
with PAH, including interleukin-1 beta (IL-1 beta), IL-2, 
IL-4, IL-6, IL-8, IL-10, IL-12p70 and tumor necrosis factor- 
alpha [ 32 ,  33 ]. IL-6, IL-8, IL-10 and IL-12p70 levels were 
also shown to predict survival in patients with PAH [ 33 ]. 
Another study demonstrated similar fi ndings with addition 
of elevated levels of vascular endothelial growth factor 
(VGEF), platelet-derived growth factor (PDGF), transform-
ing growth factor-beta (TGF-beta) and IL-6 [ 34 ]. IL-6 was 
again shown to predict mortality. C-reactive protein (CRP), 
another infl ammatory marker, was found to be elevated in 
patients with PAH and chronic thromboembolic pulmonary 
hypertension (CTEPH) when compared with healthy con-
trols, it correlated with survival in patients with PAH and its 
normalization in response to treatment conferred a survival 
advantage [ 35 ]. In addition, in CTEPH patients, CRP levels 
decreased after pulmonary endartrectomy [ 35 ], suggesting a 
possible role as a biomarker for assessing the severity and 
response to therapy in PAH. 

 Osteopontin (OPN), a multicellular protein, is another 
cytokine involved in recruitment and retention of macro-
phages and T cells to sites of infl ammation and has also been 
implicated in the pathogenesis of PAH [ 36 – 38 ]. Plasma OPN 
levels have been shown to be elevated in patients with idio-
pathic PAH as compared to healthy controls [ 39 ]. OPN levels 
correlated with hemodynamic parameters such as the right 
atrial pressure as well as functional parameters, including the 
6MWD and NYHA FC. Moreover, baseline OPN levels were 
predictive of survival in patients with IPAH [ 39 ]. 

 Human pentraxin 3 (PTX3) is one of the large proteins in 
the family of pentraxins, which is synthesized by dendritic 
cells of myelomonocytic origin in response to proinfl amma-
tory signals and Toll-like receptor engagement [ 40 ]. PTX3, a 
protein related to CRP and synthesized by vascular cells, as 
well as innate immunity cells, regulates cell proliferation, 
angiogenesis, infl ammation, and matrix deposition [ 41 ]. In a 
large study of individuals free of atherosclerotic disease, 
PTX3 levels correlated with greater RV mass and larger RV 
end-diastolic volume, independent of common cardiovascu-
lar risk factors and left ventricular morphologic changes 
[ 42 ]. PTX3 has been recently investigated in PAH patients. 
In a case-control study, plasma PTX3 levels were signifi -
cantly higher in PAH patients as compared to healthy age 
and sex-matched controls [ 43 ]. PTX3 was also shown to per-
form better than BNP or CRP in patients with PAH associ-
ated with connective tissue disease [ 43 ]. 

 Adiponectin, a protein released from adipose cells, plays 
a role in insulin sensitivity as well as infl uences vascular 

infl ammation, vascular dilation and vascular smooth muscle 
cell proliferation, all features of PAH pathophysiology [ 44 –
 47 ]. In a case-control study, adiponectin levels in PAH 
patients were elevated compared to controls when matched 
for age, sex and body mass index [ 48 ]. 

 Serum uric acid is a fi nal product of adenine nucleotide 
degradation in response to tissue ischemia and hypoxia and 
has been shown to be elevated in several hypoxic conditions 
including chronic heart failure and chronic obstructive pul-
monary disease [ 49 ,  50 ]. Serum uric acid levels were found 
to be elevated in PAH patients when compared to controls 
and the elevated uric acid levels were associated with a worse 
hemodynamic profi le as well as increased risk of mortality 
[ 51 ,  52 ]. Similarly, elevated uric acid levels were correlated 
with pulmonary artery systolic pressure in patients with pul-
monary hypertension (PH) associated with sickle cell dis-
ease [ 53 ]. 

 15-F 2t -isoprostane derives from arachidonic acid metabo-
lism and is a stable product of lipid peroxidation that has 
been linked with oxidative stress and has been shown to be 
elevated in both chronic left heart failure and interstitial lung 
disease. Urinary concentrations and more recently plasma 
concentrations of 15-F 2t -isoprostane were elevated and cor-
related with poor outcomes in PAH patients [ 54 ,  55 ]. 

 Despite the various associations between infl ammatory 
markers and PAH, none of these biomarkers have been 
adapted in clinical practice mainly due to lack of validation 
of their usefulness in diagnosis and prognosis. Most of these 
associations were derived from observational studies. Serial 
measurements and longitudinal follow-up are necessary 
before these investigational biomarkers can be incorporated 
into clinical practice.  

    Biomarkers of Right Ventricular Failure 

 Right ventricular adaptation is a major prognostic factor in 
PAH and a determinant of mortality. As a consequence, sur-
rogate markers of RV function were investigated for their 
potential role as predictors of outcome in PAH. Atrial natri-
uretic peptide (ANP) and BNP are peptide hormones that are 
produced from cardiomyocytes in response to volume or 
pressure overload (Fig.  14.1 ) [ 56 ,  57 ]. ANP secretion is 
mainly driven by atrial stretch rather than ventricular stretch. 
On the other hand, BNP is more sensitive to ventricular over-
load. Natriuretic peptides have been long studied in several 
forms of heart failure, including RV failure. In addition to its 
role in assessing left ventricular failure, BNP has been shown 
to be useful in assessing RV dysfunction. Earlier studies 
have shown that BNP levels were helpful in differentiating 
between cardiac and pulmonary causes of dyspnea with ele-
vated levels in patients with chronic obstructive pulmonary 
disease (COPD) and evidence of cor pulmonale as compared 
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to those with COPD alone [ 58 ,  59 ]. Since then, BNP and 
NT-pro-BNP have emerged as mainstream biomarkers of RV 
dysfunction in several forms of PH and in acute pulmonary 
embolism [ 60 – 65 ]. The fi rst study to demonstrate the prog-
nostic signifi cance of BNP levels examined 60 PAH patients 
at the time of diagnostic right heart catheterization and on 
follow-up after treatment with prostacyclin [ 66 ]. Patients 
with a baseline BNP level ≥150 pg/ml or ≥180 pg/ml at fol-
low- up after treatment had signifi cantly worse survival. BNP 
levels have also been shown to be related to hemodynamic 
parameters [ 63 – 68 ] and functional impairment [ 67 ]. NT-pro- 
BNP, a byproduct of BNP synthesis, has advantages over 
BNP, as it is a more stable peptide with a more accurate assay 
[ 69 ]. NT-pro-BNP levels correlated with hemodynamic 
parameters [ 70 ,  71 ] as well as survival in PAH [ 72 – 74 ]. 
Nevertheless, both BNP and NT-pro-BNP are affected by 
several factors, including renal function, weight, age and 
gender [ 75 – 78 ], which leads to diffi culty in determining a 
single cutoff value. Improvements in NT-pro-BNP have also 
been shown to correlate with treatment effect in PAH [ 79 , 
 80 ]. The signifi cance of serial measurements of NT-pro-BNP 
has been studied retrospectively in patients with idiopathic 

PAH [ 72 ]. A greater than 15 % decrease per year in NT-pro- 
BNP level was associated with improved survival. Currently, 
BNP or its precursor NT-pro-BNP are the only serologic 
markers recommended to follow and to attempt to normalize 
in PAH [ 4 ].

   Cardiac troponin T is a biomarker of myocardial damage, 
which has been used as an indicator of RV dysfunction in 
patients with PAH and has been shown to correlate with 
 survival in patients with PAH and CTEPH [ 81 ]. Levels of 
troponin T correlated with higher heart rates, lower mixed 
venous oxygen saturation and higher serum NT-pro-BNP. In 
this study of 56 patients with PAH or CTEPH, normalization 
of troponin T levels with treatment was associated with 
improved survival [ 81 ]. In the study from the National PH 
Registry in Ireland that included 108 PAH patients, BNP and 
highly sensitive troponin were independent predictors of 
poor outcome (hazard ratio 6.68 and 5.48, respectively) how-
ever a declining 6MWD was found to be a stronger predictor 
than both (hazard ratio of 12.8) [ 82 ]. The main drawback to 
troponin T is that it is not specifi c to PAH and can be elevated 
in patients with left ventricular dysfunction, acute coronary 
syndrome and patients with acute pulmonary embolism [ 83 ].  

  Fig. 14.1    Simplifi ed schematic of the natriuretic peptide system. 
Natriuretic peptide precursors are released in response to atrial and ven-
tricular stretch, cleaved into active molecules and inactive precursors 
and convert guanosine 5’-triphosphate ( GTP ) to cyclic guanosine mono-
phosphate ( cGMP ), leading to their various physiological actions.  ANP  
atrial natriuretic peptide,  NT-proANP  N-terminal pro-ANP,  NT-proBNP  

N-terminal ProBNP,  NPR-A  natriuretic peptide receptor A,  RAS  rennin-
angiotensin system. This material has not been reviewed by European 
Respiratory Society prior to release; therefore the European Respiratory 
Society may not be responsible for any errors, omissions or inaccuracies, 
or for any consequences arising there from, in the content (Reproduced 
with permission of the European Respiratory Society: Willis et al. [ 122 ])       
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    Biomarkers of Pulmonary Arterial 
Remodeling 

 Recently, activation of the renin-angiotensin-aldosterone 
system (RAAS) has been reported to be a contributor to car-
diopulmonary remodeling in PAH similar to systemic car-
diovascular diseases [ 84 – 89 ]. In experimental models of 
PAH, increased plasma and lung tissue levels of angiotensin 
and aldosterone have been detected and found to correlate 
with cardiopulmonary hemodynamics and pulmonary vascu-
lar remodeling [ 85 ,  86 ]. Moreover, in a cohort of 58 patients 
with idiopathic PAH, serum renin and angiotensin I levels 
were increased above the upper limit of normal in the major-
ity of patients, whereas angiotensin II levels were elevated 
only in a smaller cohort [ 84 ]. With follow-up, persistently 
elevated levels of renin-angiotensin activity were associated 
with PAH disease progression assessed as a greater than 
10 % decrease in the 6MWD and an increased risk of lung 
transplantation or death [ 84 ]. 

 The terminal component of the RAAS, the mineralocorti-
coid receptor (MR), is directly activated by aldosterone. In a 
pilot study of patients with unexplained dyspnea, the plasma 
aldosterone level was increased in patients with PAH, com-
pared with control subjects. Furthermore, aldosterone levels 
correlated positively with PVR and inversely with CO in a 
subset of patients with PAH who had severe disease [ 90 ]. We 
and others have shown that MR plays a direct role in the 
remodeling process of the pulmonary vasculature in experi-
mental pulmonary hypertension and that MR inhibition by 
MR antagonists attenuates pulmonary hypertension in sev-
eral experimental models [ 91 ,  92 ]. 

 Collectively, these reports implicate RAAS and MR acti-
vation in PAH and suggest that renin, angiotensin and aldo-
sterone levels have the potential to become biomarkers of 
disease severity. 

 The pathophysiology of PAH involves pulmonary artery 
smooth muscle cell (PASMC) proliferation and resistance to 
apoptosis. A tissue-specifi c activation of provirus integration 
site for Moloney murine leukemia virus (Pim-1), a proto- 
oncogene minimally expressed in healthy cells, was shown 
to contribute to the activation of NFAT/STAT3 signaling 
pathway responsible for the sustainability of this phenotype 
[ 93 ]. In a recent study by Renard and colleagues, Pim-1 lev-
els were elevated in patients with IPAH (including a group 
with vasoreactive phenotype), PAH associated with connec-
tive tissue disease, and PAH associated with congenital heart 
disease, versus controls [ 94 ]. Pim-1 levels discriminated 
effectively between the presence vs. absence of PAH and 
remained an independent predictor of mortality after adjust-
ment for hemodynamic and biochemical variables [ 94 ]. 
Serum Pim-1 level has, therefore, emerged as a promising 
biomarker of pulmonary vascular remodeling although these 
fi ndings need to be replicated in larger trials.  

    Other Biomarkers 

 PAH has been associated with metabolic and systemic 
derangements including renal impairment, hyponatremia 
and impaired glucose tolerance. 

 Renal dysfunction has been associated with worse sur-
vival in a variety of clinical conditions including PH. In a 
study of 500 PAH patients, renal dysfunction defi ned by an 
elevated creatinine was associated with a worse hemody-
namic profi le and was an independent predictor of mortality 
[ 95 ]. Another study investigated several markers of renal 
function and their prognostic signifi cance in a cohort of PH 
patients (WHO Groups 1, 3, and 4) and found that creatinine, 
cystatin C and blood urea nitrogen were superior to 
neutrophil- gelatinase-associated lipocalin (NGAL), fi bro-
blast growth factor 23 (FGF-23) and α-Klotho in predicting 
prognosis [ 96 ]. The Registry to Evaluate Early and Long- 
Term PAH Disease Management (REVEAL) which includes 
PAH patients from 54 US centers similarly reported that the 
presence of renal insuffi ciency was associated with increased 
mortality (hazard ratio of 1.9, p <0.01) [ 97 ]. 

 Hyponatermia is a well-established biomarker of advance 
left heart failure and a predictor of poor outcomes [ 98 ,  99 ]. 
Hyponatermia, defi ned by a serum sodium concentration 
≤136 mEq/L, was found to be associated with worse func-
tional and hemodynamic parameters in patients with PAH 
and was associated with poor survival [ 100 ]. These fi ndings 
have been reproduced in subsequent studies showing hypo-
natremia as an independent predictor of mortality in PAH 
[ 101 ,  102 ]. Of note, hyponatermia was also associated with 
poor outcomes (death and hospitalization) in a population of 
patients with PH and heart failure with preserved ejection 
fraction [ 103 ], suggesting that it is a biomarker of advanced 
heart failure. 

 Glycosylated hemoglobin A1c (HbA1c) is a sensitive 
screening test to detect diabetes mellitus and glucose intoler-
ance. In a cohort of PAH patients without diabetes mellitus, 
glucose intolerance (as assessed by HbA1c ≥6.0 %) was 
found in 56 % and unrecognized diabetes mellitus in 15 % of 
the cohort [ 104 ]. In another study of therapy-naïve PAH 
patients, mean HbA1c level was higher than expected for an 
age-matched non-diabetic cohort and HbA1c was a predictor 
of all-cause mortality with a hazard ratio of 2.23 (95 % CI 
1.06–4.70; p = 0.034) per 1-unit increase of HbA1c [ 105 ].  

    Clinical Assessment Tools 

 The assessment of PAH patients and their response to ther-
apy is performed utilizing clinical indices of patient’s func-
tional status and signs of disease progression. Patient’s 
functional status is highly relevant to both patients and phy-
sicians. The New York Heart Association (NYHA) functional 
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class has been used to assess patient’s functional status at 
baseline and on follow-up visits. It is a subjective evaluation 
of the physician’s perception of the patient’s exercise toler-
ance and associates inversely survival in patients with IPAH 
[ 106 – 108 ]. In PAH, maintenance of NYHA FC I/II or 
improvement from NYHA functional class III/IV to I/II has 
also been shown to be associated with a survival advantage 
over patients who remain or advance to NYHA functional 
class III/IV [ 109 ,  110 ]. 

 Measurement of walking distance achieved in six minutes 
(6MWD) is a submaximal exercise test, which is easy to per-
form in clinical practice. The 6MWD has long been used as 
a surrogate marker for patient outcomes in clinical trials of 
PAH. A low 6MWD was predictive of adverse outcomes in 
patients with PAH [ 111 ]. Nevertheless, when assessed as a 
single marker, it has signifi cant limitations. Data from the 
REVEAL registry could not identify an improvement thresh-
old to carry a particular prognostic value [ 112 ]. Moreover, 
improvement in the 6MWD was not associated with survival, 
but worsening of the 6MWD was strongly and signifi cantly 
associated with poor prognosis [ 112 ]. 

 Echocardiography is a useful initial screening tool 
for patients with suspected pulmonary hypertension. 
Measurement of the tricuspid annular plane systolic excur-
sion (TAPSE), an echocardiographically derived measure of 
RV function, has been shown to have prognostic signifi cance 
in patients with pulmonary hypertension [ 113 ]. A TAPSE of 
<1.8 cm was associated with greater RV systolic dysfunc-
tion, right heart remodeling, and worse survival as compared 
to TAPSE ≥1.8 cm. The RV Tei-index is another 
echocardiographic- derived measure that strongly correlated 
with 6MWD, BNP, cardiac index, mPAP and PVR in patients 
with IPAH and PAH associated with connective tissue dis-
ease [ 114 ,  115 ]. The major limitations of echocardiographic 
parameters are that they are dependent on the technician’s 
skills and that there are technical diffi culties in measuring 
the RV chambers with adequate reproducibility. Current PH 
treatment guidelines recommend achieving normal or near- 
normal RV size with adequate PH therapy [ 4 ]. 

 Cardiac magnetic resonance (CMR) is the gold standard 
for the evaluation of right heart structure and volume; how-
ever, it’s value in serial follow-up of patients with pulmonary 
hypertension is not well established [ 116 ,  117 ]. 

 Time to clinical worsening (TTCW) is a newly investi-
gated endpoint in clinical trials of PAH. A recent study from 
the REVEAL Registry defi ned TTCW as a 15 % reduction 
from baseline in the 6MWD plus worsening functional class, 
except for patients already in functional class IV, all-cause 
hospitalization, or the need for parenteral prostacyclin ana-
log therapy [ 118 ]. In this cohort, PAH patients who experi-
enced clinical worsening were at an increased risk of death in 
the subsequent 1-year as compared to those who did not 
experience any worsening. This study supports the use of a 

composite endpoint to assess clinical worsening and to 
inform therapeutic decisions. 

 Composite risk scores have been developed also as a 
method to predict survival in patients with PAH. The 
REVEAL Registry, the largest, US-based PAH registry 
including approximately 3500 patients, derived a risk score 
to predict 1- and 5-year survival in patients with PAH [ 97 , 
 119 ]. Variables that were independently associated with 
increased mortality were male gender, age >60 years, heredi-
tary PAH, PAH associated with portal hypertension, PAH 
associated with connective tissue disease, family history of 
PAH, New York Heart Association (NYHA) functional class 
III or IV, renal insuffi ciency, resting systolic blood pressure 
<110 mmHg, heart rate >92 beats/min, mean RAP 
>20 mmHg, 6MWD < 165 m, BNP > 180 pg/ml, PVR > 32 
Woods units, diffusion capacity for carbon monoxide 
(DLCO) ≤32 % predicted, and presence of pericardial effu-
sion on echocardiogram. The REVEAL risk score has been 
validated in both newly and previously diagnosed PAH 
patients [ 119 ,  120 ]. A similar composite risk score was 
derived from the French Registry [ 121 ]. Despite their useful-
ness as a tool for clinicians in determining patient prognosis, 
these scores have not been yet evaluated in assessing response 
to treatment.  

    Conclusions 

 Several potential biomarkers in PAH have been identifi ed 
over the last decade; however the studies have been 
fraught with methodological and design issues. Studies 
have been limited by sample size, retrospective nature, 
lack of homogeneity of populations as well as selection 
bias. Validation of these biomarkers is needed in large 
prospective cohorts of patients with a wide spectrum of 
PH disease. Current guidelines recommend assessing 
PAH severity and response to treatment using a composite 
of clinical, echocardiographic, hemodynamic, and sero-
logic (BNP, NT-pro-BNP) parameters.     

   References 

    1.    Biomarkers Defi nitions Working G. Biomarkers and surrogate 
endpoints: preferred defi nitions and conceptual framework. Clin 
Pharmacol Ther. 2001;69(3):89–95.  

    2.    Poste G. Bring on the biomarkers. Nature. 
2011;469(7329):156–7.  

    3.    Strimbu K, Tavel JA. What are biomarkers? Curr Opin HIV AIDS. 
2010;5(6):463–6.  

      4.    McLaughlin VV, Gaine SP, Howard LS, Leuchte HH, Mathier 
MA, Mehta S, et al. Treatment goals of pulmonary hypertension. 
J Am Coll Cardiol. 2013;62(25 Suppl):D73–81.  

    5.    Shao D, Park JE, Wort SJ. The role of endothelin-1 in the patho-
genesis of pulmonary arterial hypertension. Pharmacol Res: Off J 
Ital Pharmacol Soc. 2011;63(6):504–11.  

    6.    Giaid A, Yanagisawa M, Langleben D, Michel RP, Levy R, 
Shennib H, et al. Expression of endothelin-1 in the lungs of 

N. Al-Naamani and I.R. Preston



237

patients with pulmonary hypertension. N Engl J Med. 
1993;328(24):1732–9.  

      7.    Nootens M, Kaufmann E, Rector T, Toher C, Judd D, Francis GS, 
et al. Neurohormonal activation in patients with right ventricular 
failure from pulmonary hypertension: relation to hemodynamic 
variables and endothelin levels. J Am Coll Cardiol. 
1995;26(7):1581–5.  

   8.    Cacoub P, Dorent R, Maistre G, Nataf P, Carayon A, Piette C, 
et al. Endothelin-1 in primary pulmonary hypertension and the 
Eisenmenger syndrome. Am J Cardiol. 1993;71(5):448–50.  

   9.    Cacoub P, Dorent R, Nataf P, Carayon A, Riquet M, Noe E, et al. 
Endothelin-1 in the lungs of patients with pulmonary hyperten-
sion. Cardiovasc Res. 1997;33(1):196–200.  

    10.    Stewart DJ, Levy RD, Cernacek P, Langleben D. Increased plasma 
endothelin-1 in pulmonary hypertension: marker or mediator of 
disease? Ann Intern Med. 1991;114(6):464–9.  

    11.    Galie N, Grigioni F, Bacchi-Reggiani L, Ussia G, Parlangeli R, 
Catanzariti P. Relation of endothelin-1 to survival in patients with 
primary pulmonary hypertension. Eur J Clin Invest. 1996;26 
Suppl 1:273.  

    12.    Rubens C, Ewert R, Halank M, Wensel R, Orzechowski HD, 
Schultheiss HP, et al. Big endothelin-1 and endothelin-1 plasma 
levels are correlated with the severity of primary pulmonary 
hypertension. Chest. 2001;120(5):1562–9.  

    13.    Montani D, Souza R, Binkert C, Fischli W, Simonneau G, Clozel 
M, et al. Endothelin-1/endothelin-3 ratio: a potential prognostic fac-
tor of pulmonary arterial hypertension. Chest. 2007;131(1):101–8.  

    14.    Silva Marques J, Martins SR, Calisto C, Goncalves S, Almeida 
AG, de Sousa JC, et al. An exploratory panel of biomarkers for 
risk prediction in pulmonary hypertension: emerging role of 
CT-proET-1. J Heart Lung Transpl: Off Publ Int Soc Heart Transpl. 
2013;32(12):1214–21.  

    15.    Shah R. Endothelins in health and disease. Eur J Intern Med. 
2007;18(4):272–82.  

    16.    Chin BS, Conway DS, Chung NA, Blann AD, Gibbs CR, Lip 
GY. Interleukin-6, tissue factor and von Willebrand factor in acute 
decompensated heart failure: relationship to treatment and prog-
nosis. Blood Coagulation Fibrinolysis: Int J Haemostasis 
Thrombosis. 2003;14(6):515–21.  

   17.    Folsom AR, Wu KK, Rosamond WD, Sharrett AR, Chambless 
LE. Prospective study of hemostatic factors and incidence of coro-
nary heart disease: the Atherosclerosis Risk in Communities 
(ARIC) Study. Circulation. 1997;96(4):1102–8.  

    18.    Ware LB, Eisner MD, Thompson BT, Parsons PE, Matthay 
MA. Signifi cance of von Willebrand factor in septic and nonseptic 
patients with acute lung injury. Am J Respir Crit Care Med. 
2004;170(7):766–72.  

    19.    Lopes AA, Maeda NY, Bydlowski SP. Abnormalities in circulat-
ing von Willebrand factor and survival in pulmonary hyperten-
sion. Am J Med. 1998;105(1):21–6.  

    20.    Lopes AA, Maeda NY, Goncalves RC, Bydlowski SP. Endothelial 
cell dysfunction correlates differentially with survival in primary 
and secondary pulmonary hypertension. Am Heart J. 
2000;139(4):618–23.  

    21.    Kawut SM, Horn EM, Berekashvili KK, Widlitz AC, Rosenzweig 
EB, Barst RJ. von Willebrand factor independently predicts long- 
term survival in patients with pulmonary arterial hypertension. 
Chest. 2005;128(4):2355–62.  

    22.    Lopes AA, Barreto AC, Maeda NY, Cicero C, Soares RP, 
Bydlowski SP, et al. Plasma von Willebrand factor as a predictor 
of survival in pulmonary arterial hypertension associated with 
congenital heart disease. Brazilian J Med Biol Res = Revista 
brasileira de pesquisas medicas e biologicas/Sociedade Brasileira 
de Biofi sica [et al]. 2011;44(12):1269–75.  

    23.    Veyradier A, Nishikubo T, Humbert M, Wolf M, Sitbon O, 
Simonneau G, et al. Improvement of von Willebrand factor prote-

olysis after prostacyclin infusion in severe pulmonary arterial 
hypertension. Circulation. 2000;102(20):2460–2.  

    24.    Barnes T, Gliddon A, Dore CJ, Maddison P, Moots RJ, Group 
QUTS. Baseline vWF factor predicts the development of elevated 
pulmonary artery pressure in systemic sclerosis. Rheumatology. 
2012;51(9):1606–9.  

    25.    Brindle NP, Saharinen P, Alitalo K. Signaling and functions of 
angiopoietin-1 in vascular protection. Circ Res. 
2006;98(8):1014–23.  

    26.    Du L, Sullivan CC, Chu D, Cho AJ, Kido M, Wolf PL, et al. 
Signaling molecules in nonfamilial pulmonary hypertension. N 
Engl J Med. 2003;348(6):500–9.  

    27.    Sullivan CC, Du L, Chu D, Cho AJ, Kido M, Wolf PL, et al. 
Induction of pulmonary hypertension by an angiopoietin 1/TIE2/
serotonin pathway. Proc Natl Acad Sci U S A. 
2003;100(21):12331–6.  

      28.    Kumpers P, Nickel N, Lukasz A, Golpon H, Westerkamp V, 
Olsson KM, et al. Circulating angiopoietins in idiopathic pulmo-
nary arterial hypertension. Eur Heart J. 2010;31(18):2291–300.  

    29.    Bull TM, Golpon H, Hebbel RP, Solovey A, Cool CD, Tuder RM, 
et al. Circulating endothelial cells in pulmonary hypertension. 
Thromb Haemost. 2003;90(4):698–703.  

    30.    Smadja DM, Mauge L, Sanchez O, Silvestre JS, Guerin C, Godier 
A, et al. Distinct patterns of circulating endothelial cells in pulmo-
nary hypertension. Eur Respir J. 2010;36(6):1284–93.  

    31.    Levy M, Bonnet D, Mauge L, Celermajer DS, Gaussem P, Smadja 
DM. Circulating endothelial cells in refractory pulmonary hyper-
tension in children: markers of treatment effi cacy and clinical 
worsening. PLoS One. 2013;8(6), e65114.  

    32.    Humbert M, Monti G, Brenot F, Sitbon O, Portier A, Grangeot- 
Keros L, et al. Increased interleukin-1 and interleukin-6 serum 
concentrations in severe primary pulmonary hypertension. Am J 
Respir Crit Care Med. 1995;151(5):1628–31.  

     33.    Soon E, Holmes AM, Treacy CM, Doughty NJ, Southgate L, 
Machado RD, et al. Elevated levels of infl ammatory cytokines 
predict survival in idiopathic and familial pulmonary arterial 
hypertension. Circulation. 2010;122(9):920–7.  

    34.    Selimovic N, Bergh CH, Andersson B, Sakiniene E, Carlsten H, 
Rundqvist B. Growth factors and interleukin-6 across the lung 
 circulation in pulmonary hypertension. Eur Respir J. 
2009;34(3):662–8.  

     35.    Quarck R, Nawrot T, Meyns B, Delcroix M. C-reactive protein: a 
new predictor of adverse outcome in pulmonary arterial hyperten-
sion. J Am Coll Cardiol. 2009;53(14):1211–8.  

    36.    Burke DL, Frid MG, Kunrath CL, Karoor V, Anwar A, Wagner 
BD, et al. Sustained hypoxia promotes the development of a pul-
monary artery-specifi c chronic infl ammatory microenvironment. 
Am J Physiol Lung Cell Mol Physiol. 2009;297(2):L238–50.  

   37.    Lund SA, Giachelli CM, Scatena M. The role of osteopontin in infl am-
matory processes. J Cell Commun Signal. 2009;3(3-4):311–22.  

    38.    Lund SA, Wilson CL, Raines EW, Tang J, Giachelli CM, Scatena 
M. Osteopontin mediates macrophage chemotaxis via alpha4 and 
alpha9 integrins and survival via the alpha4 integrin. J Cell 
Biochem. 2013;114(5):1194–202.  

     39.    Lorenzen JM, Nickel N, Kramer R, Golpon H, Westerkamp V, 
Olsson KM, et al. Osteopontin in patients with idiopathic pulmo-
nary hypertension. Chest. 2011;139(5):1010–7.  

    40.    Doni A, Peri G, Chieppa M, Allavena P, Pasqualini F, Vago L, 
et al. Production of the soluble pattern recognition receptor PTX3 
by myeloid, but not plasmacytoid, dendritic cells. Eur J Immunol. 
2003;33(10):2886–93.  

    41.    Mantovani A, Garlanda C, Doni A, Bottazzi B. Pentraxins in 
innate immunity: from C-reactive protein to the long pentraxin 
PTX3. J Clin Immunol. 2008;28(1):1–13.  

    42.    Leary PJ, Jenny NS, Barr RG, Bluemke DA, Harhay MO, 
Heckbert SR, et al. Pentraxin-3 and the right ventricle: the 

14 Biomarkers and Other Methods for Assessing Patient Progress



238

Multi- Ethnic Study of Atherosclerosis-Right Ventricle Study. 
Pulm Circ. 2014;4(2):250–9.  

     43.    Tamura Y, Ono T, Kuwana M, Inoue K, Takei M, Yamamoto T, 
et al. Human pentraxin 3 (PTX3) as a novel biomarker for the 
diagnosis of pulmonary arterial hypertension. PLoS One. 
2012;7(9), e45834.  

    44.    Krenning G, Moonen JR, Harmsen MC. Pleiotropism of adipo-
nectin: infl ammation, neovascularization, and fi brosis. Circ Res. 
2009;104(9):1029–31.  

   45.    Okamoto Y, Kihara S, Funahashi T, Matsuzawa Y, Libby 
P. Adiponectin: a key adipocytokine in metabolic syndrome. Clin 
Sci. 2006;110(3):267–78.  

   46.    Summer R, Fiack CA, Ikeda Y, Sato K, Dwyer D, Ouchi N, et al. 
Adiponectin defi ciency: a model of pulmonary hypertension asso-
ciated with pulmonary vascular disease. Am J Physiol Lung Cell 
Mol Physiol. 2009;297(3):L432–8.  

    47.    Tilg H, Moschen AR. Adipocytokines: mediators linking adipose 
tissue, infl ammation and immunity. Nat Rev Immunol. 
2006;6(10):772–83.  

    48.    Santos M, Reis A, Goncalves F, Ferreira-Pinto MJ, Cabral S, 
Torres S, et al. Adiponectin levels are elevated in patients with 
pulmonary arterial hypertension. Clin Cardiol. 2014;37(1):21–5.  

    49.    Braghiroli A, Sacco C, Erbetta M, Ruga V, Donner CF. Overnight 
urinary uric acid: creatinine ratio for detection of sleep hypox-
emia. Validation study in chronic obstructive pulmonary disease 
and obstructive sleep apnea before and after treatment with nasal 
continuous positive airway pressure. Am Rev Respir Dis. 
1993;148(1):173–8.  

    50.    Leyva F, Anker S, Swan JW, Godsland IF, Wingrove CS, Chua TP, 
et al. Serum uric acid as an index of impaired oxidative metabo-
lism in chronic heart failure. Eur Heart J. 1997;18(5):858–65.  

    51.    Nagaya N, Uematsu M, Satoh T, Kyotani S, Sakamaki F, Nakanishi 
N, et al. Serum uric acid levels correlate with the severity and the 
mortality of primary pulmonary hypertension. Am J Respir Crit 
Care Med. 1999;160(2):487–92.  

    52.    Bendayan D, Shitrit D, Ygla M, Huerta M, Fink G, Kramer 
MR. Hyperuricemia as a prognostic factor in pulmonary arterial 
hypertension. Respir Med. 2003;97(2):130–3.  

    53.    Joshi K, Anjum F, Gowda S, Damania D, Graham-Hill S, Gillette 
P, et al. Uric Acid as a potential biomarker of pulmonary arterial 
hypertension in patients with sickle cell disease. Indian J Hematol 
Blood Transfusion: Off J Indian Soc Hematol Blood Trans. 
2011;27(2):96–100.  

    54.    Cracowski JL, Degano B, Chabot F, Labarere J, Schwedhelm E, 
Monneret D, et al. Independent association of urinary 
F2-isoprostanes with survival in pulmonary arterial hypertension. 
Chest. 2012;142(4):869–76.  

    55.    Zhang R, Sun ML, Fan YF, Jiang X, Zhao QH, He J, et al. Plasma 
15-F2t-isoprostane in idiopathic pulmonary arterial hypertension. 
Int J Cardiol. 2014;175(2):268–73.  

    56.    Yap LB, Mukerjee D, Timms PM, Ashrafi an H, Coghlan 
JG. Natriuretic peptides, respiratory disease, and the right heart. 
Chest. 2004;126(4):1330–6.  

    57.    Foris V, Kovacs G, Tscherner M, Olschewski A, Olschewski 
H. Biomarkers in pulmonary hypertension: what do we know? 
Chest. 2013;144(1):274–83.  

    58.    Bando M, Ishii Y, Sugiyama Y, Kitamura S. Elevated plasma brain 
natriuretic peptide levels in chronic respiratory failure with cor 
pulmonale. Respir Med. 1999;93(7):507–14.  

    59.    Morrison LK, Harrison A, Krishnaswamy P, Kazanegra R, 
Clopton P, Maisel A. Utility of a rapid B-natriuretic peptide assay 
in differentiating congestive heart failure from lung disease in 
patients presenting with dyspnea. J Am Coll Cardiol. 
2002;39(2):202–9.  

    60.    Elstein D, Nir A, Klutstein M, Rudensky B, Zimran A. C-reactive 
protein and NT-proBNP as surrogate markers for pulmonary 

hypertension in Gaucher disease. Blood Cells Mol Dis. 
2005;34(3):201–5.  

   61.    Kucher N, Printzen G, Doernhoefer T, Windecker S, Meier B, 
Hess OM. Low pro-brain natriuretic peptide levels predict benign 
clinical outcome in acute pulmonary embolism. Circulation. 
2003;107(12):1576–8.  

   62.    Kucher N, Printzen G, Goldhaber SZ. Prognostic role of brain 
natriuretic peptide in acute pulmonary embolism. Circulation. 
2003;107(20):2545–7.  

    63.    Leuchte HH, Neurohr C, Baumgartner R, Holzapfel M, Giehrl W, 
Vogeser M, et al. Brain natriuretic peptide and exercise capacity in 
lung fi brosis and pulmonary hypertension. Am J Respir Crit Care 
Med. 2004;170(4):360–5.  

   64.    Nagaya N, Nishikimi T, Okano Y, Uematsu M, Satoh T, Kyotani S, 
et al. Plasma brain natriuretic peptide levels increase in proportion 
to the extent of right ventricular dysfunction in pulmonary hyper-
tension. J Am Coll Cardiol. 1998;31(1):202–8.  

    65.    Nagaya N, Sasaki N, Ando M, Ogino H, Sakamaki F, Kyotani S, 
et al. Prostacyclin therapy before pulmonary thromboendarterec-
tomy in patients with chronic thromboembolic pulmonary hyper-
tension. Chest. 2003;123(2):338–43.  

    66.    Nagaya N, Nishikimi T, Uematsu M, Satoh T, Kyotani S, Sakamaki 
F, et al. Plasma brain natriuretic peptide as a prognostic indicator 
in patients with primary pulmonary hypertension. Circulation. 
2000;102(8):865–70.  

    67.    Leuchte HH, Holzapfel M, Baumgartner RA, Ding I, Neurohr C, 
Vogeser M, et al. Clinical signifi cance of brain natriuretic peptide 
in primary pulmonary hypertension. J Am Coll Cardiol. 
2004;43(5):764–70.  

    68.    Leuchte HH, Holzapfel M, Baumgartner RA, Neurohr C, Vogeser 
M, Behr J. Characterization of brain natriuretic peptide in long- 
term follow-up of pulmonary arterial hypertension. Chest. 
2005;128(4):2368–74.  

    69.    Hammerer-Lercher A, Neubauer E, Muller S, Pachinger O, 
Puschendorf B, Mair J. Head-to-head comparison of N-terminal 
pro-brain natriuretic peptide, brain natriuretic peptide and 
N-terminal pro-atrial natriuretic peptide in diagnosing left 
 ventricular dysfunction. Clinica Chimica Acta; Int J Clin Chem. 
2001;310(2):193–7.  

    70.    Andreassen AK, Wergeland R, Simonsen S, Geiran O, Guevara C, 
Ueland T. N-terminal pro-B-type natriuretic peptide as an indica-
tor of disease severity in a heterogeneous group of patients with 
chronic precapillary pulmonary hypertension. Am J Cardiol. 
2006;98(4):525–9.  

    71.    Fijalkowska A, Kurzyna M, Torbicki A, Szewczyk G, Florczyk M, 
Pruszczyk P, et al. Serum N-terminal brain natriuretic peptide as a 
prognostic parameter in patients with pulmonary hypertension. 
Chest. 2006;129(5):1313–21.  

     72.    Mauritz GJ, Rizopoulos D, Groepenhoff H, Tiede H, Felix J, 
Eilers P, et al. Usefulness of serial N-terminal pro-B-type natri-
uretic peptide measurements for determining prognosis in patients 
with pulmonary arterial hypertension. Am J Cardiol. 
2011;108(11):1645–50.  

   73.    Soon E, Doughty NJ, Treacy CM, Ross RM, Toshner M, Upton 
PD, et al. Log-transformation improves the prognostic value of 
serial NT-proBNP levels in apparently stable pulmonary arterial 
hypertension. Pulm Circ. 2011;1(2):244–9.  

    74.    Souza R, Bogossian HB, Humbert M, Jardim C, Rabelo R, Amato 
MB, et al. N-terminal-pro-brain natriuretic peptide as a haemody-
namic marker in idiopathic pulmonary arterial hypertension. Eur 
Respir J. 2005;25(3):509–13.  

    75.    Christenson RH, Azzazy HM, Duh SH, Maynard S, Seliger SL, 
Defi lippi CR. Impact of increased body mass index on accuracy of 
B-type natriuretic peptide (BNP) and N-terminal proBNP for 
diagnosis of decompensated heart failure and prediction of all- 
cause mortality. Clin Chem. 2010;56(4):633–41.  

N. Al-Naamani and I.R. Preston



239

   76.    DeFilippi C, van Kimmenade RR, Pinto YM. Amino-terminal 
pro-B- type natriuretic peptide testing in renal disease. Am J 
Cardiol. 2008;101(3A):82–8.  

   77.    Raymond I, Groenning BA, Hildebrandt PR, Nilsson JC, Baumann 
M, Trawinski J, et al. The infl uence of age, sex and other variables 
on the plasma level of N-terminal pro brain natriuretic peptide in 
a large sample of the general population. Heart. 
2003;89(7):745–51.  

    78.    Vickery S, Price CP, John RI, Abbas NA, Webb MC, Kempson 
ME, et al. B-type natriuretic peptide (BNP) and amino-terminal 
proBNP in patients with CKD: relationship to renal function and 
left ventricular hypertrophy. Am J Kidney Dis: Off J Nat Kidney 
Found. 2005;46(4):610–20.  

    79.    McLaughlin VV, Benza RL, Rubin LJ, Channick RN, Voswinckel 
R, Tapson VF, et al. Addition of inhaled treprostinil to oral therapy 
for pulmonary arterial hypertension: a randomized controlled 
clinical trial. J Am Coll Cardiol. 2010;55(18):1915–22.  

    80.    Galie N, Olschewski H, Oudiz RJ, Torres F, Frost A, Ghofrani 
HA, et al. Ambrisentan for the treatment of pulmonary arterial 
hypertension: results of the ambrisentan in pulmonary arterial 
hypertension, randomized, double-blind, placebo-controlled, mul-
ticenter, effi cacy (ARIES) study 1 and 2. Circulation. 
2008;117(23):3010–9.  

     81.    Torbicki A, Kurzyna M, Kuca P, Fijalkowska A, Sikora J, Florczyk 
M, et al. Detectable serum cardiac troponin T as a marker of poor 
prognosis among patients with chronic precapillary pulmonary 
hypertension. Circulation. 2003;108(7):844–8.  

    82.    Roy AK, McCullagh BN, Segurado R, McGorrian C, Keane E, 
Keaney J, et al. Detection of high-sensitivity troponin in outpa-
tients with stable pulmonary hypertension identifi es a subgroup at 
higher risk of adverse outcomes. J Card Fail. 2014;20(1):31–7.  

    83.    Antman EM. Decision making with cardiac troponin tests. N Engl 
J Med. 2002;346(26):2079–82.  

      84.    de Man FS, Tu L, Handoko ML, Rain S, Ruiter G, Francois C, 
et al. Dysregulated renin-angiotensin-aldosterone system contrib-
utes to pulmonary arterial hypertension. Am J Respir Crit Care 
Med. 2012;186(8):780–9.  

    85.    Li G, Liu Y, Zhu Y, Liu A, Xu Y, Li X, et al. ACE2 activation 
confers endothelial protection and attenuates neointimal lesions in 
prevention of severe pulmonary arterial hypertension in rats. 
Lung. 2013;191(4):327–36.  

    86.    Morrell NW, Atochina EN, Morris KG, Danilov SM, Stenmark 
KR. Angiotensin converting enzyme expression is increased in 
small pulmonary arteries of rats with hypoxia-induced pulmonary 
hypertension. J Clin Invest. 1995;96(4):1823–33.  

   87.    Morrell NW, Upton PD, Higham MA, Yacoub MH, Polak JM, 
Wharton J. Angiotensin II stimulates proliferation of human pul-
monary artery smooth muscle cells via the AT1 receptor. Chest. 
1998;114(1 Suppl):90S–1.  

   88.    Morrell NW, Upton PD, Kotecha S, Huntley A, Yacoub MH, Polak 
JM, et al. Angiotensin II activates MAPK and stimulates growth of 
human pulmonary artery smooth muscle via AT1 receptors. Am J 
Physiol. 1999;277(3 Pt 1):L440–8.  

    89.    Zhang F, Hu Y, Xu Q, Ye S. Different effects of angiotensin II and 
angiotensin-(1-7) on vascular smooth muscle cell proliferation 
and migration. PLoS One. 2010;5(8), e12323.  

    90.    Maron BA, Opotowsky AR, Landzberg MJ, Loscalzo J, Waxman 
AB, Leopold JA. Plasma aldosterone levels are elevated in patients 
with pulmonary arterial hypertension in the absence of left ven-
tricular heart failure: a pilot study. Eur J Heart Fail. 
2013;15(3):277–83.  

    91.    Maron BA, Zhang YY, White K, Chan SY, Handy DE, Mahoney 
CE, et al. Aldosterone inactivates the endothelin-B receptor via a 
cysteinyl thiol redox switch to decrease pulmonary endothelial 
nitric oxide levels and modulate pulmonary arterial hypertension. 
Circulation. 2012;126(8):963–74.  

    92.    Preston IR, Sagliani KD, Warburton RR, Hill NS, Fanburg BL, 
Jaffe IZ. Mineralocorticoid receptor antagonism attenuates exper-
imental pulmonary hypertension. Am J Physiol Lung Cell Mol 
Physiol. 2013;304(10):L678–88.  

    93.    Paulin R, Courboulin A, Meloche J, Mainguy V, Dumas de la 
Roque E, Saksouk N, et al. Signal transducers and activators of 
transcription-3/pim1 axis plays a critical role in the pathogenesis 
of human pulmonary arterial hypertension. Circulation. 
2011;123(11):1205–15.  

     94.    Renard S, Paulin R, Breuils-Bonnet S, Simard S, Pibarot P, Bonnet 
S, et al. Pim-1: a new biomarker in pulmonary arterial hyperten-
sion. Pulm Circ. 2013;3(1):74–81.  

    95.    Shah SJ, Thenappan T, Rich S, Tian L, Archer SL, Gomberg- 
Maitland M. Association of serum creatinine with abnormal 
hemodynamics and mortality in pulmonary arterial hypertension. 
Circulation. 2008;117(19):2475–83.  

    96.    Kaiser R, Seiler S, Held M, Bals R, Wilkens H. Prognostic impact 
of renal function in precapillary pulmonary hypertension. J Intern 
Med. 2014;275(2):116–26.  

     97.    Benza RL, Miller DP, Gomberg-Maitland M, Frantz RP, Foreman 
AJ, Coffey CS, et al. Predicting survival in pulmonary arterial 
hypertension: insights from the Registry to Evaluate Early and 
Long-Term Pulmonary Arterial Hypertension Disease 
Management (REVEAL). Circulation. 2010;122(2):164–72.  

    98.    Bavishi C, Ather S, Bambhroliya A, Jneid H, Virani SS, Bozkurt 
B, et al. Prognostic signifi cance of hyponatremia among ambula-
tory patients with heart failure and preserved and reduced ejection 
fractions. Am J Cardiol. 2014;113(11):1834–8.  

    99.    Hamaguchi S, Kinugawa S, Tsuchihashi-Makaya M, Matsushima 
S, Sakakibara M, Ishimori N, et al. Hyponatremia is an indepen-
dent predictor of adverse clinical outcomes in hospitalized patients 
due to worsening heart failure. J Cardiol. 2014;63(3):182–8.  

    100.    Forfi a PR, Mathai SC, Fisher MR, Housten-Harris T, Hemnes AR, 
Champion HC, et al. Hyponatremia predicts right heart failure and 
poor survival in pulmonary arterial hypertension. Am J Respir Crit 
Care Med. 2008;177(12):1364–9.  

    101.    Campo A, Mathai SC, Le Pavec J, Zaiman AL, Hummers LK, 
Boyce D, et al. Outcomes of hospitalisation for right heart failure 
in pulmonary arterial hypertension. Eur Respir J. 
2011;38(2):359–67.  

    102.    Haddad F, Peterson T, Fuh E, Kudelko KT, de Jesus PV, Skhiri M, 
et al. Characteristics and outcome after hospitalization for acute 
right heart failure in patients with pulmonary arterial hyperten-
sion. Circ Heart Fail. 2011;4(6):692–9.  

    103.    Rabinovitz A, Raiszadeh F, Zolty R. Association of hyponatremia 
and outcomes in pulmonary hypertension. J Card Fail. 
2013;19(8):550–6.  

    104.    Pugh ME, Robbins IM, Rice TW, West J, Newman JH, Hemnes 
AR. Unrecognized glucose intolerance is common in pulmonary 
arterial hypertension. J Heart Lung Transpl: Off Publ Int Soc 
Heart Transpl. 2011;30(8):904–11.  

    105.    Belly MJ, Tiede H, Morty RE, Schulz R, Voswinckel R, Tanislav 
C, et al. HbA1c in pulmonary arterial hypertension: a marker of 
prognostic relevance? J Heart Lung Transpl: Off Publ Int Soc 
Heart Transpl. 2012;31(10):1109–14.  

    106.    D'Alonzo GE, Barst RJ, Ayres SM, Bergofsky EH, Brundage BH, 
Detre KM, et al. Survival in patients with primary pulmonary 
hypertension. Results from a national prospective registry. Ann 
Intern Med. 1991;115(5):343–9.  

   107.    McLaughlin VV, Shillington A, Rich S. Survival in primary pul-
monary hypertension: the impact of epoprostenol therapy. 
Circulation. 2002;106(12):1477–82.  

    108.    Sitbon O, Humbert M, Nunes H, Parent F, Garcia G, Herve P, et al. 
Long-term intravenous epoprostenol infusion in primary pulmo-
nary hypertension: prognostic factors and survival. J Am Coll 
Cardiol. 2002;40(4):780–8.  

14 Biomarkers and Other Methods for Assessing Patient Progress



240

    109.    Barst RJ, Chung L, Zamanian RT, Turner M, McGoon 
MD. Functional class improvement and 3-year survival outcomes 
in patients with pulmonary arterial hypertension in the REVEAL 
Registry. Chest. 2013;144(1):160–8.  

    110.    Hoeper MM, Huscher D, Ghofrani HA, Delcroix M, Distler O, 
Schweiger C, et al. Elderly patients diagnosed with idiopathic pul-
monary arterial hypertension: results from the COMPERA regis-
try. Int J Cardiol. 2013;168(2):871–80.  

    111.    Miyamoto S, Nagaya N, Satoh T, Kyotani S, Sakamaki F, Fujita 
M, et al. Clinical correlates and prognostic signifi cance of six- 
minute walk test in patients with primary pulmonary hyperten-
sion. Comparison with cardiopulmonary exercise testing. Am J 
Respir Crit Care Med. 2000;161(2 Pt 1):487–92.  

     112.   Farber HW, Miller DP, McGoon MD, Frost AE, Benton WW, 
Benza RL. Predicting outcomes in pulmonary arterial hyperten-
sion based on the 6-minute walk distance. J Heart Lung Transpl: 
Off Publ Int Soc Heart Transpl. 2014.  

    113.    Forfi a PR, Fisher MR, Mathai SC, Housten-Harris T, Hemnes AR, 
Borlaug BA, et al. Tricuspid annular displacement predicts sur-
vival in pulmonary hypertension. Am J Respir Crit Care Med. 
2006;174(9):1034–41.  

    114.    Vonk MC, Sander MH, van den Hoogen FH, van Riel PL, Verheugt 
FW, van Dijk AP. Right ventricle Tei-index: a tool to increase the 
accuracy of non-invasive detection of pulmonary arterial hyper-
tension in connective tissue diseases. Eur J Echocardiogr: J Work 
Group Echocardiogr Eur Soc Cardiol. 2007;8(5):317–21.  

    115.    Ogihara Y, Yamada N, Dohi K, Matsuda A, Tsuji A, Ota S, et al. 
Utility of right ventricular Tei-index for assessing disease severity 
and determining response to treatment in patients with pulmonary 
arterial hypertension. J Cardiol. 2014;63(2):149–53.  

    116.    Yamada Y, Okuda S, Kataoka M, Tanimoto A, Tamura Y, Abe T, 
et al. Prognostic value of cardiac magnetic resonance imaging for 
idiopathic pulmonary arterial hypertension before initiating intra-
venous prostacyclin therapy. Circ J: Off J Japan Circ Soc. 
2012;76(7):1737–43.  

    117.    van Wolferen SA, Marcus JT, Boonstra A, Marques KM, 
Bronzwaer JG, Spreeuwenberg MD, et al. Prognostic value of 
right ventricular mass, volume, and function in idiopathic pulmo-
nary arterial hypertension. Eur Heart J. 2007;28(10):1250–7.  

    118.    Frost AE, Badesch DB, Miller DP, Benza RL, Meltzer LA, 
McGoon MD. Evaluation of the predictive value of a clinical 
worsening defi nition using 2-year outcomes in patients with pul-
monary arterial hypertension: a REVEAL Registry analysis. 
Chest. 2013;144(5):1521–9.  

     119.    Benza RL, Gomberg-Maitland M, Miller DP, Frost A, Frantz RP, 
Foreman AJ, et al. The REVEAL Registry risk score calculator in 
patients newly diagnosed with pulmonary arterial hypertension. 
Chest. 2012;141(2):354–62.  

    120.    Kane GC, Maradit-Kremers H, Slusser JP, Scott CG, Frantz RP, 
McGoon MD. Integration of clinical and hemodynamic parame-
ters in the prediction of long-term survival in patients with pulmo-
nary arterial hypertension. Chest. 2011;139(6):1285–93.  

    121.    Humbert M, Sitbon O, Chaouat A, Bertocchi M, Habib G, Gressin 
V, et al. Survival in patients with idiopathic, familial, and 
anorexigen- associated pulmonary arterial hypertension in the 
modern management era. Circulation. 2010;122(2):156–63.  

    122.    Willis VC, et al. Sputum autoantibodies in patients with estab-
lished rheumatoid arthritis and subjects at risk of future clinically 
apparent disease. Eur Respir J. 1997;65(10):2545–54.    

N. Al-Naamani and I.R. Preston



241© Springer International Publishing Switzerland 2016
B.A. Maron et al. (eds.), Pulmonary Hypertension: Basic Science to Clinical Medicine, DOI 10.1007/978-3-319-23594-3_15

      Pulmonary Circulatory – Right 
Ventricular Uncoupling: New Insights 
Into Pulmonary Hypertension 
Pathophysiology       

     David     Boulate      ,     Olaf     Mercier     ,     Julien     Guihaire     ,     Elie     Fadel     , 
    Robert     Naeije     ,     Francois     Haddad     , and     Franz     Rischard    

            Introduction 

 Pulmonary arterial hypertension (PAH) is a syndrome that 
affects both the pulmonary circulation and the right ventri-
cle. Three important observations in patients with precapil-
lary pulmonary hypertension have highlighted the need to 
better understand right ventricular-pulmonary circulation 
(RV-PC) coupling: fi rst, RV function is the main determinant 
of exercise limitation relative to with ventilatory function 
[ 1 ]; second, RV failure is one of the strongest prognosis fac-
tor [ 2 ,  3 ]; third, RV adaptation is signifi cantly variable 
among patients with elevated pulmonary vascular resistances 
(PVR) [ 4 ]. From a conceptual point of view, RV-PC coupling 
can be defi ned as the  matching between RV contractility and 
afterload and thus may be used as a marker of RV function or 
a marker of RV adaptation to the afterload . For example, a 
ventricle that can adapt well to pulmonary hypertension (PH) 

is able to increase its contractility to match the increase in 
afterload and as a consequence systolic function would be 
well preserved (coupled RV to PC). The objective of this 
chapter is to describe how the concept of ventriculo-arterial 
coupling can bring novel insights into the pathophysiology 
of pulmonary hypertension. The followings sections will dis-
cuss the practical implications in measuring RV-PC coupling 
as well as its value in both clinical practice and research.  

    The RV-PC Coupling in PAH, One Piece 
of the Pathophysiology Puzzle 

 The main function of the cardio-pulmonary system is to 
maintain adequate cardiac output and gas exchange both at 
rest and with exercise. Figure  15.1  is a schematic representa-
tion of the “unfolded” circulation highlighting the different 
levels of coupling and interactions determining the cardio- 
pulmonary function. Although the main focus of this chapter 
is ventriculo-arterial coupling, other important features of 
interactions characterize the cardio-pulmonary system such 
as the interventricular relation and the ventilation-perfusion 
matching. New features are also emerging in the right heart 
such as the matching between perfusion/metabolism and 
load, and the atrio-vantricular relationships, particularly dur-
ing the diastole The importance of Fig.  15.1  is to show that 
ventriculo-arterial coupling is only one characteristic of the 
cardio-pulmonary physiology.

       Historical Perspective 

 Suga and Sunagawa et al. were one of the fi rst to introduce 
the concept of ventriculo-arterial coupling [ 5 ] derived from 
pressure-volume loop analysis using conductance catheter-
ization. This method allows quantifying, in a same set of 
acquisition, a load-independent indice of venricular contrac-
tility, the end systolic elastance (Ees); and an integrative 
indices of ventricular afterload, the arterial elastance (Ea). 
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The ratio of these elastances provides a value of ventricular–
arterial coupling. The major breakthrough of PV loops eval-
uation was to provide load independent indices of ventricular 
elastance using multiple pressure-volume points during 
acute load variations, which is the current gold standard to 
quantify the ventricular contractility. The end-systolic ven-
tricular elastance is computed from a slope of linear regres-
sion of at least 2 end-systolic pressure-volume points. The 
linearity of the multibeat end-systolic pressure –volume rela-
tionship (ESPVR) during acute load variation was fi rst sug-
gested by Suga et al. from isolated heart and later verifi ed in 
the clinical settings by Wallace et al. [ 6 ]. However, Kass 
et al. showed ESPVR being closer from a quadratic relation-
ship [ 7 ]. The second important metric derived from PV-loop 
analysis was arterial elastance (Ea) which represents a mea-
sure of ventricular afterload. It is usually calculated as end-
systolic pressure divided by stroke volume (Ea = ESP/SV). 
Other authors recommend subtracting RV end-diastolic pres-
sure from end- systolic pressure. These differences in Ea 
must be considered when comparing results from different 
studies. Unlike impedance spectrum analysis of RV after-
load, Ea is easier to quantify and relates well to lumped 
quantifi cation of ventricular afterload [ 8 ]. 

 The concept of ventriculo-arterial coupling relates to a 
measure of contractility corrected for afterload and is mea-
sured using the ratio of Ees/Ea. One of the points of confusion 
is that the term “load independency” refers to the beat-to-beat 
stability of the end-systolic pressure over volume ratio during 
acute loading variation used to measure Ees; while the con-
tractility will adapt within 20–30 s or 
few minutes to an afterload variation due to homeometric 

 regulation, sometimes refered to as the “Anrep effect.” One of 
the strong advantages of Ees/Ea ratio, having no dimension, 
is that it decreases the infl uence of volume and pressure cali-
bration errors and allows comparison between individuals 
without requiring scaling. Initially, the ventricular-arterial 
coupling was referred as the ventriculo-arterial matching [ 9 ] 
and the value of Ees/Ea = 1 was considered as to be the perfect 
match. From theoretical models, the ratio Ees/Ea = 1 corre-
sponded to the optimal mechanical coupling. Currently, there 
is no defi nition of normal values of ventriculo-arterial cou-
pling nor is there a well-established threshold defi ning uncou-
pling. However, based on the literature the range of the right 
ventricular-pulmonary artery (RV-PA) coupling in healthy 
individuals is situated between 1 and 2 depending on the 
methods used for determinations of Ees and Ea, and appears 
to be comparable for both the right and left ventricle. Also the 
optimal ratio of ventricular energy production transmitted to 
the arterial system occurs for RV-PA coupling values of 1.5–2 
[ 10 ]. In our experience in large animal model of pulmonary 
hypertension, the Ees/Ea values may vary from 0.3 in the set-
ting of severe chronic pressure overload, to about 4 in the set-
ting of dobutamine infusion in healthy animals. This range of 
dynamic coupling has also been shown in different experi-
mental models as well as in several human studies. 

 The methodology of PV loop analysis was fi rst introduced 
in the left ventricle and then applied to the right ventricle. The 
differences between RV- and left ventricular (LV)-PV loop 
interpretation are mainly due to the differences in the systolic 
pressure defi nition to determine the end-systolic elastance as 
well as in ventricular geometries. Due to relatively low 
 resistance in the pulmonary circuit, normal RV ejection con-

  Fig. 15.1    Simplifi ed 
representation of “unfolded 
circulation” with representation 
of right atrium ( RA ), right 
ventricle ( RV ), lungs, left atrium 
( LA ), left ventricle ( LV ) and 
systemic organs. Concepts related 
to coupling and matching 
between different physiological 
and anatomical entities are 
designed and an arrow indicate 
their relative location 
(Reproduced with permission 
from Laboratory of Surgical 
Research of the Marie 
Lannelongue Hospital)       
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tinues past peak pressure in contrast to the LV-systemic sys-
tem (Fig.  15.2a, b ). In the left ventricle, both the end-systolic 
point or the peak pressure point have been shown to be valid 
to quantify contractility variations [ 11 ]. Dell’Italia showed 
using RV PV-loops in normal subjects that evaluation of RV 
systolic elastance was different using the systolic point of 
maximal pressure/volume ratio compared with the end-ejec-
tion point [ 12 ]; the end-ejection PV relationship being less 

correlated to the time varying elastance determined from lin-
ear regression of simultaneous acquired PV points in 3 differ-
ent loading conditions. In the setting of PH, ejection occurs 
closer to peak pressure and the shape of beat to beat PV loops 
could approximates the LV [ 13 ,  14 ].

   Several assumptions of RV-PA coupling models were 
tested. The linear relationship of the beat to beat RV ESPVR 
was verifi ed on isolated hearts by Maughan et al. [ 15 ], and in 
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  Fig. 15.2    ( a–c ) Basic representation of steady pressure-volume (PV−) 
loops with the right ventricular ( RV ) pressure in Y axis and RV volume in 
Y axis. ( a ) Representation of steady PV-loops in healthy ( left panel ) and 
chronic pressure overload ( right panel ) settings. End-systolic and end-
diastolic points are represented in red. The peak pressure point during 
systole is represented in blue in both cases. The pulmonary arterial elas-
tance ( Ea ) is the slope of the black line which represents the end- systolic 
pressure over stroke volume ratio. ( b ) Representation of multibeat RV-PV 

loops during inferior vena cava ( IVC ) occlusion in healthy (left panel) and 
chronic pressure overload ( right panel ). The RV end- systolic elastance 
(Ees) is the slope of the end-systolic pressure-volume relationship 
( ESPVR ) determined from the multibeat PV-loops during IVC occlusion. 
( c ) Integrative representation of PV-loops derived parameters, end-systolic 
pressure (ESP), ESPVR, Ees, Ea, end-diastolic pressure-volume relation-
ship ( EDPVR) , stroke volume ( SV ) (Reproduced with permission from 
Laboratory of Surgical Research of the Marie Lannelongue Hospital)       
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dogs by Karunanithi et al. [ 16 ]. Also in humans Dell’Italia 
et al. [ 12 ] and Brown et al. [ 17 ] reported linear relationship 
of ESPVR using time varying elastance, using steady 
PV-loops at baseline and during different loading conditions 
[ 12 ]. Currently, the slope of the linear relationship of ESPVR 
during beat to beat pre-load reduction is the most reported 
for quantifi cation of multibeat RV ESPVR. The linear rela-
tionship of RV ESPVR derived from beat-to-beat analysis 
during acute load variation is shown in Fig.  15.2c . Another 
difference between RV- and LV-PV loops analysis is the 
determination of ventricular volumes that may not be as 
accurate in RV as in LV due to the crescent shape of the 
RV. If volume variations may be well calibrated using stroke 
volume determinations with external methods such as ther-
modilution or echocardiography, the calibration of absolute 
volume values may be more diffi cult at time of PV loops 
acquisition because based on ventricular shape. As a conse-
quence, indices based on the accurate volume values such as 
end-diastolic volumes, end-systolic volumes and ejection 
fraction are not as well quantifi ed as in left ventricles using 
RV PV-loops and external methods such as MRI have been 
used to address this issue [ 13 ,  14 ]. 

 More recently, less invasively determined indices of 
RV-PA coupling have been described, either based on single 
beat PV-loops or base on imaging analysis [ 18 ] (Fig.  15.3 ).

       RV-PA Coupling – Which Applications? 

 One important question that emerges is what is the utility of 
measuring RV-PA coupling when more simple measures of 
ventricular function exist. Currently, PV loops analysis and 

RV-PA coupling analysis is mainly performed during patho-
physiological studies or when comparing the effects of dif-
ferent therapeutic interventions in the experimental setting. 
In this context, the ability to determine the precise changes in 
metrics of contractility, load and coupling provides useful 
informations. 

 In the clinical setting, it is unclear whether measures of 
RV-PA coupling will bring additional prognostic informa-
tion for the clinical care of patients with pulmonary arterial 
hypertension. Due to the invasive nature of multibeat 
PV-loops acquisitions, non-invasive surrogates of RV-PA 
coupling were evaluated. Recent animal studies have shown 
that common non-invasive measures of RV function such as 
RV ejection fraction (RVEF), fractional area change 
(RVFAC), tricuspid annular plane systolic excursion 
(TAPSE) or isovolumic acceleration (IVA) are more closely 
associated with ventriculo-arterial coupling than with RV 
contractility [ 19 ]. Interestingly, isovolumic indices such as 
the IVA are thought to be less load dependent [ 20 ] indices 
of contractility or coupling. As will be discussed in the next 
section, non-invasive single beat methods to estimate RV 
elastance and contractility have also been suggested. Thus, 
RV-PA coupling is not an esoteric concept but may rather 
be used daily in clinical practice in the future. Kuehne et al. 
 validated in 2004 a single beat method for RV PV-loops 
acquisitions and RV-PA coupling quantifi cation using RV 
catheterism for pressure measurement and MRI for vol-
umes [ 21 ]. Sanz et al. more recently quantifi ed the RV-PA 
coupling using a volumetric method with MRI using the 
ratio stroke volume over end-systolic volume [ 22 ]; a sig-
nifi cant prognosis value of this indices was demonstrated in 
patients with PAH [ 23 ]. 

  Fig. 15.3    Illustration of two methods for RV-PA coupling determina-
tion using single beat PV-loops ( a ) A volume method, using the ratio 
mean pulmonary artery pressure ( MPAP ) to end-systolic volume ( ESV ) 
to measure Ees and the ratio MPAP to ( EDV-ESV ) to measure Ea; this 
method assumes end- systolic pressure = MPAP; ( b ) A pressure method 

using Pmax measurement or extrapolation from PA clamping or RV 
pressure curve; the ESP may be assimilated to MPAP (method 2) or to 
systolic RV pressure ( sRVP ) (method 3). (Reproduced from Rebecca 
et al. [ 18 ], with permission from BMJ Publishing Group Ltd.)       
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  One important pearl  to keep in mind is that metrics of 
systolic function used in clinical practice do not refl ect con-
tractility or the potential of recovery after unloading. 
Quantifi cation of contractility and recovery potential may be 
more complex to measure than RV-PA coupling which is 
only a hemodynamic parameter. Useful measurement of ven-
tricular contractility could require correction for cardiomyo-
cyte quantity and metabolism to provide prognostic 
information. Recovery potential evaluation of a right ventri-
cle could integrate contractility and RV-PA coupling param-
eters associated with others such as fi brosis and capillary 
content or metabolic changes [ 4 ]. Thus RV-PA coupling is a 
part of the RV phenotyping that should be used in addition to 
other parameters to provide information on contractility or 
recovery potential. 

 The transition from RV adaptation to RV maladaptation 
may be illustrated by coupling methods. The study of Kuehne 
et al. shows that RV-PA coupling in patients with PAH and 
without overt RV failure or enlargement may be decreased 
relative to normal controls. This observation suggests that 
decreased RV-PA coupling may precede RV dilation in 
patients with PH. In early stage pulmonary hypertension, 
decreased RV-PA coupling may mainly refl ect the increase in 
RV afterload and potentially a failure from myocardial adap-
tation (i.e. insuffi cient augmentation of ventricular contrac-
tility); in end-stage pulmonary hypertension, continued 
worsening RV-PA coupling may refl ect more a decrease in 
RV contractility resulting in the clinical development of RV 
failure.  

    Practical Aspects of PV-Loops Acquisition 
and Interpretation 

 This section describes practical aspects of standard PV-loops 
acquisition and interpretation used to determine Ees and Ea 
as well as less invasive single beat methods. 

    Signal Acquisition and Calibration 

 PV loops are acquired using a conductance catheter 
(Fig.  15.4a ) allowing concomitant, continuous and high 
fi delity blood pressure and volume measurements into the 
ventricle. The ventricular pressure is continuously measured 
with a micromanometer. For volume signal acquisitions, a 
distal electrode of the catheter emits an electrical signal 
transmitted through the ventricular blood to different proxi-
mal electrodes situated into the ventricle creating an axial 
segmentation of the ventricle along the catheter axis 
(Fig.  15.4b ). Each volume variation of a ventricular segment 
is continuously acquired and the global volume variation of 
the ventricle is represented as a sum of each segment vol-

ume. To determine the “real” volume values, volume cali-
bration is usually performed in 3 steps including 
determination of blood electrical resistivity (Rho); determi-
nation of the parallel conductance volume (Vc) which repre-
sents the volume of conducting tissues surrounding the 
ventricular blood (myocardium and mediastinal tissues); 
fi nally the cardiac output or the SV quantifi ed by the con-
ductance catheter is corrected with a factor α which is deter-
mined from external methods of CO or SV determination 
(thermodilution, Fick method, echocardiography or mag-
netic resonance imaging) [ 24 ].

       Procedure for PV-Loops Acquisition 

 The conductance catheter is placed into the right ventricle 
through a jugular or femoral vein and its position at the apex 
and parallel to the interventricular septum is verifi ed using 
fl uoroscopy. Then, the distal electrodes corresponding to 
ventricular signals are acquired and those, more proximal 
corresponding to atrial signals are deactivated. The atrial 
ventricular segments are recognized because being in 
inverted phase compared to the ventricle. After obtaining 
optimal counterclockwise ventricular PV-loops, pressure and 
volume calibration is performed (Fig.  15.4b ). Finally 
PV-loops are recorded during end-expiratory periods during 
baseline conditions and during inferior vena cava occlusion 
(Fig.  15.4c ) allowing beat-to-beat determination of PV-loops 
variations. The “steady loops” are used to determine Ea and 
the loops acquired during preload variation are used to deter-
mine Ees. Usually, 3 sets of IVC occlusions are performed 
and analyzed for internal quality control.  

    Single Beat Method Estimations 

 To obviate Ees quantifi cation using IVC occlusion, different 
single beat methods were investigated that would estimate or 
extrapolate an ESPVR. We listed in the Table  15.1  the differ-
ent methods that have been used in humans for PV-loops 
acquisitions, including single beat methods. In these meth-
ods, a “real” end-systolic PV point is determined in baseline 
condition. There are two main methods to determine a sec-
ond theoretical point to draw an end-systolic pressure vol-
ume line [ 25 ]. The Pmax method is the most used in PAH 
and consists in determining maximal pressure point by 
extrapolation from the pressure signal (Pmax) or measured 
during pulmonary artery clamping during one beat. In this 
method the end-systolic elastance is the ratio (Pmax – end- 
systolic pressure)/SV (Fig.  15.3 ). The other single beat 
method is the maximal elastance method where the ESPVR 
corresponds to the ratio of the end systolic pressure over the 
end systolic volume (maxima pressure over volume ratio) 
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  Fig. 15.4    ( a – c ) Methodological and practical aspects of RV PV-loops 
acquisitions. ( a ) Conductance catheter represented in the right heart 
cavities ( blue rectangle ). Distal electods emits an electrical signal which 
is conducted by the ventricular blood and surrounding tissues, proximal 
electrods recept the electrical signal. The pressure sensor is a micro-
manometer that captures the pressure variations simultaneously with the 
volume signal derived from proximal electrods. Atrial proximal elec-
trods are deactivated. ( b ) Step by step PV-loops acquisition. In the right 
upper corner, the conductance pressure and volume signals are transmit-
ted a hardware and software unit providing real time pressure and vol-
ume signals ( right upper corner ). The pressure signal is the fi rst lin ( top , 
 green line ) and the second line ( yellow ) is the sum of the ventricular 
volume segments corresponding to cylindres between ventricular signal 
electrodes (V1, V2 and V3). In the right lower corner, volume and pres-

sure calibration step. The volume calibration takes into account the 
blood electrical resistivity ( Rho ), the volume measured from electrical 
signal corresponding to tissues surrounding the ventricular blood (ven-
tricle, mediastinum) referred as Vc (volume of the parallel conductance) 
and Alpha which is the ratio between the stroke volume measured from 
the conductance catheter and the volume measured simultaneously with 
an external method (echocardiography, thermodilution), it takes into 
account ventricular “dead space” of the ventricle not quantifi ed with the 
conductance catheter such as the apex for example. ( c ) Final PV-loops 
used for interpretation after calibration steps. In the left panel, steady PV 
loops used to measure Ea for example: in the right panel, multibeat 
PV-loops during IVC occlusion used to measure Ees (slope of ESPVR) 
or β (curvature of EDPVR) (Reproduced with permission from 
Laboratory of Surgical Research of the Marie Lannelongue Hospital)         

b

a 
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and thus the extrapolated volume intercept is 0. This is often 
termed the volume method; this method was shown to be a 
poor estimate of contractility because of underestimation of 
Ees in sicker patients due to RV dilation [ 26 ]. There may be 

some advantages of the volume method, because of its ease 
of acquisition. Also, recent data suggest that this method to 
be sensitive to changes in clinical outcomes-mortality and/or 
transplant in patients with PAH [ 23 ].

        Insights into Clinical and Experimental 
Pulmonary Hypertension Pathophysiology 
Using RV-PA Coupling Evaluation 

 RV-PA coupling evaluation has been used in several experi-
mental and clinical studies providing insights into ventricular 
dynamics in PH including changes induced by increased RV 
afterload and effects of different therapeutics. Clinical studies 
mainly focused on RV adaptation to increased afterload in 
different PH groups using single beat methods. Therapeutic 
studies were mainly performed using animal models of acute 
and chronic PH, allowing evaluation of inotropic drugs and 
pulmonary vascular disease targeted therapies on RV-PA cou-
pling. In animal models, RV-PA coupling evaluation provided 
also better characterization of the different PH models. 

    Table 15.1    Listing methods used to create multibeat PV-loops to 
determine RV-PA coupling   

 Invasive  Non-invasive 

 Pressure signal 

 Micromanometer 
 Fluid-fi lled catheter 

 Echocardiography 

 Volume signal 

 Conductance catheter 
 Admittance catheter 
 Myocardial markers 
 Cineventriculography 

 MRI 
 3D echocardiography 

 RV ESPVR slope determination 

 IVC occlusion  Valsalva maneuver 
 Single beat method (Pmax) 
 Single beat method (V0) 

   MRI  magnetic resonance imaging,  IVC  inferior vena cava,  RV  right ven-
tricle,  ESPVR  end-systolic pressure volume relationship  

c

Fig. 15.4 (continued)
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    Changes in RV-PA Coupling with PH 
in Experimental and Clinical Studies 

    Experimental Models of PH 
 Table  15.2  summarizes changes in ventricular and arterial 
elastance as well as RV-PA coupling that were reported in the 
literature to characterize experimental models of acute and 
chronic PH. Wauthy et al. showed that RV-PA coupling was 
preserved after 10 min of acute hypoxia (PaO 2  = 40 mmHg) 
due to proportional increase in Ea and Ees in 3 different spe-
cies (pigs, goat and dogs) [ 27 ]. This study also highlighted 
different hemodynamic and myocardial responses to acute 
hypoxia between these species. Pigs showed a worse adapta-
tion to hypoxia with a higher increase in Ea and Ees and no 
increase in cardiac output, whereas dogs seemed to adapt bet-
ter with a higher increase of cardiac output and lower Ea and 
Ees increase; goat showed an intermediate response. Rex 
et al. confi rmed these fi ndings in pigs [ 28 ], in their study a 
twofold increase in MPAP (18–36 mmHg) induced by acute 
hypoxia (PaO 2  = 40 mmHg) was associated with a signifi cant 
decrease in stroke volume (47–31 mL, P < 0.05), a threefold 
increase in Ea (0.5–1.5 mmHg/mL) and a matched increase in 
Ees allowing RV-PA coupling to be preserved. The RV adap-
tation to acute pulmonary embolism was reported by Kerbaul 

et al. [ 29 ]. In their study, Ea increased up to six times baseline 
values associated with hemodynamic compromising above 4 
time increased Ea baseline values. These studies highlight 
that the limits of the acute RV adaptation to an acute increase 
in afterload is due to limits in acute contractility reserve. In 
pig models evaluating the chronic RV adaptation to chronic 
pressure overload, RV-PA coupling seemed to be preserved 
after 3 months of systemic to pulmonary artery shunt [ 30 ,  31 ], 
whereas after 3 months of chronic PA occlusions, RV-PA cou-
pling seem to be decreased [ 19 ]. Also Lambert et al. showed 
in a pig model of pulmonary valve regurgitation associated 
with PA banding in pigs that Ees increased up to 3 months 
then decreased between 3 and 4 months [ 32 ]. In rodent mod-
els, RV-PA coupling was preserved after 1 month of PH 
induced by sugen-hypoxia [ 33 ] or monocrotaline [ 34 ]; 
whereas chronic RV-PA coupling decreased in rats between 
10 and 20 weeks after aorto-caval shunt creation [ 35 ]. Taken 
together, these studies suggest that the RV-PA coupling is 
more altered secondary to an acute and massive increase in 
pulmonary resistances; while slowly progressive and moder-
ate increase in RV afterload allows RV-PA coupling preserva-
tion for weeks or months due to progressive RV adaptation. In 
most of the models, RV-PA coupling alteration was observed 
after a 3 months period of RV pressure overload. Chronic 

   Table 15.2    RV-PA coupling characteristics of animal models of acute and chronic pulmonary hypertension   

 Authors (Table  15.1 )  Animals  PH or RV failure model  Time of evaluation  MPAP or RVSP  Ees  Ea  Ees/Ea 

 Acute models 

 Kerbaul et al. [ 38 ]  dogs  Acute PA constriction  Minutes/hours  RVSP 31 ± 3 (mse, n = 8)  ↓  ↑  ↓ 
 Rex et al.[ 28 ]  Pigs  Acute hypoxia  Minutes/hours  MPAP 36 ± 6 (n = 6)  ↑  ↑  ↔ 
 Wauthy et al. [ 27 ]  Pigs, 

dogs, goat 
 Acute hypoxia  Minutes  MPAP 40 ± 2 (8 pigs)  ↑  ↑  ↔ 
 Acute PE  MPAP 43 ± 3 (10 dogs)  ↑  ↑  ↔ 
 Acute PA banding  MPAP 35 ± 3 (10 dogs)  ↑  ↑  ↔ 

 Lambermont et al. [ 52 ]  Pigs  Acute endotoxic shock  hours  MPAP 50 mmHg (n = 6)  ↔  ↑  ↔ 
 Missant et al. [ 53 ]  Pigs  Acute PE + RV ischemia-

reperfusion injury 
 1 h  MPAP 41 ± 8 (18 pigs)  ↓  ↑  ↓ 

 Chronic models 

 Lambert et al. [ 32 ]  Pigs  Chronic pulmonary valve 
regurgitation + pulmonary 
artery banding 

 3 months  RVSP 64 ± 11 (n = 6)  ↑  ↑  ↔ 
 4 months  RVSP 64 ± 11 (n = 6)  ↔  ↑  ↓ (trend) 

 Guihaire et al. [ 19 ]  Pigs  Chronic pulmonary artery 
occlusion 

 3 months  MPAP 35 ± 9 (n = 11)  ↓  ↑  ↓ 

 Wauthy et al. [ 30 ]  Pigs  Chronic systemic to 
pulmonary artery shunt 

 3 months  MPAP 40 ± 1 (n = 9)  ↑  ↑  ↔ (trend↑) 

 Rondelet et al. [ 31 ]  Pigs  Chronic systemic to 
pulmonary artery shunt 

 3 months  MPAP 35 ± 1 (n = 6)  ↑  ↑  ↔ 

 De Man et al. [ 34 ]  Rats  Monocrotalin  1 month  RVSP 80 ± 5 (n = 8)  ↑  ↑  ↓ 
 Wang et al. [ 33 ]  Mice  Sugen + hypoxia  Day 21; Day J28  RVSP 41 ± 2; 45 ± 1 (n = 8-9)  ↑  ↑  ↔ 
 Pagnamenta et al. [ 54 ]  Dogs  Heart failure induced by 

pacing 
 7 weeks  MPAP 23 ± 2 (n = 14)  ↔  ↑  ↓ 

 Rungatscher et al. [ 35 ]  Rats  Chronic aorto-caval fi stula  10 weeks  MPAP 25 ± 4 (n = 10)  ↔  ↔  ↔ 
 20 weeks  MPAP 44 ± 3 (n = 10)  ↓  ↑  ↓ 

   PA  pulmonary artery,  PE  pulmonary embolism,  RVSP  right ventricular systolic pressure,  MPAP  mean pulmonary artery pressure,  PH  pulmonary 
hypertension,  RV  right ventricular,  Ees  end-systolic elastance,  Ea  pulmonary artery elastance  
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models including PA banding or occlusion seemed to show 
earlier decrease in Ees.

       Coupling in Patients with PH 
 Table  15.3  summarizes important clinical studies performed 
to better understand RV-PA coupling changes in patients 
with different PH etiologies and severities. McCabe et al. 
[ 13 ] showed that patients with chronic pulmonary artery 
occlusion without PH had no alteration of RV-PA coupling 
due to a proportional increase in Ees and Ea; whereas patients 
with chronic thromboembolic pulmonary hypertension 
(CTEPH) showed decreased coupling due to a higher 
increase in Ea, despite Ees was increased compared to 
 controls. Interestingly, results from Tedford et al. [ 14 ] sug-
gest that the cause of RV-PA uncoupling observed in patients 
with systemic sclerosis (Ssc) associated PH is mainly due to 
a lack of increase in Ees; this highlights the predominant role 
of lack of RV adaptation to the increased afterload in this 
disease. Latus et al. [ 36 ] showed that dobutamine revealed a 
decreased coupling reserve in patients with more delay after 
a Tetralogy of Fallot (TOF) repair using a method without 
RV out tract (OT) enlargement, compared to patients closer 
from their repair using RVOT enlargement methods. This 
study proves that RV Ees/Ea concept derived from multibeat 
PV-loops is applicable in clinical setting and also provides 
coherent and comprehensive results in congenital heart dis-
eases evaluation. Vanderpool et al. identifi ed the ratio stroke 
volume over end-systolic volume as an interesting surrogate 
of RV-PA coupling determined by single beat MRI imaging 

in patients with PH; furthermore they showed this new index 
to be an independent prognostic factor of survival [ 23 ]. It 
remains to determine whether indices of RV hypertrophy, 
geometry and tissue lesions could be additional markers of 
RV adaptation and prognosis. In Table  15.4 , we propose a 
potential sequence of alteration that can occur with the 
development of RV dysfunction with disease; fi rst with the 
development of altered coupling and ventricular remodeling 
and dysfunction only present during exercise, then at rest; a 
decrease in stroke volume would only be observed at the end 
stage of the disease again with changes with exercise being 
present earlier.

         The Effects of Therapeutics on RV-PA Coupling 
in Clinical and Experimental PH 

 Table  15.5  summarizes some of the key studies focusing on 
effects of pharmaceutical agents on RV-PA coupling in acute and 
chronic PH. In the acute setting, inotropic agents restore RV-PA 
coupling after PA occlusion or constriction [ 29 ,  37 ,  38 ]; whereas 
isofurane, desfurane and epoprostenol showed negative effect on 
Ees in acute PH induced with hypoxia thus leading to decreasing 
RV-PA coupling [ 28 ,  39 ]. In an acute hypoxia model in pigs, Rex 
et al. showed that pre-treatment with thoracic epidural anesthesia 
decreased the RV-PA coupling by reducing Ees elevation [ 40 ]. 
Still in PH induced by acute hypoxia, inhaled NO and sildenafi l 
did not change signifi cantly Ees, Ea and RV-PA coupling [ 41 ]. 
This group of studies suggest that only positive inotropic agents 

   Table 15.3    RV-PA coupling values in clinical series of patients with precapillary pulmonary hypertension   

 Study  Pressure acquisition 
 Volume 
acquisition 

 Preload 
variation  Ea formula  Patient cohort 

 MPAP 
(mmHg)  Ees/Ea 

 McCabe et al. (2013) 
[ 13 ] 

 Micromanometer  Cond.  Single beat 
(Pmax) 

 (ESP-EDP)/SV  Control (n = 7), 
 CTED, no-PH (n = 7) 
 CTEPH (n = 10) 

 15 
 17 
 43 

 1.46 
 1.27 
 0.60 

 Tedford et al. (2013) 
[ 14 ] 

 Micromanometer  Cond.  Valsalva 
maneuvre 

 ESP/SV  SSc without PH (n = 7) 
 SScPAH (n = 7) 
 IPAH (n = 5) 

 18 
 37 
 49 

 2.3 
 1.0 
 2.1 

 Latus et al. (2013) [ 36 ]  Micromanometer  Cond.  IVC occlusion  ESP/SV  Repaired TOF 
 +17 years (TAP, n = 11) 
 Baseline 
 Dobutamine 
 +9 years (TA-TP, n = 6) 
 Baseline 
 Dobutamine 

 − 
 − 

 − 
 − 

 0.48 
 0.27 

 0.62 
 1.14 

 Herberg et al. (2013) 
[ 55 ] 

 Micromanometer  3D echo  Single beat 
(Pmax) 

 ESP/SV  CHD (n = 10)  28  0.98 

 Kuehne et al. (2004) 
[ 21 ] 

 Fluid-fi lled catheter  MRI  Single beat 
(Pmax) 

 (ESP-EDP)/SV  Control (n = 6) 
 PHT (n = 6) 

 12 
 57 

 1.9 
 1.1 

 Sanz et al. (2012) [ 22 ]  Fluid-fi lled catheter  MRI  Single beat 
(V0) 

 (MPAP-
PCWP)/SV 

 No-PH (n = 27) 
 PH (n = 124) 

 15 
 42 

 2.7 
 0.79 

   Cond.  conductance catheter,  ESP  end-systolic pressure,  EDP  end-diastolic pressure,  SV  stroke volume,  CTED  chronic thrombo-embolic disease, 
 CTEPH  chronic thrombo-embolic pulmonary hypertension,  Ssc  systemic sclerosis,  PAH  pulmonary arterial hypertension,  PH  pulmonary hyper-
tension,  IPAH  idiopathic PAH,  TOF  tetralogy of Fallot,  CHD  Congenital heart disease,  PHT  pulmonary hypertension,  PH  pulmonary 
hypertension  
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are able to improve the RV-PA coupling in acute PH; conversely 
agents targeting the pulmonary circulation or decreasing the 
 sympathetic response do not improve or even rather decrease the 
RV-PA coupling in this setting.

   Concerning chronic effects of therapeutics, bosentan 
improves RV-PA coupling in a model of chronic systemic to 
PA shunt [ 42 ] by decreasing RV afterload and increasing RV 

contractility. Conversely, in a similar model, sitaxsentan and 
its association with sildenafi l did not improve RV-PA cou-
pling due to both decrease in Ees and Ea [ 31 ]. Interestingly, 
De Man et al. showed betablockade with bisoprolol to 
improve RV-PA coupling in a rodent model of PH induced 
with monocrotaline [ 34 ]. This suggests that beta blockade 
therapy may have different acute versus chronic effects. In 

    Table 15.4    Sequence of alteration of RV-PA coupling, RV morphology, function and stroke volume in patients with pulmonary hypertension   

 Early 
 PH 

 Mild 
 PH 

 Moderate 
 PH 

 Severe 
 PH 

 Ees/Ea rest 
 exercise 

 N 
 Abnormal 

 Abnormal 
 More abnormal 

 Abnormal 
 More abnormal 

 Abnormal 
 More abnormal 

 RV size  Normal/up  up  Enlarged  enlarged 

 RV function 
 Rest 
 Exercise 

 Normal 
 Abnormal 

 Abnormal 
 Abnormal 

 Abnormal 
 Abnormal 

 Abnormal 
 Abnormal 

 Stroke volume 
 Rest 
 Exercise 

 N 
 N/lower 

 N 
 Lower 

 N 
 low 

 Low 
 low 

   PH  pulmonary hypertension,  N  normal  

   Table 15.5    RV-PA changes with pharmaceutical intervention in different animal models   

 References  Model  Animal  Drug/procedure  Ees  Ea  Ees/Ea 

 Healthy 

 Leather et al. (2013) [ 37 ]  Healthy animals  Pigs  Levosimendan  ↑  ↑  ↔ 
 (↓ higher dose) 

 Acute pulmonary hypertension 

 Kerbaul et al. (2004) [ 38 ]  Acute PA constriction  Dogs  Norepinephrine  ↑  ↓  ↑ 
 Dobutamine  ↑  ↓  ↑ 

 Kerbaul et al. (2006) [ 29 ]  Acute PA constriction  Dogs  Levosimendan  ↑  ↓  ↑ 
 Kerbaul et al. (2004) [ 39 ]  Acute hypoxia  Dogs  Isofl urane  ↓  ↑  ↓ 

 Desfl urane  ↓  ↑  ↓ 
 Fesler et al. (2006) [ 41 ]  Acute hypoxia  Dogs  Inhaled NO  ↔  ↔  ↔ 

 Sildenafi l  ↔  ↔  ↔ 
 Rex et al. (2007) [ 40 ]  Acute hypoxia  Pigs  Thoracic epidural anesthesia  ↓  ↔  ↓ 
 Rex et al. (2008) [ 28 ]  Acute hypoxia  Pigs  Epoprostenol  ↓↓  ↓  ↓ 
 Missant et al. (2007) [ 53 ]  Acute pulmonary 

embolism + RV I/R 
injury 

 Pigs  Levosimendan  ↑  ↓  ↑ 

 Chronic pulmonary hypertension 

 Guihaire et al. (2013) [ 19 ]  Chronic pulmonary 
artery occlusion 

 Pigs  Pulmonary artery reperfusion (chronic effect)  ↑  ↓  ↑ 

 Wauthy et al. (2003) [ 30 ]  Chronic systemic to 
PA shunt 

 Pigs  Prostacyclin (acute effect)  ↓  ↓  ↔ 
 Inhaled NO (acute effect)  ↓↓  ↓  ↓ 

 Rondelet et al. (2010) [ 31 ]  Chronic systemic to 
PA shunt 

 Pigs  Sildenafi l + sitaxsentan (chronic effect)  ↓  ↓  ↔ 
 Sitaxsentan (chronic effect)  ↓↓  ↓↓  ↔ 

 Rondelet et al. (2003) [ 42 ]  Chronic systemic to 
PA shunt 

 Pigs  Bosentan (chronic effect)  ↑  ↓↓  ↑ 

 De Man et al. (2012) [ 34 ]  Monocrotalin  Rats  Bisoprolol (chronic effect)  ↑  ↔  ↑ 
 Heart failure induced pulmonary hypertension 

 Pagnamenta et al. (2010) [ 54 ]  Chronic pacing  Dogs  iNO (acute effect)  ↔  ↔  ↔ 
 Nitroprusside (acute effect)  ↔  ↔  ↔ 
 Milrinone (acute effect)  ↑  ↔  ↑ 
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the fi eld of chronic pulmonary artery occlusion, Guihaire 
et al. showed improvement of RV-PA coupling 6 weeks after 
surgical pulmonary artery reperfusion [ 43 ].   

    Perspectives 

 RV-PA coupling is a physiological concept that helps us to 
better understands systolic ventricular adaptation and repre-
sents a metric that combines measures of contractility and 
afterload. Consequently, RV-PA coupling is a major compo-
nent of the phenotype of patients with pulmonary hyperten-
sion. We showed in this chapter that RV-PA coupling is used 
to quantify acute or chronic adaptation of the right ventricle 
in different settings including in different animal models, in 
different PH etiologies, and with different therapeutics. 
Further studies focusing on quantifying the right ventricular 
reserve could provide even more insights into RV pathophys-
iology and dysfunction stratifi cation. Common measures 
that we use in practice such as RVEF, TAPSE or strain are 
variables related to RV-PA coupling and not measures of 
contractility as shown by Guihaire et al. [ 19 ]. If we consider 
RV chronic adaptation into stages, we can propose based on 
recent studies a sequence of changes in coupling that occurs 
at these different stages (Table  15.4 ). Interestingly, objective 
RV-PA coupling evaluation can help to provide a precise 
phenotyping corresponding to genetic program changes 
induced by chronic load variations. 

 Moving forward, we foresee two developments in the 
fi eld of RV-PA coupling. First, PV-loop measures will likely 
continue to play a role in experimental studies especially 
when testing new medications. Multimodality imaging 
approaches combined heart catheterization and magnetic 
resonance imaging is also likely to offer more precise quan-
tifi cation. In clinical practice, the focus is on identifying the 
best marker of ventricular adaptation either by novel surro-
gates of RV-PA coupling [ 23 ] or by combining different 
prognostic indices such as RV strain and atrial dimension. 
Evaluation of stress imaging in PH is also likely to provide 
good surrogate for RV-PA coupling and will likely allow bet-
ter determination of patients with moderate disease.  

    Some Comments of Diastolic Coupling 

 The common measures of RV-PA coupling mainly focus on 
systolic function and adaptation and diastolic function is 
usually not studied. There is an important difference to be 
made between the concepts of coupling versus adaptation. 
Coupling refers to matching of physiologically characteris-
tics that allow more optimal function; whereas adaptation 
refers to the sum of mechanisms recruited to obtain a cou-
pling state. This is why coupling may quantify adaptation or 

maladaptation. With regards to diastolic function, it is clear 
that PH is associated with changes of both active relaxation 
constant and passive stiffness secondary to changes in pres-
sure regimen, ventricular thickness to molecular changes in 
cardiomyocyte contractile apparatus, to increased ventricu-
lar hypertrophy and development of interstitial fi brosis [ 44 , 
 45 ]. In terms of coupling, a metric describing optimal load-
ing for function has not been clearly developed in the hemo-
dynamic domain. In the energetic domain, Chemla et al. 
showed that increased right atrial pressure was associated 
with increased pulsatile component of RV stroke work [ 46 ], 
but a link between right atrial pressure and RV diastolic dys-
function has not been established. Also increased right atrial 
pressure and dilation were shown to be independent progno-
sis markers in patients with PH [ 47 ], and pulmonary artery 
stiffness was shown to be a major determinant of RV dys-
function in patients with PH [ 48 ] as well as an independent 
prognosis factor [ 49 ,  50 ]. Concepts such as RV stiffness 
quantifi ed with PV-loops as beta (β), which represents the 
curvature of the end-diastolic pressure-volume relationship 
(EDPVR), should be quantifi ed independently from contrac-
tility state because linear relationship between Ees and β has 
been shown in animal studies [ 51 ]. It is not yet determined 
whether a RV diastolic dysfunction may be independent 
from RV systolic dysfunction. Future studies should deter-
mine methods to better quantify the adaptation of RV dia-
stolic function and right atrium remodeling in response to 
pulmonary arterial and ventricular changes.  

    Conclusion 

 In this chapter, we reviewed how the concept of RV-PA 
coupling helps understanding of the pathophysiology of 
RV adaptation in PH and is one of the major determinants 
of the phenotype of patients with PH. In the next years, 
much effort will be given to validating simple indices of 
RV-PA coupling in PH. Moreover, RV-PA coupling or its 
surrogate could become an integral part of new medica-
tion evaluation.     
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       Abbreviations 

  6MWD    Six Minute Walk Distance   
  BID    Dosing Twice Daily   
  BNP    Brain Natriuretic Peptide   
  cGMP    Cyclic guanosine monophosphate   
  CI    Cardiac Index   
  CTEPH    Chronic Thromboembolic Pulmonary 

Hypertension   
  ERA    Endothelin Receptor Antagonist   
  ET-1    Endothelin-1   
  ET A     Endothelin Receptor A   
  ET B     Endothelin Receptor B   
  FC    Functional Class   
  FDA    Food and Drug Administration   
  IPAH    Idiopathic Pulmonary Arterial Hypertension   
  IV    Intravenous   
  LFT    Liver Function Tests   
  Mg    Milligrams   
  NIH    National Institutes of Health   
  NO    Nitric Oxide   
  NT-BNP    N-Terminal Brain Natriuretic Peptide   
  PAH    Pulmonary Arterial Hypertension   
  PDE-5 Inhibitor    Phosphodiesterase Type 5 Inhibitor   
  PGI 2     Prostacyclin I2   
  PO    Oral or By Mouth   
  PSMCs    Pulmonary Smooth Muscle Cells   
  PVR    Pulmonary Vascular Resistance   
  RV    Right Ventricle   
  SC or SQ    Subcutaneous   
  TGF-β    Transforming Growth Factor Beta   
  TID    Dosing Three Times Daily   

          Introduction 

 Pulmonary arterial hypertension (PAH) is a progressive dis-
order characterized by extensive pulmonary vascular remod-
eling resulting in an increase in pulmonary vascular 
resistance, progressive right ventricular (RV) dysfunction, 
and an untimely death. Over the past two decades, with an 
improved understanding of PAH pathobiology and the devel-
opment of a multitude of medical therapies, prognosis has 
improved, although annual mortality despite targeted PAH 
therapy is estimated at 15 % per year for idiopathic PAH [ 1 ]. 
In this chapter, we will provide a brief overview of the path-
ways and pathophysiologic processes implicated in PAH 
with a major focus on contemporary pharmacotherapies that 
target the prostacyclin, endothelin, and nitric oxide 
pathways.  

    Pathobiology of Pulmonary Arterial 
Hypertension: Fig.  16.1  

    Although the exact mechanisms that leads to the develop-
ment and progression of idiopathic PAH remain largely elu-
sive, there are histologic features of the disease that are 
common in most cases of chronic PAH [ 2 ]. Environmental 
factors acting through genetic mediators likely precipitate 
varying degrees of vasoconstriction, vascular and cellular 
proliferation, thrombosis, and chronic infl ammation which 
indicate pathologic remodeling [ 3 ,  4 ]. The pulmonary arte-
rial vascular system is normally a high-output circulation 
with low pressure and low resistance. The high vascular 
compliance of the pulmonary vasculature leads to a small 
increase in pulmonary artery pressure with increases in car-
diac output that occur with exercise. Regulation of vascular 
tone is mediated by intracellular calcium which is infl uenced 
by adrenergic factors, calcium-dependent potassium chan-
nels, and local environmental factors (i.e. hypoxia) [ 5 ]. 
While fewer than 15 % of PAH patients are acutely respon-
sive to vasodilator therapy, inappropriate pulmonary 
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 vasoconstriction likely contributes to PAH pathophysiology 
to some extent [ 6 ]. 

 The remodeling process in PAH is marked by dysregula-
tion of cellular proliferation, apoptosis, and angiogenesis, 
with some similarities to the pathologic fi ndings in certain 
malignancies [ 7 ,  8 ]. A series of growth factors and cytokines 
trigger intracellular signaling pathways that alter nuclear 
protein expression and ultimately lead to a constitutive 
growth process [ 9 – 11 ]. PAH is a vasculitic disorder that is 
also notable for intraluminal thrombosis of the medium to 
small pulmonary arteries as noted on histologic examination 
[ 12 ]. Thrombin, in the setting of stressors and ongoing 
infl ammation, appears to be a central mediator in the propa-
gation of thrombosis [ 13 ]. Thrombin activation also leads to 
mitogenic and angiogenic effects in addition to direct plate-
let activation, potentiating the coagulation cascade [ 12 – 14 ]. 

 Endothelial cells act as a central mediator in the regula-
tion of pulmonary vascular tone through vasoactive sub-
stances, which ultimately alter pulmonary smooth muscle 
cells (PSMCs) [ 15 ]. In the setting of continuous or excessive 
activation, PSMCs demonstrate pathologic and eventually 
irreversible growth, proliferation, and contraction [ 3 ,  16 ,  17 ]. 
Prostacyclin (prostaglandin I2, PGI 2 ), through the activation 

of cyclic guanosine monophosphate (cGMP) pathways, pro-
motes vasodilation while inhibiting PSMC proliferation and 
platelet aggregation [ 15 ,  18 ]. This endogenous, potent vaso-
dilator is decreased in idiopathic PAH patients, a fi nding sup-
ported by decreased expression of prostacyclin synthase and 
stable metabolites of PGI 2  noted in the endothelial cells [ 19 , 
 20 ]. Nitric oxide (NO) is also an important mediator of vaso-
dilation by raising cGMP intracellularly [ 21 ]. NO release 
occurs predominantly via the endothelial cells acting in a 
paracrine manner on the adjacent PSMCs [ 21 ,  22 ]. However, 
the extent of NO availability is complex with shear stress, 
thrombin formation, vascular injury, and toxins all mediating 
NO release and metabolism [ 23 – 25 ]. Endothelin-1 (ET-1), 
secreted by vascular endothelial cells, acts on endothelin 
receptor A (ET A ) and B (ET B ) in PSMCs to further trigger 
vasoconstriction and cellular proliferation [ 18 ,  26 ]. 
Additionally, the regulation of intracellular calcium through 
a variety of triggers and mechanisms involving local kinases 
and phosphatases regulates vascular tone and remodeling 
potential [ 3 ,  27 ]. 

 Pulmonary vascular infl ammation may occur in response 
to physical, immune, toxic, or infectious injury that initiates 
the recruitment of infl ammatory cells. These infl ammatory 

  Fig. 16.1    Pulmonary artery smooth muscle cell therapeutic targets and 
corresponding licensed ( green boxes ) and investigational ( red boxes ) 
treatment approaches for pulmonary arterial hypertension. Arrows rep-
resent receptor stimulation, whereas terminated lines show receptor 
blockade.  Abbreviations :  AC  adenylate cyclase,  cAMP  cyclic AMP, 
 cGMP  cyclic GMP,  ECE - 1  endothelin converting enzyme 1,  eNOS  
endothelial nitric oxide synthase,  ETA  endothelin receptor type A,  ETB  

endothelin receptor type B,  ERA  endothelin receptor antagonists,  IP  
prostaglandin I2,  PDE - 5  phosphodiesterase type 5,  PDGF  platelet 
derived growth factor,  PDGF - R TKI  PDGF receptor tyrosine kinase 
inhibitors,  PGIS  prostaglandin I synthase,  sGC  soluble guanylate 
cyclase,  VPAC  vasointestinal peptide receptor (This fi gure is repro-
duced with permission from O’Callaghan et al. [ 115 ])       
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cells act as central propagators through immune-mediated 
mechanisms in an effort to resolve the perceived injury [ 28 , 
 29 ]. Chronic infl ammation appears central to the maladap-
tive remodeling in PAH, which is, in part, directed by the 
dysregulation of the immune response [ 30 ]. As mentioned 
above, a host of infl ammatory cytokines/chemokines and 
growth factors can induce the proliferation and migration of 
endothelial and PSMCs [ 31 ,  32 ]. Thus, it is not entirely sur-
prising that higher levels of infl ammatory mediators have 
been associated with worse outcomes in PAH patients 
[ 33 – 37 ]. 

 Central to the pathobiologic changes in PAH is a genetic 
predisposition to vascular and cellular injury leading to the 
cascade of events discussed above. Over the past two 
decades, the development of next-generation sequencing 
techniques, genome-wide association studies, carefully 
designed familial studies, and longitudinal data from regis-
tries have enhanced the understanding of the hereditary com-
ponents of PAH [ 38 ]. As genomic research continues in the 
fi eld of PAH, there will be a continued effort to defi ne the 
genomics, metabolomics, and proteomics for a more robust 
genetic description of the disease process and predisposition 
to pathologic changes [ 39 ,  40 ]. For instance, genetic linkage 
analyses of patients with a known family history of PAH 
have elucidated the importance of the transforming growth 
factor beta (TGF-β) receptor and downstream signaling path-
ways in the pathobiologic processes [ 41 ]. Overall, the con-
tinued investigation of possible infectious, infl ammatory, 
hypoxic, and toxic environmental triggers on a background 
of various genetic and genomic underpinnings will further 
our understanding of the complexities of PAH pathobiology 
and lead to additional, novel therapeutic targets.  

    Therapeutic Targets 

    Prostacyclins (Table  16.1 ) 

    Among the pathways disrupted in the pathobiology of PAH 
is the prostacyclin pathway leading to a relative defi ciency of 
endogenous prostacyclin synthesis. Prostacyclins and pros-
tacyclin analogues (prostanoids) primarily target the prosta-
glandin I receptor activating adenylate cyclase activity, 
which results in potent pulmonary (but also systemic) vaso-
dilation, inhibition of platelet aggregation, and a blunting of 
certain infl ammatory responses that would otherwise trigger 
endothelial and smooth muscle cell proliferation [ 15 ,  42 , 
 43 ]. Over the past two decades, prostacyclin, the fi rst 
approved therapy for PAH, has maintained its role as a cor-
nerstone of therapy in patients with progressive PAH. The 
evolution of prostacyclin therapies since the original approval 
of intravenous epoprostenol includes the development and 
approval of alternative intravenous, subcutaneous, inhaled, 

and oral formulations. We will review the various prostacy-
clin therapies with a focus on landmark clinical trials, impor-
tant pharmaceutical properties, and an approach to dosing 
while monitoring for adverse effects and toxicity. 

    Parenteral Therapies: Intravenous 
and Subcutaneous 

   Intravenous Epoprostenol (Flolan™) 
 Epoprostenol is the intravenous formulation of prostacyclin 
I2 (PGI 2 ), a synthetic, stabilized compound initially approved 
by the FDA in 1995 for idiopathic PAH. As such, the most 
robust longitudinal and mortality data are available for this 
compound. Following a number of encouraging, smaller 
clinical trials of prostacyclin therapy in PAH [ 44 – 47 ], a piv-
otal, 12-week, prospective, placebo-controlled randomized 
trial evaluating hemodynamics, functional capacity, quality 
of life, and survival in 81 patients with New York Heart 
Association functional class (FC) III or IV idiopathic PAH 
(IPAH) (previously known as primary pulmonary hyperten-
sion) was performed. Patients receiving epoprostenol dem-
onstrated signifi cant improvements in pulmonary vascular 
resistance, pulmonary artery pressure, and cardiac index 
with marginal effects on mean systemic arterial pressure. 
Additionally, 6-min walk distance (6MWD) and quality of 
life scores improved in the epoprostenol-treated participants 
compared to the placebo group, with the placebo patients 
experiencing a worsening of quality of life and 6MWD. 
There were no deaths in the epoprostenol group compared to 
eight deaths in the placebo arm [ 47 ]. Subsequent to this trial 
in IPAH, similar hemodynamic and functional improvements 
were observed in scleroderma- related PAH treated with IV 
epoprostenol over a 12-week period but with similar survival 
rates in the IV epoprostenol group compared to the conven-
tional therapy group [ 48 ]. 

 Since the completion of the key epoprostenol PAH clinical 
trials, three additional, observational studies have compared 
survival in those treated with epoprostenol to historical con-
trols from the original US National Institutes of Health regis-
try of PAH [ 49 ,  50 ]. In the fi rst study, Shapiro and colleagues 
prospectively followed 69 patients with FC III and IV idio-
pathic PAH at a single center and observed an improved sur-
vival at 1, 2, and 3 years respectively as compared to historical 
controls [ 51 ]. Those subjects followed for more than 1 year 
had additional improvements in non- invasively assessed pul-
monary vascular resistance (PVR) indices, suggesting a long-
term hemodynamic benefi t of the therapy [ 51 ]. Similarly, a 
survival benefi t from epoprostenol was observed by 
McLaughlin and colleagues in 162 patients PAH with func-
tional class III or IV treated at a single center. With a median 
follow up of 31 months, a substantial survival benefi t was 
observed in those on epoprostenol therapy at 1 year, 2 years, 
3 years, and 5 years, respectively. Long-term improvements 
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in symptoms and invasively measured hemodynamic param-
eters were demonstrated as well [ 52 ]. Around the same time, 
Sitbon and colleagues reported similar fi ndings of improved 
symptoms, hemodynamics and survival at 1, 2, 3, and 5 years, 
respectively, in a French PAH cohort [ 53 ].  

   Pharmacologic Features and Clinical Considerations 
 The chemical and pharmacokinetic properties of IV epopro-
stenol necessitate the intricate delivery system for the drug. 
Epoprostenol is prepared in sterile, freeze-dried powder 
which requires cool storage recommended at 15 to 20 °C. The 
half-life of the drug is 6 min as the drug is rapidly degraded 
in the blood and ultimately renally excreted. Therefore, the 

drug must be delivered via continuous infusion with a central 
catheter via a positive pressure pump (Fig.  16.2 ); abrupt dis-
continuation of therapy may lead to cardiovascular collapse 
and death [ 54 ]. In the hospital setting in the treatment naïve 
patient, epoprostenol is typically initiated via a peripherally 
inserted central catheter or central line. As the transition to 
outpatient care occurs, the placement a durable, tunneled 
central venous catheter is strongly advised. Additionally, the 
intravenous pump is converted to a battery operated portable 
pump (Fig.  16.2 ). Veletri™, a generic formulation of 
 epoprostenol (Flolan™), is stable at room temperature and 
gained FDA approval in 2012. This  l -arginine formulation 
purportedly provides a more thermally stable preparation 

   Table 16.1    Pharmacologic and clinical points for prostacyclins in the treatment of PAH   

 Prostacyclin agent  Mechanism of action 
 Administration 
route(s)  Suggested dosing 

 Relative & absolute 
contraindications 

 Monitoring & side 
effects 

  Epoprostenol  
 (Flolan™) 

 Prostaglandin I2 
(PGI 2 ), Prostacyclin 
analogue 
   Pulmonary and 

systemic 
vasodilation 

   Inhibition of 
platelet 
aggregation 

   Anti-proliferative 
properties 

 Intravenous via 
continuous pump 
delivery 

  Initiation : 
 1–2 ng/kg/min 
  Titration : 1–2 ng/kg/
min daily while in the 
hospital for 3–5 days; 
weekly as outpatient 
  Chronic : Average dose 
30–50 ng/kg/min at 1 
year 

 Avoid abrupt 
discontinuation which 
may lead to acute 
rebound pulmonary 
hypertension and 
cardiogenic shock 
 Inability to reliably 
manage an indwelling 
catheter and pump 
delivery system 

  Catheter - related : 
Sepsis, thrombosis 
  Drug - related : 
 Hypotension, nausea, 
vomiting, jaw pain, 
headache, fl ushing 

  Treprostinil  
 (Remodulin™) 
 (Tyvaso™) 
 (Orenitram™) 

 Tricyclic benzidine 
analog of 
epoprostenol 

 Intravenous, 
Subcutaneous, 
Inhaled, Oral 

  SQ : 
  Initiation : 
 2 ng/kg/min 
  Titration : 
 2 ng/kg/min 1–2 per 
week as outpatient 
  Chronic : Average dose 
2–3× epoprostenol (i.e. 
60–80 ng/kg/min) 
  Inhaled : 
 3 breaths (18 mcg) 4 
times per day; goal 9 
breaths (54 mcg) per 
session (4 times daily); 
increase by 3 breaths 
per session every 1–2 
weeks 
  Oral : 
 0.25 mg BID; increase 
by 0.25 mg per dose 
every 3–4 days; average 
dose 4.2 mg BID at 1 
year 

 IV treprostnil: See 
epoprostenol 
   Oral treprostinil 

contraindicated 
in severe hepatic 
impairment 
(Child-Pugh 
Class C or 
greater) 

 See epoprostenol 
   Intravenous 

treprostinil 
associated with 
increased risk of 
gram-negative 
bacteremia 

   Severe site pain 
associated with 
SC 

   Cough and throat 
irritation with 
inhaled 

   PO administration 
less risk of 
systemic effects 
but frequent GI 
upset including 
nausea and 
diarrhea 

  Iloprost  (Ventavis™)  Stable prostacyclin 
analog 

 Inhaled, 
Intravenous 

  Inhaled : 
 2.5 mg per inhalation 
6–9 times per day; 
titrate to goal 5 mg per 
dose at least 6 times per 
day; do not exceed 
70 mg daily 

 See epoprostenol 
   Monitor closely 

with advanced 
hepatic or renal 
disease 

 See epoprostenol 
   Additional risk of 

cough and throat 
irritation with 
inhalation 

   Abbreviations :  PGI   2   prostaglandin I2,  2 – 3×  two to three times,  ng  nanogram,  kg  kilogram,  min  minute,  mcg  micrograms,  mg  milligrams,  BID  
Twice Daily Dosing,  PO  Administration by Mouth, SC Subcutaneous, GI gastrointestinal  
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with an administration time of up to 7 days after mixing the 
drug without a compromise in potency [ 55 ,  56 ].

   The continuous nature of the drug infusion via central 
venous access, the associated equipment, and the required 
meticulous care can be a substantial barrier for some patients. 
Extensive education is required with documented compe-
tency in pump management (including alarms), sterile tech-
nique, medication preparation and storage, and awareness of 
pump or catheter related complications (including sepsis and 
thrombosis) [ 57 ]. As such, the administration and longitudi-
nal follow up care for patients on parenteral therapy includ-
ing epoprostenol should be coordinated by an experienced 
integrated health center expert in the management of PAH.  

   Dosing Recommendations and Adverse Events 
 Given the variability and relatively short follow-up duration 
in clinical trials, dosing recommendations for the long-term 
use of epoprostenol therapy comes from empiric clinical 
experience. Traditionally, epoprostenol has been initiated at 
a dose of 2 ng/kg/min and titrated daily to a dose that results 
in the initial optimization of PAH symptoms and hemody-
namics while limiting side effects. In the pivotal trial by 
Barst and colleagues, a mean dose of 9 ng/kg/min was 
achieved at 8 weeks [ 47 ]. In the later studies by McLaughlin 
et al. and Sitbon et al., mean doses of approximately 
22–27 ng/kg/min and 14 ng/kg/min respectively at 12 weeks 
were achieved [ 52 ,  53 ,  58 ]. Recently, McLaughlin and 
Palevsky provided a contemporary dosing recommendation 
for the initiation and dose escalation for intravenous epopro-
stenol therapy targeting an eventual average dose of 
35–50 ng/kg/min at 1 year [ 57 ]. 

 The off-target effect profi les are similar for all forms of 
prostacyclin therapies with a few exceptions. With the slow 
initiation of therapy, systemic vasodilation due to epopros-
tenol may induce a modest decrease in systemic blood pres-
sure in addition to common side effects including fl ushing, 
headache, diarrhea, and a specifi c jaw discomfort that occurs 
with the initial mastication during a meal [ 52 ,  53 ]. In over-
dose states, patients may report extreme side effects with a 
predominance of diarrhea and fl ushing and invasive hemody-
namic monitoring may even demonstrate a high cardiac out-
put state [ 58 ]. However, many of these side effects will abate 
as a steady state dose is achieved and the drug is used chroni-
cally. In addition, there are potential adverse events associ-
ated with the intravenous delivery system. As with any 
catheter-based system, the patient and physician must remain 
vigilant in the monitoring of thrombotic complications and 
perhaps more commonly, local or systemic infections [ 57 ].  

   Subcutaneous and Intravenous Treprostinil 
(Remodulin™) 
 Treprostinil was the second prostacyclin therapy approved 
by the FDA in 2002, initially via the subcutaneous route. 
The subcutaneous delivery of treprostinil provided an alter-
native, parenteral route of prostanoid delivery given some of 
the limitations related to intravenous therapy. The main 
clinical data examining the safety and effi cacy of subcutane-
ous treprostinil comes from a single placebo-controlled trial 
and a subsequent observational study. Simonneau and col-
leagues conducted a 12 week, multinational, double-blinded 
trial in four-hundred and seventy patients with PAH. The 
primary endpoint of 6MWD improved signifi cantly in those 
treated with SC treprostinil and secondary outcomes of dys-
pnea scores and hemodynamic parameters also improved 
[ 59 ]. This study was followed by an observational study of 
eight- hundred sixty patients by Barst and colleagues, pro-
viding longer term follow-up data on safety and survival. 
Participants were followed for up to 4 years with Kaplan-
Meier derived survival estimates compared to the NIH pre-
dicted mortality and suggested possible improved survival 
on therapy [ 60 ]. Following the approval of SC epoprostenol, 
the safety and effi cacy of IV treprostinil was demonstrated 
in a prospective, open-label, 12-week trial of 16 patients 
with mixed etiologies of PAH (8 with idiopathic) in whom 
improvements in 6MWD, dyspnea scores, and hemodynam-
ics were observed [ 61 ].  

   Pharmacologic Features and Clinical Considerations 
 The longer half-life, thermal stability at room temperature, 
and avoidance of a central catheter delivery system were all 
leveraged when developing the subcutaneous formulation. 
Treprostinil is a thermally stable tricyclic benzene analog of 
prostacyclin with peak plasma concentrations of the drug 
occurring within 2 to 3 h of subcutaneous delivery [ 62 ,  63 ]. 

  Fig. 16.2    Pictured is an actual portable, battery-powered infusion 
pump into which a drug cassette of epoprostenol is inserted. This set-up 
allows for the self-administration of a continuous infusion of prostacy-
clin therapy via a single lumen central venous catheter (often a Hickman 
catheter) (This fi gure is reproduced with permission from Cheryl 
Switzer @ PHCentral.org   http://www.phcentral.org/medical/fl olan-
resource- page         (Accessed January 2015))       
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Treprostinil also has a longer half-life of approximately 4.5 h 
as compared to epoprostenol. The longer half-life may miti-
gate the risk of cardiovascular collapse that may be seen with 
the acute discontinuation of epoprostenol [ 64 ,  65 ]. Similar to 
the intravenous formulations of prostacyclin therapies, the 
subcutaneous delivery is via a positive pressure infusion 
pump but with a self-inserted catheter. The initiation of sub-
cutaneous treprostinil can be performed in the inpatient or 
outpatient setting with close monitoring. The initial FDA 
approved dose is recommended at 1.25 ng/kg/min, however 
there is clinical data suggesting the safety of a 2.5 ng/kg/min 
initial dose with rapid escalation upon demonstrating 
improved clinical and hemodynamic endpoints compared to 
a slower escalation strategy beginning at a dose of 2 ng/kg/
min. When studied, those participants in the rapid titration 
group had a higher average dose of approximately 20 ng/kg/
min at 12 weeks [ 59 ]. Particular attention to early pump and 
site complications should be noted by the patient and alert 
the care team as soon as possible [ 54 ]. Contrary to other 
subcutaneously-based therapies, a specifi c infusion pump 
site is not required for appropriate absorption: the abdomen 
is the preferred site although the buttock, fl ank, thigh, and 
upper arm are potential alternative sites. Although rotation of 
the administration site is recommended to occur at three day 
intervals, patients will often administer the drug at the same 
site for up to 30 days and typically rotate the site every 2–4 
weeks without obvious detrimental effects. Additionally, the 
transition from SC to IV treprostinil (and vice versa) can be 
generally done safely without deterioration in clinical status 
as long as it is performed in an appropriate clinical setting 
and under expert supervision [ 66 ,  67 ].  

   Dosing Recommendations and Adverse Events 
 As with IV epoprostenol, IV treprostinil is typically initiated 
in the hospital setting at an initial dose of 2 ng/kg/min with 
incremental increases of 2 ng/kg/min titrated to hemody-
namic and clinical endpoints and limited by tolerability. The 
ultimate, average dose of treprostinil achieved will typically 
be about two to three-times the dose of epoprostenol [ 61 , 
 63 ]. The side effects of IV and SC treprostinil are similar to 
that of epoprostenol including fl ushing, headache, diarrhea, 
and jaw discomfort [ 54 ,  59 ,  60 ]. With SC treprostinil, per-
haps the most limiting side effect is severe site pain, which 
may occur in up to 85 % of patients. Rarely, abscess forma-
tion may occur at the infusion site requiring local drainage 
and systemic antibiotics. With IV treprostinil, patients may 
be at higher risk of bacteremia, particularly gram negative 
rod sepsis as compared to IV epoprostenol. The concern of 
gram-negative systemic infections were noted in an exami-
nation of the REVEAL registry (Registry to Evaluate Early 
and Long Term PAH Disease Management) that demon-
strated a rate of 0.36 vs. 0.12 per 1000 treatment days com-
pared to epoprostenol therapy. A subsequent multivariate 

analysis of the data adjusting for potential confounders 
reported an approximately 3- and 6-fold increase in the risk 
of bloodstream infections and gram-negative infections 
respectively with IV treprostinil when compared to epopros-
tenol [ 68 ]. Interestingly, a subsequent study demonstrated 
that the increased risk of gram negative bacteremia may be 
attenuated when epoprostenol diluent is used with IV trepro-
stinil administration, perhaps best explained by differences 
in the pH between the respective diluents [ 69 ].   

    Inhaled Prostanoids: Iloprost (Ventavis™), 
Treprostinil (Tyvaso™) 
 The next iteration of available prostacyclin therapy moved 
from the pump and catheter based therapies that require con-
tinuous administration to an inhaled delivery system with 
frequent dosing. As with prostanoids in general, the inhaled 
prostacyclins induce pulmonary vascular dilation and inhibit 
platelet aggregation and cell proliferation [ 70 ,  71 ]. At their 
inception, inhaled prostanoids possessed some attractive 
theoretical characteristics that included the direct inhalation 
of drug directly into the alveoli and subsequently into the 
pulmonary capillaries. Additionally, the inhaled route avoids 
the need for central venous access or painful subcutaneous 
injections. Unfortunately, there are a number of disadvan-
tages with inhaled prostanoids including being less potent 
(effective) than parenteral therapy and the requirement for 
multiple inhalations per day. 

   Pharmacologic Features and Clinical Considerations 
 Iloprost (Ventavis™) was the fi rst inhaled prostacyclin to 
gain approval in 2004 following a 12 week, randomized, 
double blind, placebo-controlled trial of 203 patients with 
predominantly PAH but also chronic thromboembolic pul-
monary hypertension (CTEPH). Patients were randomized to 
either 2.5 μg or 5.0 μg of iloprost versus placebo with the 
combined primary endpoint of improvement in at least one 
functional class and a 10 % improvement in 6MWD without 
clinical deterioration or death. By study’s end, those ran-
domized to iloprost achieved a signifi cant improvement in 
the primary endpoint (17 % with iloprost versus 5 % with 
placebo). Improvements in secondary endpoints of dyspnea 
score, quality of life, and hemodynamics also favored ilo-
prost (though it should be noted that hemodynamics were 
measured shortly after drug administration) [ 72 ]. 

 A different inhaled prostanoid, inhaled treprostinil, was 
evaluated in two small studies of PAH and chronic thrombo-
embolic pulmonary hypertension (CTEPH) and demon-
strated encouraging clinical and hemodynamic improvements 
[ 73 ,  74 ]. These fi ndings led the way for the Treprostinil 
Sodium Inhalation Used in the Management of Pulmonary 
Arterial Hypertension 1 (TRIUMPH-1) clinical trial of 235 
patients with FC III PAH on background therapy with either 
bosentan or sildenafi l randomized to inhaled treprostinil or 
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placebo over a 12 week period. By study’s end, a signifi cant 
median improvement in peak 6MWD was seen in the inhaled 
treprostinil cohort although no signifi cant improvements in 
secondary endpoints of time to clinical worsening or func-
tional class were observed [ 75 ]. In a subsequent observa-
tional extension study, 118 patients who remained on inhaled 
treprostinil demonstrated a persistent improvement in 
6MWD at 2 years. Inhaled treprostinil received FDA 
approval in 2009 [ 76 ].  

   Dosing Recommendations and Adverse Events 
 The short serum half-life (20–25 min for Iloprost, 3–4 h for 
Treprostinil) of both agents necessitates the frequent admin-
istration of the drug which is delivered through a nebulizer 
device [ 73 ]. The portable delivery device is battery powered 
with the option for monitoring of therapeutic indices of com-
pliance and effective administration. Inhaled iloprost is par-
ticularly cumbersome, requiring 6 to 9 treatments per day at 
a dose of 2.5 ug or 5.0 ug per treatment for optimal benefi t 
[ 77 ]. Treprostinil on the other hand requires 4 administra-
tions per day with multiple breaths (3–10 per session) at an 
approximate dose of 6 μg per breath [ 54 ]. 

 Aside from the inconvenience associated with the fre-
quent dosing schedule, the inhaled prostacyclin therapies 
are generally well tolerated. Although some of the charac-
teristic systemic side effects of prostanoids occur with the 
inhaled agents including headache, nausea, fl ushing, and 
jaw pain, these tend to be less prominent than with paren-
teral therapy, owed likely to its lesser relative potency and 
lower continuous blood concentrations. More common side 
effects of the inhaled formulations include cough and throat 
irritation [ 73 ,  78 ,  79 ]. Occasionally, a transition from paren-
teral to inhaled therapy is desired and can be achieved when 
performed carefully by an experienced clinical team at an 
expert PAH center [ 80 ].   

    Oral Prostanoids: Treprostinil (Orenitram™), 
Beraprost 
 The search for an effective oral prostanoid has been ongo-
ing for many years in hopes of developing a therapy that 
might provide the benefi ts of prostanoid therapy while 
obviating the need for inconvenient drug delivery systems. 
While the development of oral prostanoid therapies might 
be considered another milestone in the treatment of PAH, 
its implementation has proved more diffi cult than antici-
pated [ 81 ,  82 ]. 

   Pharmacologic Features and Clinical Considerations 
 Beraprost was the fi rst oral prostanoid studied in the treat-
ment of PAH via a randomized, placebo-controlled trial 
coined the Arterial Pulmonary Hypertension and Beraprost 
European Trial (ALPHABET). A total of one hundred thirty 
PAH patients were randomized to beraprost or placebo dosed 

four times per day for 12 weeks. The primary endpoint was 
the 6MWD which improved in those randomized to bera-
prost at 12 weeks [ 83 ]. Unfortunately, the drug was intoler-
able by a majority of patients due to severe gastrointestinal 
(GI) side effects. Barst and colleagues concurrently evalu-
ated beraprost in a multicenter, randomized, placebo- 
controlled trial of 116 PAH patients evaluating a combined 
primary endpoint of disease progression or >25 % decrease 
in peak oxygen consumption (VO 2 ). While those randomized 
to beraprost demonstrated an improvement in 6MWD at 3 
months, similar to that which was seen in the ALPHABET 
trial, these gains were no longer evident by 9 or 12 months 
and once again a similar, generally intolerable side effect 
profi le was noted [ 84 ]. Consequently, beraprost never gained 
FDA approval. 

 More recently, oral treprostinil, a newer oral prostanoid 
developed in part with the goal of having a better tolerability 
profi le than beraprost, was studied in a series of randomized, 
placebo-controlled trials coined the FREEDOM trials. In the 
FREEDOM-C (Oral Treprostinil in Combination With an 
ERA and/or a PDE-5 inhibitor for the Treatment of PAH) 
trial, PAH patients on existing, background PAH therapy 
were randomized to oral treprostinil (at an initial starting dose 
of 1 mg twice a day) or placebo for 16-weeks resulting in a 
nonsignifi cant 11 m improvement in the primary endpoint of 
6MWD [ 85 ]. Notably, a high drop-out rate in those receiving 
oral treprostinil occurred due primarily to side effects of 
headache and GI upset. The FREEDOM-M trial was a ran-
domized, double blind, placebo-controlled, clinical trial of 
228 treatment naïve patients with PAH, modifi ed to an inten-
tion to treat analysis restricted to only those with access to the 
0.25 mg dose of treprostinil on the basis of intolerability of 
higher doses as was seen in FREEDOM-C. The primary end-
point of improvement in 6MWD at 12 weeks was achieved in 
the treprostinil arm, though improvements in many secondary 
endpoints were not achieved. Side effects of headache and GI 
upset were again common although use of the lower dose and 
a slower up titration may have helped with tolerability [ 86 ]. 
Finally, a third clinical trial of oral treprostinil was performed, 
the FREEDOM-C2 trial, which was a 16 week randomized 
trial of 310 patients with PAH on existing background oral 
therapy randomized to treprostinil (at an initial dose of 
0.25 mg) versus placebo. Similar to that which was seen with 
the original FREEDOM-C trial, there was no signifi cant 
improvement in the primary endpoint of 6MWD [ 87 ]. 
Ultimately on the basis of the results from these trials, oral 
treprostinil was approved in 2013 for use exclusively as 
monotherapy in the treatment of PAH.  

   Dosing Recommendations and Adverse Events 
 Sustainable blood levels for therapeutic concentrations of 
treprostinil have been demonstrated up to 8 to 10 h. Therefore, 
oral treprostinil is formulated as an extended-release 
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 tablet allowing for twice daily administration. It is 
 recommended that patients take the medication within 
10 min of consuming a meal to improve absorption [ 88 ]. In 
the FREEDOM-M trial noted above, the starting dose of 
0.25 mg twice daily was increased every 3 days to a maxi-
mum tolerated dose, not exceeding 12 mg twice daily. The 
average dose at 12 weeks was 3.4 mg BID [ 86 ]. As noted, an 
initial low starting dose and slow up titration of oral trepro-
stinil appears to be important for tolerability [ 54 ].    

    Endothelin Receptor Antagonist Therapy 
(Table  16.2 ) 

       Bosentan  (Tracleer™),  Ambrisentan  (Letairis™), 
 and Macitentan  (Opsumit™) 
 The pathobiology of PAH is diverse, involving multiple 
pathways and mechanisms of disease. A number of studies 
have confi rmed the potent vasoconstrictor and mitogenic 
properties of endothelin-1 (ET-1) on the pulmonary vascula-
ture [ 89 ,  90 ]. Elevated ET-1 plasma and lung levels are pres-
ent in idiopathic PAH [ 26 ]. Endothelin receptors, which 
include endothelin receptors types A and/or B, are expressed 
on endothelial cells, cardiomyocytes, fi broblasts, and 
smooth muscle cells [ 91 ]. On the basis of biologic plausibil-
ity, the development of endothelin receptor antagonist 

 therapy emerged as an attractive therapeutic target in the 
treatment in PAH.  

   Pharmacologic Features and Clinical 
Considerations 
 The initial ERA to receive FDA approval was Bosentan 
(Tracleer™) in 2001 for patients with PAH and FC III or IV 
symptoms. Two randomized, double-blinded, placebo-con-
trolled trials examined the effi cacy and safety of this new 
class of agents. Channick and colleagues studied thirty-two 
patients with predominantly idiopathic PAH treated with 
bosentan or placebo for 12 weeks with the primary endpoint 
of 6MWD. Compared to placebo, the 6MWD improved sig-
nifi cantly in those receiving bosentan with favorable changes 
in the secondary endpoints of PVR, cardiac index (CI), and 
dyspnea scores [ 92 ]. These fi ndings led to the subsequent 
and larger clinical trial of 213 PAH patients in The Bosentan 
Randomized Trial of Endothelin Receptor Antagonist 
Therapy (BREATHE-1), which compared bosentan to pla-
cebo for 16 weeks and which met its primary endpoint of an 
improved 6MWD, while also demonstrating improvements 
in functional class and dyspnea scores [ 93 ]. 

 Ambrisentan (Letairis™), a selective endothelin receptor 
A antagonist approved in 2007, was evaluated in two 
 randomized, double-blinded, placebo-controlled trials of 
PAH patients in The Ambrisentan in Pulmonary 
Arterial Hypertension Randomized, Double-Blind, 

   Table 16.2    Pharmacologic and clinical points for ERAs in the treatment of PAH   

 Endothelin receptor 
antagonists  Mechanism of action 

 Administration 
route(s)  Suggested dosing 

 Relative & absolute 
contraindications  Monitoring & side effects 

  Bosentan  (Tracleer™)  Nonselective 
endothelin receptor 
antagonist 
   Pulmonary 

arterial 
vasodilation 

   Anti-proliferative 
properties 

   Anti-thrombotic 
properties 

 Oral  Initiate at 62.5 mg 
BID; increase to 
maximum dose 
125 mg BID after 
4 weeks 

 Moderate to severe 
hepatic disease (Child-
Pugh Class B or greater) 
 Pre-existing left 
sided-heart failure, fl uid 
retention 
 Pre-existing signifi cant 
anemia 
 Category X for pregnancy 

 Hepatotoxicity, 
peripheral edema, 
headache, hypotension, 
anemia 
   Hepatic function 

testing at baseline 
and monthly while 
on therapy 

   Effective birth control 
for women of 
child-bearing age 
required 

  Macitentan  
(Opsumit™) 

 See Bostenan  Oral  10 mg dose once 
daily 

 See Bosentan  See Bosentan 
   Lower risk of 

hepatotoxicity than 
with bosentan 

  Ambrisentan  
(Letairis™) 

 Selective endothelin 
receptor A 
antagonist 
   Similar effects as 

Bosentan 

 Oral  5 mg daily with 
titration to 10 mg 
daily in 2–4 
weeks; start 
2.5 mg daily if 
prior hepatic 
injury on 
non-selective ERA 
therapy 

 Moderate to severe 
hepatic disease (Child-
Pugh Class B or greater) 
 Pre-existing left heart 
failure, fl uid retention 
 Pre-existing signifi cant 
anemia 
 Category X for pregnancy 

 See Bosentan 
   Lower risk of 

hepatoxicity than 
with bosentan 

   Abbreviations :  mg  milligrams,  ERA  endothelin receptor antagonist  
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 Placebo- Controlled, Multicenter Effi cacy Study 1 and 2 
(ARIES) trials. Galie and colleagues randomized 394 FC 
II-IV PAH patients in a 1:1:1 design, which included pla-
cebo, ambrisentan 5 mg, or ambrisentan 10 mg in ARIES-1 
and ambrisentan 2.5 mg or ambrisentan 5 mg in ARIES-2. 
There was a dose-related improvement in the primary end-
point of 6MWD compared to placebo that occurred at 12 
weeks and which remained signifi cant at 48 weeks in the 280 
participants continuing on open label therapy [ 94 ]. 
Improvements in BNP, functional class, dyspnea score, and 
quality of life meters were also achieved at 12 weeks in those 
receiving ambrisentan. 

 The newest ERA to gain approval is macitentan 
(Opsumit™), which occurred in 2013 following a large, 
double- blinded, randomized, placebo-controlled trial the 
Study of Endothelin Receptor Antagonist in Pulmonary 
Arterial Hypertension to Improve Clinical Outcome 
(SERAPHIN). In this study, the PAH clinical trial of the lon-
gest duration to date, 742 patients were randomized to either 
macitentan 10 mg, macitentan 3 mg, or placebo to evaluate 
a composite primary endpoint of death, lung transplanta-
tion, atrial septostomy, initiation of subcutaneous or inhaled 
prostacyclin therapies, or worsening of PAH. This event-
driven trial, a departure from the typical 6MWD endpoint, 
demonstrated a signifi cant reduction in the combined pri-
mary endpoint in both treatment arms compared to placebo, 
with the primary driver being worsening of PAH. Modest 
improvements in secondary endpoints including exercise 
capacity and functional class were also observed in those 
receiving macitentan. Many of the patients in the study were 
treatment naïve but subgroup analyses found that improve-
ments in the primary endpoint occurred in both treatment 
naïve patients and in those on background therapy. However, 
the derived benefi t of the 3 mg dose was modest as com-
pared to the 10 mg dose and ultimately only the 10 mg dose 
was approved [ 95 ].  

   Dosing Recommendations and Adverse Events 
 Both bosentan and macitentan are primarily hepatically 
metabolized and excreted by the biliary system. Macitentan 
is formulated as a parent drug, and, thus, compared to the 5 h 
half-life of bosentan, macitentan has a serum half-life of 
14–19 h allowing for once daily dosing. Bosentan dosing 
may range from an initial dose of 62.5 mg twice daily up to 
a maximum dose of 250 mg twice daily, although the 250 mg 
dose in particular should be used with extreme caution 
because of the risk for hepatic dysfunction [ 96 ]. Macitentan 
is approved for 10 mg dosing only [ 95 ]. The serum half-life 
of ambrisentan allows for once daily dosing and may be 
administered over a range from 2.5 to 10 mg daily [ 97 ]. 

 Arguably, the most worrisome adverse event associated 
with ERA therapy is hepatotoxicity and the commonest side 
effect is peripheral edema. Because of the hepatotoxicity risk 

associated with bosentan, monthly liver function testing 
(LFT) is mandatory for the duration of therapy and stopping 
the drug altogether is recommended should an elevation in 
LFTs above three times the upper limit of normal occur. 
Overall, mild elevations in aminotransferase levels occur in 
less than 6 % of participants receiving therapy. Additionally, 
co-administration of other agents metabolized via the 
CYP3A4 and CYP2C19 should be used with caution because 
of the potential for signifi cant drug interactions to occur with 
concomitant bosentan use [ 98 ]. Regular monitoring of hemo-
globin/hematocrit is also recommended to monitor for ane-
mia, particularly while on chronic therapy. Peripheral edema 
is typically responsive to the administration of a diuretic, but 
the provider should remain attentive to signs of overt right 
ventricular failure and disease progression [ 96 ,  99 ]. 

 Unlike with bosentan, ambrisentan appears to have a sub-
stantially lower risk of developing abnormal LFTs, but has 
similar rates of other side effects such as peripheral edema 
[ 100 ]. As with the other ERAs which are metabolized by the 
hepatic CYP system, a thorough consideration of drug inter-
actions should be performed by the health care provider at 
the initiation and continuation of therapy [ 98 ]. Finally, ERAs 
are known to be teratogenic, therefore, therapy in women of 
childbearing age must include a negative pregnancy test at 
baseline and a discussion of appropriate contraception to 
avoid pregnancy while receiving treatment.   

    Nitric Oxide Therapies (Table  16.3 ) 

    Nitric oxide is an important contributor to the regulation of 
vascular tone, cellular proliferation, thrombosis, and 
response to injury/infl ammation. The discovery of particu-
larly high levels of phosphodiesterase type 5 in the lungs led 
to the development of phosphodiesterase type 5 (PDE5) 
inhibitors, which prevent the degradation of the second mes-
senger cyclic guanosine monophosphate to mediate the 
intracellular NO signaling [ 101 ,  102 ]. More recently, soluble 
guanylate cyclase (sGC) stimulators, which have a dual 
mode of action to enhance sGC bioactivity, have also been 
developed and tested in PAH [ 103 ] (See section “ Guanylate 
cyclase stimulators: Riociguat (Adempas™) ”). 

   Phosphodiesterase 5 Inhibitors: Sildenafi l 
(Revatio™) and Tadalafi l (Adcirca™) 

   Pharmacologic Features and Clinical Considerations 
 Sildenafi l, initially studied in the treatment of erectile dysfunc-
tion, received FDA approval for the treatment of PAH in 2005. 
The Sildenafi l Use in Pulmonary Arterial Hypertension 
(SUPER) study was the initial pivotal double blinded, placebo- 
controlled trial of 278 patients with symptomatic PAH ran-
domized to sildenafi l (dose ranged from 20 to 80 mg three 
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times a day) versus placebo with a primary endpoint of 6MWD 
at 12 weeks. By study’s end, there was a signifi cant improve-
ment in 6MWD favoring sildenafi l with a particularly notable 
dose-related improvement in both hemodynamics and 6MWD 
with escalation in sildenafi l dose [ 104 ]. The SUPER-2 trial 
enrolled 259 patients in an open-label 3-year extension study. 
At 3 years, there was an overall persistent improvement in 
6MWD compared to the baseline SUPER-1 indices [ 105 ]. 

 The Pulmonary Arterial Hypertension and Response to 
Tadalafi l (PHIRST) study enrolled 405 patients with PAH in 
a 16 week double-blind, placebo-controlled trial of taldalafi l 
administered in one of four daily doses of 2.5, 10, 20, or 
40 mg daily versus placebo with a primary endpoint of 
6MWD. Ultimately, it was only in the higher doses of 
tadalafi l where a signifi cant improvement in 6MWD was 
achieved along with improvements in time to clinical wors-
ening and quality of life [ 106 ]. Similar to that which was 
done with the SUPER trials with sildenafi l, the PHIRST-2 
study extended enrollment of PHIRST-1 study participants 
for an open-label follow up at 52 weeks showing an overall 
persistence in 6MWD improvements for both the 20 and 
40 mg treatment arms [ 107 ]. Tadalafi l was ultimately 
approved at the 40 mg dose.  

   Dosing Recommendations and Adverse Events 
 Despite improvements in a variety of clinical endpoints with 
escalating doses of sildenafi l in the clinical trials, approval is 

for 20 mg three times daily. The longer half-life of tadalafi l 
of upwards of 18 h allows for once daily dosing and it is 
prescribed at 40 mg daily [ 108 ]. The most common side 
effects associated with PDE5 inhibitors include headache, 
fl ushing, and nasal congestion [ 104 ,  105 ,  108 ]. One must 
also be aware of the quite rare but serious adverse effect of 
non-arteritic anterior ischemic optic neuropathy; which may 
present with sudden loss of vision. The co-administration of 
PDE5 inhibitors and nitrate therapy is contraindicated while 
concomitant use of other CYP3A4 inhibitors should be used 
with caution.   

    Guanylate Cyclase Stimulators: Riociguat 
(Adempas™) 
 As discussed previously, the NO pathway is a key therapeutic 
target in PAH. The newest therapy in the treatment of PAH tar-
geting the NO pathway is riociguat (Adempas™), a novel sol-
uble guanylate cyclase (sGC) stimulator. Both impaired 
synthesis of NO and insuffi cient stimulation of the NO-sGC-
cGMP axis have been described in PAH. Riociguat, a stimula-
tor of sGC, is thought to have a dual mode of action. It sensitizes 
sGC to endogenous NO by stabilizing NO-sGC binding and 
also directly stimulates sGC independently of NO [ 109 ]. 

   Pharmacologic Features and Clinical Considerations 
 The FDA approval of riociguat for the treatment of both 
PAH and CTEPH occurred following the completion of two 

   Table 16.3    Pharmacologic and clinical points for nitric oxide therapies in the treatment of PAH   

 Nitric oxide agent  Mechanism of action 
 Administration 
route(s)  Suggested dosing 

 Relative & absolute 
contraindications 

 Monitoring & side 
effects 

  Sildenafi l  
 (Revatio™) 

 Selective inhibitor of cyclic 
guanosine monophosphate 
(cGMP)-specifi c 
phosphodiesterase type 5 
(PDE5) 
   Smooth muscle 

relaxation/improve 
pulmonary arterial 
vasoconstriction 

   Anti-proliferative and 
anti-infl ammatory 
properites 

   Anti-thrombotic 
properties 

 Oral, Intravenous   Oral : 
 20 mg TID. Off 
label titration to 
a maximum of 
80 mg TID may 
provide added 
benefi t 
  IV : 
 2.5 mg to 
10 mg TID; do 
not exceed 
10 mg TID 

 Avoid concomitant 
use with nitrate 
therapies or sGC 
stimulators due to risk 
of hypotension 

 Headache, fl ushing, 
dyspepsia, diarrhea 
   No specifi c 

laboratory 
monitoring 
necessary 

  Tadalafi l  
 (Adcirca™) 

 See Sildenafi l  Oral  40 mg daily  See Sildenafi l  See Sildenafi l 

  Riociguat  
(Adempas™) 

 Soluble guanylate cyclase 
stimulator 
   Pulmonary arterial 

dilation 
   Anti-proliferative, 

−thrombotic, and 
-infl ammatory 
properties 

 Oral  Initiate at 
0.5–1 mg TID; 
titrate up every 
2 weeks by 
0.5 mg TID; 
maximum dose 
2.5 mg TID 

 Concomitant use with 
nitrates of PDE5 
inhibitors should be 
avoided 
 Category X for 
pregnancy 

 Headache, 
dyspepsia, 
peripheral edema, 
hypotension 

   Abbreviations :  cGMP  cyclic guanosine monophosphate,  PDE5  phosphodiesterase type 5,  IV  intravenous,  mg  milligrams,  TID  three times daily 
dosing,  sGC  Soluble guanylate cyclase  
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randomized clinical trials. The Pulmonary Arterial 
Hypertension Soluble Guanylate Cyclase-Stimulator Trial 
1 (PATENT-1) was an international, double-blind, placebo- 
controlled trial which randomly assigned a total of 443 
patients with underlying symptomatic PAH to one of three 
cohorts. Two of the cohorts were treatment arms that 
included a lower dose (1.5 mg three times daily) and higher 
dose (2.5 mg three times daily) of riociguat and the third 
cohort received placebo with the primary endpoint of 
6MWD at 12 weeks. By study’s end, those who received 
treatment with riociguat demonstrated a signifi cant 
improvement in 6MWD compared to placebo. Improvements 
in secondary endpoints including NT-proBNP levels, func-
tional capacity, dyspnea scores, time to clinical worsening, 
and hemodynamics also signifi cantly favored riociguat. In 
fact there appeared to be a potentially important dose-
response relationship between riociguat dose and cardiac 
output [ 110 ]. 

 In the CTEPH population, the Chronic Thromboembolic 
Pulmonary Hypertension Soluble Guanylate Cyclase 
Stimulator Trial 1 (CHEST-1) randomized 261 patients with 
inoperable thromboembolic disease to riociguat versus pla-
cebo with a primary endpoint of 6MWD at 16 weeks. The 
same secondary endpoints from PATENT-1 were also exam-
ined. Similar to that seen in the PATENT-1 trial, riociguat 
was associated with a signifi cant improvement in 6MWD as 
well as improved hemodynamics, NT-proBNP and func-
tional class compared to placebo. Serious adverse events, 
which included right ventricular failure and syncope, 
occurred at rates similar to placebo [ 111 ]. It is important to 
emphasize that the patients with CTEPH were determined to 
be inoperable as the only curative treatment for CTEPH 
remains pulmonary thromboendarterectomy.  

   Dosing Recommendations and Adverse Events 
 The biologic effects of riociguat are demonstrable within 
1.5 h of administration with an approximate terminal half- 
life of twelve hours. It is primarily hepatically cleared, and, 
thus, caution should be used in patients with advanced liver 
disease or with concomitant use of other CYP inhibitors. 
Additionally, out of concern for signifi cant hypotension, 
riociguat use with nitrates or PDE5 inhibitors is contraindi-
cated [ 112 ]. 

 The recommended dosing of riociguat is based on the 
PATENT-1 trial which initiated therapy at 1 mg three times 
daily. The patient’s systolic blood pressure and symptoms 
should be monitored closely with titration of therapy by 
0.5 mg every 14 days as tolerated to a maximum tolerated 
dose of 2.5 mg three times daily. If the patient’s blood pres-
sure is marginal at baseline, a starting dose of 0.5 mg is rec-
ommended. Side effects may include headache, dyspepsia, 
peripheral edema, and gastrointestinal symptoms (nausea, 
diarrhea) [ 113 ].     

    Summary 

 In a matter of two decades, the treatment of PAH has drasti-
cally evolved with the emergence of approved therapies that 
target the prostacyclin, endothelin, and nitric oxide path-
ways. In turn, we have also observed modest improvements 
in both morbidity and mortality when compared to the days 
of the original NIH registry [ 1 ,  114 ]. Despite these therapeu-
tic advances, PAH remains a devastating disease. The next 
generation of PAH pharmacotherapy will likely need to have 
potent antiproliferative and anti- infl ammatory properties to 
directly target the adverse remodeling that is a signature of 
this vasculopathy. Additionally, a more individualized 
approach to treatment is needed given the extensive molecu-
lar heterogeneity of PAH.     
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      Determining the Optimal Approach 
to Initiating Oral, Inhaled, 
and Intravenous Therapies in Clinical 
Practice: Sequential Goal-Directed 
Therapy Is Best       

     Brian     B.     Graham     

            Introduction 

 The past 20 years have seen a revolution in the number of 
medications available for the treatment of pulmonary arterial 
hypertension (PAH). Currently available Food and Drug 
Administration (FDA)-approved treatments target three path-
ways that are each implicated in the pathogenesis of PAH: 
nitric oxide, endothelin, and prostacyclin. These three path-
ways likely have complex mutual interactions with parallel, 
sequential, and feedback signaling; as such, it has been pro-
posed that concurrent therapy targeting multiple pathways can 
provide additive clinical benefi t. However, the precise timing 
of combination therapy remains debated. The two potential 
treatment approaches to combination therapy are (Fig.  17.1 ):

     A.     Sequential Combination Therapy . Treatment is initi-
ated with monotherapy and the outcome assessed. If treat-
ment goals are not achieved, then additional, concomitant 
therapies are added one at a time.   

   B.     Up - Front Combination Therapy . Treatment is initiated 
with multiple medications simultaneously.    

  This chapter outlines the argument for the use of sequen-
tial addition of combination therapy as opposed to up-front 
combination therapy.  

    Biologic and Practical Rationale 
of Sequential Combination Therapy 

 The application of up-front combination therapy in PAH has 
drawn analogies to other diseases for which this strategy is 
commonly used, such as malignancy and Human 

Immunodefi ciency Virus (HIV) infection [ 1 ,  2 ]. However, 
the molecular basis for this analogy is unclear. Monotherapy 
treatment for malignancy is associated with increased risk of 
 de novo  somatic mutations giving rise to resistant cellular 
clones; combination chemotherapy up-front decreases the 
chance of resistance, and prolongs survival in many forms of 
cancer [ 3 ]. Similarly, HIV may develop resistance to anti- 
retroviral therapy, which is prevented by the use of combina-
tion therapy [ 4 ]. However, there is no evidence that aberrant 
pulmonary vascular cells in patients with PAH develop 
escape mechanisms that are, in turn, resistant to therapy, 
much less that such patterns of resistance may be altered by 
up-front combination therapy. 

 Alternatively, the sequential addition of therapy allows 
evaluation of the individual clinical response to each medica-
tion, including allowing titration of the dose to optimize the 
benefi t versus side effect profi le. If the clinical response is (a) 
harm or (b) inadequate with the fi rst medication, the initial 
medication can be removed or substituted, and/or a second 
class of medication added, with further optimization of the 
second medication before additional advancement of therapy 
as required. In this manner, tolerability and benefi t are sys-
tematically optimized for each patient, with a clear assess-
ment of response to each medication. 

 Such personalized therapy is important, as a fraction of 
patients will have a suboptimal response to any single medi-
cation. This fact of biologic variability is demonstrated by 
the data in Fig.  17.2 , which reports the change in 6 min walk 
distance (6MWD) reported for PAH patients treated with rio-
ciguat in the recently published PATENT-1 trial [ 6 ]. In this 
study, 76 % of patients had a net positive improvement in 
6MWD from baseline to the last study visit at 12 weeks, 
while 24 % of patients had a decline in 6MWD. The hetero-
geneity in clinical response will be compounded with the use 
of multiple medications, particularly if multiple medications 
are started simultaneously, some of which may be benefi cial 
and some of which may be harmful; the net result may be 
partial or suboptimal, with great diffi culty determining if one 
or more medications may actually be causing harm. Thus, 
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sequential combination therapy has a strong biologic and 
practical rationale.

       Clinical Evidence in Support of Sequential 
Combination Therapy 

 To date, 14 double-blind randomized clinical trials investi-
gating the use of combination therapy in PAH have been 
published. Thirteen of these studies investigated the use of 
medications added sequentially (Table  17.1 ). In these stud-
ies, sequential addition of therapy was typically performed 

in the context of background PAH-specifi c therapy, with the 
exception of Iversen and colleagues, who assessed the effect 
of non-selective endothelin receptor antagonist therapy ini-
tiation with bosentan, followed by randomization of patients 
to placebo or sildenafi l in a cross-over design [ 10 ].

   In 3 of the 13 studies (EARLY [ 7 ], SERAPHIN [ 8 ], and 
PHIRST [ 11 ]), only a subset of the subjects enrolled were on 
background therapy. (In addition, in the imatinib phase 2 
study, one patient was on calcium-channel blocker therapy 
alone [ 12 ].) The primary outcome in these trials was time to 
clinical worsening [TTCW] for SERAPHIN, and 6MWD for 
the remaining trials. As the overall sample size in each study 

  Fig. 17.1    Two approaches to 
initiation of therapy in PAH: 
sequential combination therapy 
or up-front combination therapy       

Change From Baseline to Last Visit in 6-Minute Walk Distance (m)

P
er

ce
n

ta
g

e 
o

f 
P

at
ie

n
ts

-4
39

 to
 -

42
0

0

5

10

15

20

25

30
Placebo
Adempas

Worsening Improvement

-4
19

 to
 -

40
0

-3
79

 to
 -

36
0

-3
59

 to
 -

34
0

-3
19

 to
 -

30
0

-2
59

 to
 -

24
0

-1
99

 to
 -

18
0

-1
79

 to
 -

16
0

-1
59

 to
 -

14
0

-1
39

 to
 -

12
0

-1
19

 to
 -

10
0

-9
9 

to
 -

80

-7
9 

to
 -

60

-5
9 

to
 -

40

-3
9 

to
 -

20

-1
9 

to
 0

1 
to

 2
0

21
 to

 4
0

41
 to

 6
0

61
 to

 8
0

81
 to

 1
00

10
1 

to
 1

20

12
1 

to
 1

40

14
1 

to
 1

60

16
1 

to
 1

80

18
1 

to
 2

00

20
1 

to
 2

20

26
1 

to
 2

80

  Fig. 17.2    Distribution of change in 6MWD for patients with PAH 
receiving riociguat in the PATENT-1 study (From the ADEMPAS 
monograph [ 5 ]; reproduced with permission of Bayer). Of the patients 

who received riociguat, 76 % experienced an improvement in 6MWD, 
and 24 % experienced a decrease in 6MWD       
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   Table 17.1    Summary of results of clinical trials investigating sequential, goal-directed therapy   

 Study  Trial design 
 Number of 
patients 

 Number of 
weeks  Primary outcome 

 Subgroup on background 
therapy outcome 

 EARLY [ 7 ]  DB-RCT a : bosentan vs 
placebo; 16 % of patients on 
sildenafi l 

 185  24  6MWD b : placebo- adjusted 
bosentan +19.1 m; P = 0.08 

 Subgroup on sildenafi l 
placebo-adjusted 6MWD: 
−17.3 m (P = 0.85); 
placebo- adjusted PVR: 
−22.6 %; P = 0.0478 

 SERAPHIN [ 8 ]  DB-RCT: macitentan vs 
placebo; 62 % on PDE5i, 
5 % on inh prostacyclin 

 742  100  TTCW c : HR 0.70 for 3 mg 
macitentan (P = 0.01); HR 
0.55 for 10 mg macitentan 
(P < 0.001) 

 Subgroup on background 
therapy: TTCW: HR 0.83 for 
3 mg macitentan (P = 0.27); 
HR 0.62 for 10 mg 
macitentan (P = 0.009) 

 PACES [ 9 ]  DB-RCT: sildenafi l vs. 
placebo; all on intravenous 
epoprostenol 

 264  16  6MWD: Placebo 
adjusted + 28.8 m (P < 0.001) 

  All on background therapy 
by trial design  

 Iversen [ 10 ]  DB-RCT: all received 
bosentan; 3 months later 1:1 
placebo or sildenafi l; 3 
months later cross- over to 
other group 

 20  12  6MWD: bosentan 
alone + 37 m (P = 0.001); 
placebo- adjusted addition of 
sildenafi l: +13 m (P = 0.48) 

  All on background therapy 
by trial design  

 PHIRST [ 11 ]  DB-RCT: tadalafi l vs 
placebo; 53 % on 
background bosentan 

 405  16  6MWD: placebo- adjusted 
tadalafi l 20 mg +23 m 
(P = 0.09); tadalafi l 40 mg 
+44 m (P < 0.01) 

 Subgroup on bosentan 
background therapy: 6MWD 
placebo- adjusted 40 mg dose 
+33 m (P = 0.09) 

 Imatinib Phase 2 
[ 12 ] 

 DB-RCT: imatinib vs 
placebo; 21 % on mono-
background therapy; 65 % 
on dual-background therapy; 
14 % on triple-background 
therapy 

 59  24  (Phase 2) 6MWD: placebo 
adjusted +23 m (P = 0.21) 

 All but 1 on background 
therapy; outcome by number 
of background medications 
not reported. 

 IMPRES [ 13 ]  DB-RCT: imatinib vs 
placebo; 59 % on dual-
background therapy; 41 % 
on triple background therapy 

 202  24  6MWD: placebo- adjusted 
+32 m (P = 0.002) 

  All on background therapy 
by trial design  

 STEP [ 14 ]  DB-RCT: iloprost vs. 
placebo; on background 
bosentan 

 67  12  6MWD: placebo- adjusted 
+26 m (P = 0.051) 

  All on background therapy 
by trial design  

 COMBI [ 15 ]  DB-RCT: iloprost vs. 
placebo; on background 
bosentan 

 40  12  6MWD: placebo- adjusted 
-10 m (P = 0.49) 

  All on background therapy 
by trial design  

 TRIUMPH [ 16 ]  DB-RCT: inh treprostinil vs 
placebo; 70 % on 
background bosentan and 
30 % on sildenafi l 

 235  12  6MWD: placebo- adjusted 
+20 m (P < 0.001) 

  All on background therapy 
by trial design  

 FREEDOM-C1 [ 17 ]  DB-RCT: po treprostinil vs. 
placebo; 57 % on mono- 
background therapy; 43 % 
on dual-background therapy 

 354  16  6MWD: placebo- adjusted 
+11 m (P = 0.07) 

  All on background therapy 
by trial design  

 FREEDOM-C2 [ 18 ]  DB-RCT: po treprostinil vs. 
placebo; 59 % on mono- 
background therapy; 41 % 
on dual-background therapy 

 310  16  6MWD: placebo- adjusted 
+10 m (P = 0.089) 

  All on background therapy 
by trial design  

 Selexipag Phase 2 
[ 19 ] 

 DB-RCT: po selexipag vs 
placebo; 65 % mono-
background therapy, 35 % 
dual- background therapy 

 43  17  (Phase 2) PVR d : placebo-
adjusted −30.3 % 
(P = 0.0045) 

  All on background therapy 
by trial design  

   a  DB-RCT  double-blind, randomized clinical trial 
  b  6MWD  6 min walk distance 
  c  TTCW  time to clinical worsening 
  d  PVR  pulmonary vascular resistance  
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was powered for the primary outcome, subgroup analyses of 
subjects on background therapy were statistically 
underpowered. 

 Overall, of the eleven phase 3 clinical trials investigating 
sequential addition of combination therapies, fi ve demon-
strated a statistically signifi cant improvement for the primary 
end point in the intervention group. One of the notable posi-
tive studies was the SERAPHIN trial, in which the subgroup 
of subjects on background therapy with sildenafi l and/or 
inhaled or oral prostacyclin had a signifi cant improvement in 
the TTCW when treated with the addition of 10 mg of maci-
tentan, as compared to the addition of placebo (HR 0.62; 
P = 0.009) [ 8 ]. 

 The negative trials included the study by Iversen and col-
leagues, in which bosentan alone resulted in a signifi cant 
clinical benefi t, but the addition of sildenafi l did not result in 
a further signifi cant benefi t as compared to the addition of 
placebo [ 10 ]. Only 1 of the 13 studies investigating sequen-
tial addition of combination therapy suggested possible harm 
from this approach: the COMBI study, which was terminated 
early after the addition of iloprost to patients on background 
therapy with bosentan resulted in a decline in 10 m relative 
to the addition of placebo ( P  = 0.49) [ 15 ]. Notably, in that 
study, the negative results were driven almost entirely by the 
poor outcome of three subjects in the intervention group. 

 In summary, the preponderance of data of these prospec-
tive, randomized clinical trials demonstrates a clear and con-
sistent signal indicating modest, but signifi cant benefi t 
associated with sequential addition of PAH therapy in appro-
priate circumstances. It is, therefore, appropriate that the 
most recent expert consensus algorithm for the treatment of 
PAH, from the 2013 World Symposium on Pulmonary 
Hypertension (Nice, France), assigned a Class 1 (“evidence 
and/or general agreement that a given treatment or procedure 
is benefi cial, useful, effective”) status with an “A” level of 
evidence (“data derived from multiple randomized clinical 
trials or meta-analyses”) to the sequential addition of combi-
nation therapy to meet clinical goals [ 20 ].  

    Absence of Clinical Evidence in Support 
of Up-Front Combination Therapy 

 At the present time, the BREATHE-2 [ 21 ] trial is the only 
placebo-controlled randomized clinical trial designed to 
compare directly up-front combination therapy  vs . mono-
therapy, and two additional non-randomized studies have 
been reported and are summarized collectively in Table  17.2 .

   In the BREATHE-2 trial, each of 33 PAH subjects were 
initiated on continuously infused intravenous prostacyclin 
therapy with epoprostenol [ 21 ]. In addition, 22 of these sub-
jects were also initiated on bosentan (62.5 mg twice daily for 
4 weeks and then increased to 125 mg twice daily thereafter) 

 vs . placebo for 11 subjects. The subjects were followed for 16 
weeks total. In the combination therapy group, there were 4 
withdrawals (18 %): 2 deaths, 1 clinical worsening (that sub-
sequently died), and 1 adverse event (elevated hepatic trans-
aminases). In comparison, there was one withdrawal (9 %) in 
the monotherapy group (elevated hepatic transaminases). The 
prespecifi cied primary outcome was total pulmonary resis-
tance (TPR; mean pulmonary artery pressure divided by car-
diac output). The TPR decreased by 22.6 % in the monotherapy 
group and 36.3 % in the combination therapy group (P = 0.08). 
Between the two groups, there were no signifi cant differences 
in other hemodynamic parameters between baseline and 
week 16 (including cardiac index, mean PA pressure, and pul-
monary vascular resistance), 6 min walk distance (+68 m in 
combination therapy group  vs . +74 m in the epoprostenol 
monotherapy group), or WHO functional class. 

 The higher withdrawal rate in the BREATHE-2 combina-
tion therapy group reinforces the concept that initiating mul-
tiple medications simultaneously may mask harm of one or 
more medications. Overall, it is reasonable to expect that in 
aggregate there will be additional benefi t from multiple 
vasodilator medications (as suggested by a trend towards 
decreased TPR in BREATH-2), but care of individualized 
patients is optimized by the recognition of benefi t and side 
effects of each medication in their regimen. 

 There have been several smaller, retrospective or non- 
controlled prospective trials assessing up-front combination 
therapy. Kemp and colleagues retrospectively analyzed 23 
subjects initiated on epoprostenol plus bosentan, and com-
pared their therapeutic response to 46 matched historical 
controls treated with epoprostenol alone [ 22 ]. Performance 
on the 6MWD improved by +134 m in the combination ther-
apy group compared to +148 m in the historical intravenous 
epoprostenol subjects. The authors reported no worse side 
effects in the combination therapy group. 

 Bergot and colleagues reported fi ndings from a prospec-
tive, non-randomized, observational series of 43 treatment- 
naïve subjects, initiated on epoprostenol monotherapy 
(N = 17) or dual therapy with epoprostenol plus oral treatment 
(N = 26) [endothelin receptor antagonist (N = 16); PDE-5 
(N = 1); or both ERA and PDE-5 (N = 9)] [ 23 ]. After 4 months 
of treatment, the hemodynamics improved more in the heter-
ogeneously-treated combination therapy group (particularly 
the cardiac index: +1.5 versus +0.9 L · min −1  m −2 ; P = 0.03). 
The 6MWD improved slightly more in the combination ther-
apy group (+156 m versus +132 m), but this was not statisti-
cally signifi cant, and no signifi cant difference in transplant-free 
survival was observed between the two groups. 

 Aside from the nine patients on triple combination ther-
apy in Bergot et al. [ 23 ] discussed above, Sitbon and col-
leagues also tested a protocol of up-front triple combination 
therapy. In this study, subjects were simultaneously initiated 
on intravenous epoprostenol, oral sildenafi l, and oral 
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 bosentan (n = 19), without comparison to a control group 
[ 24 ]. One subject underwent early heart-lung transplanta-
tion, but the other 18 subjects survived at a mean follow-up 
of 32 months (transplant-free survival 94 %). By the end of 
follow up, two of the patients had discontinued bosentan due 
to elevated hepatic transaminases. 

 Due to this insuffi cient, or at best equivocal, clinical trial 
data regarding up-front combination therapy, this approach 
earned a Class IIb (“usefulness/effi cacy is less well estab-
lished by evidence/opinion”) designation with a “C” level of 
evidence (“consensus of opinion of the experts and/or small 
studies, retrospective studies, registries”) in the most recent 
treatment guidelines [ 20 ]. In the treatment algorithm, it is 
suggested the up-front combination therapy be considered 
primarily in patients presenting with WHO functional class 3 
or 4 symptoms when intravenous epoprostenol treatment is 
unavailable or declined due to patient preference. However, 
this is clearly a sub-optimal approach, as intravenous epo-
prostenol holds a 1A recommendation for both WHO func-
tional classes 3 and 4.  

    Limitation of Sequential Goal-Directed 
Therapy: What’s the Goal? 

 A major limitation to the sequential addition of combination 
therapy in a goal-directed approach is the lack of consensus 
regarding appropriate therapeutic goals. This uncertainty 
was highlighted in the recent consensus document on treat-
ment goals from the 2013 Nice symposium [ 25 ]. Parameters 
that can be used include WHO functional class improve-
ment, 6-min walk distance, cardiopulmonary exercise test 
performance, decreased B-type natriuretic peptide (BNP) 
concentration, or improvements to right heart function and/
or hemodynamics assessed by echocardiography, cardiac 
MRI, or right heart catheterization. However, it is unclear 
which one or combination of these parameters is most appro-
priate, and, furthermore, the specifi c goals for each parame-
ter are also unresolved. One parameter target that is fairly 

clear is the WHO functional class: patients who start in func-
tional class 3 have a signifi cantly improved prognosis if their 
functional class improves to 1 or 2 [ 26 ]. 

 A second limitation of the sequential treatment strategy 
relates to methods for optimizing drug dose up titration as 
well as timing and class selection of add-on medications. For 
example, the optimal rate of dose escalation probably varies 
according to class, and may depend on the PAH etiology. 
The frequency of clinical visits for sequential treatment 
patients should be similar to that required for up-front com-
bination therapy patients, to monitor clinical response and 
assess for side effects of therapy with either approach.  

    Conclusions 

 There is signifi cant biologic rationale, practical experi-
ence, and clinical evidence in support of sequential addi-
tion of combination therapy in a goal-directed approach, 
while the evidence in support of up-front combination 
therapy is relatively limited and equivocal. The strength 
of the evidence supporting these two possible approaches 
is best summarized by the relative recommendations from 
the 2013 Nice World Symposium treatment algorithm: IA 
for sequential therapy if failing or inadequate response to 
monotherapy, versus IIbC for up-front combination ther-
apy [ 20 ]. Pending future clinical trial results (notably the 
AMBITION trial [ClinicalTrials.gov NCT01178073], 
which is a randomized, double-blind, multicenter study of 
fi rst-line combination therapy with ambrisentan alone  vs . 
tadalafi l alone  vs . ambrisentan plus tadalafi l therapy in 
patients with PAH), the current treatment approach should 
clearly be sequential, goal- directed therapy.     
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      Determining the Optimal Approach 
to Initiating Oral, Inhaled, 
and Intravenous Therapies in Clinical 
Practice: Maximal Upfront Therapy Is 
Best       

     Victor     F.     Tapson     

            Introduction and Current Approaches 
to Therapy 

 Therapy for pulmonary artery hypertension (PAH) has 
evolved over the past two decades. While the prognosis for 
some PAH patients (e.g., congenital heart disease) is better 
than for others (e.g., scleroderma), we should still consider 
PAH a nearly uniformly fatal disease. 

 Many would argue that parenteral prostanoid therapy, the 
fi rst class of PAH therapy to be FDA-approved in the U.S., 
remains the most effective form of therapy for patients with 
PAH, particularly those with advanced disease. This is based 
in large part upon the prospective, randomized, study of idio-
pathic PAH (IPAH) comparing epoprostenol to conventional 
therapy published in 1996, which demonstrated improved 
mortality with a total of only 81 patients and in a study that 
was conducted over only 12 weeks [ 1 ]. No study this size 
over such a short duration has demonstrated such results 
since that time. In spite of these results, and because other 
effective and more convenient pharmacotherapies have 
become available, aggressive parenteral prostanoid therapy 
is currently reserved for the sickest PAH patients; i.e., those 
with advanced functional class (FC) III or IV symptoms, 
very poor right ventricular (RV) function as evidenced by 
symptoms, signs, echocardiographic fi ndings, and right- 
heart catheterization results demonstrating a very low car-
diac index and high right atrial pressure. Patients with IPAH 
on this “best” therapy alone have been shown to have a 
3-year survival of only about 63 % [ 2 ,  3 ], although this was 
in the monotherapy era. Even with improved survival 
 suggested in scleroderma PAH based on recent registry data 

(1-, 2-, and 3-year cumulative survival rates of 93 %, 88 %, 
and 75 %, respectively), a mortality of one in four patients at 
3 years is  unacceptable  [ 4 ]. Current “aggressive therapy” 
consists of initiating parenteral prostanoid therapy, perhaps 
adding sildenafi l several months later and subsequently add-
ing additional therapies if certain goals are not met. This 
approach is clearly inadequate. 

 Reluctance to use potent parenteral prostanoids as initial 
therapy (except in advanced cases) is based upon the effi -
cacy and ease of oral PAH therapies approved since the 
advent of epoprostenol (albeit with no solid proven mortal-
ity benefi t), and the perceived potential adverse effects, 
expense, and inconvenience of chronic parenteral therapy. 
Goal-oriented therapy has become a “buzz phrase” in PAH 
[ 5 ]. In fact, we included a specifi c section on “Treatment 
Goals in PAH” in the NICE WSPH guidelines [ 6 ]. Although 
the primarily observational studies reviewed in these guide-
lines did not allow for defi nitive conclusions, we felt that 
reasonable goals of therapy included: (1) modifi ed 
New York Heart Association (NYHA) FC I or II, (2) echo-
cardiography/magnetic resonance imaging demonstrating 
normal/near-normal RV size and function, (3) hemody-
namic parameters showing normalization of RV function 
(mean right atrial pressure <8 mmHg and cardiac index 
>2.5–3.0 l/min/m 2 , (4) 6MWD of >380–440 m, (5) cardio-
pulmonary exercise testing, including peak oxygen con-
sumption >15 ml/min/kg and ventilator equivalent for 
carbon dioxide <45 l/min/l/min, and (6) normal brain natri-
uretic peptide (BNP) levels [ 6 ]. Patients achieving these 
goals, regardless of the specifi c therapy or approach used, 
appear to have a better prognosis than those who do not. In 
the Nice document, we suggested that “a more aggressive 
approach to goal-oriented therapy may help us shift the sur-
vival curves farther to the right.” So, a more fundamental 
question might be: Should we consider an even  more  
aggressive approach to therapy that  does not wait to see if 
initial goals are achieved ?  Should we be offering upfront, 
multi- agent “induction” therapy?  Based upon the potential 
benefi t and the relatively low risk, I believe we should.  
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    Aggressive, Upfront Therapy: 
Why We Need It 

 One argument for aggressive, upfront parenteral “induction” 
therapy in this disease involves consideration of the cancer 
model of PAH pathobiology. Many have suggested the com-
mon features of IPAH and malignancy [ 7 ,  8 ]. The cancer 
paradigm has been characterized as integrating certain spe-
cifi c cancer-defi ning mechanisms. These include angiogen-
esis, loss of apoptosis, a self-suffi cient growth signaling 
system, insensitivity to  anti growth signals, tissue invasion 
and metastasis, and unlimited replicative potential [ 9 ]. For 
example, the balance of anti-apoptotic and pro-apoptotic fac-
tors may be upset, with damaged cells continuing to replicate 
in spite of being programmed to die. 

 The lesions in IPAH are angiogenic. They do not possess 
apoptotic cells [ 10 – 12 ], and antiapoptotic proteins are 
expressed in the abnormal pulmonary vasculature. While the 
lesions in PAH are not truly neoplastic, they clearly have 
malignant characteristics in that there is a process of uncon-
trolled cellular proliferation. The precise therapy for  bona 
fi de  malignancy hinges on the specifi c tumor type and extent, 
but there are general approaches. Neither surgical resection, 
nor radiation therapy apply to PAH but chemotherapy has a 
valid analogy in PAH. In advanced non-small cell lung can-
cer (NSCLC), for example, standard fi rst-line chemotherapy 
(i.e. induction therapy) with four to six cycles of platinum- 
based chemotherapy results in a modest increase in survival 
and improvement in cancer-related symptoms [ 13 ]. With 
chemotherapy, long-term survival for patients with advanced 
NSCLC is still poor, with mortality rates of 95 % reported at 
5 years. Thus, aggressive, potentially toxic therapy is stan-
dard care with certain malignancies, with subsequent consid-
eration given to longer-term chemotherapy [ 13 ,  14 ]. 

 In NSCLC, two effective single-agent maintenance strate-
gies evolved, including continuation maintenance therapy 
and switch maintenance therapy. Continuation maintenance 
is the continuation of one or more drugs used in the induction 
regimen. Switch maintenance introduces an additional agent 
immediately after completion of four to six cycles of induc-
tion chemotherapy. Both strategies were shown to improve 
progression-free survival and/or overall survival for patients 
with stable/responsive disease after completion of induction 
chemotherapy. We already utilize “continuation mainte-
nance.” Should we consider switch strategies or more likely, 
“addition strategies” earlier in the treatment schedule for 
PAH patients? 

 Mortality with NSCLC is higher than for PAH, justifying 
aggressive toxic induction therapy which includes adverse 
effects such as nausea, vomiting, alopecia, anemia, febrile 
neutropenia, thrombocytopenia, nephrotoxicity, and sensory 
neuropathy. Adverse effects of chemotherapy are potentially 
fatal [ 14 ]. The adverse effects even with our most aggressive 

PAH therapies are very rarely life-threatening, although it is 
inconvenient to have continuous intravenous therapy. 

 It should be emphasized, that prostacyclins have antipro-
liferative effects. Aggressive upfront “induction” therapy for 
PAH would be markedly less toxic than that offered in 
NSCLC. We have three pathways, the prostanoid pathway, 
the nitric oxide pathway, and the endothelin pathway which 
have proven to be crucial in the pathophysiology of PAH. We 
have shown in large, well-designed, prospective randomized 
trials that these drugs are effective [ 15 ]. There is essentially 
no toxic death rate. Adverse effects are addressed with dose 
reduction or discontinuation of a drug with institution of 
another one.  So why don’t we utilize “induction therapy?”  

 We try our best in medicine to be evidence based. We 
want data. We have an expanding evidence base in PAH ther-
apy, which has moved into the realm of combination therapy. 
We have learned that combinations of PAH therapies when 
added in sequence, may be more effective than single agents 
in certain settings, although some such combination studies 
have not proven benefi cial. Diffi culty proving benefi t may be 
due to inadequate doses of a drug, or inadequate time on the 
therapy being tested. Or, it could be that certain combina-
tions of drugs are simply not synergistic or even additive 
with regard to clinical benefi t. Furthermore, PAH medica-
tions are expensive. Triple therapy aimed at the prostanoid, 
nitric oxide, and endothelin pathways could cost well over 
$200,000 per year. It may, however, be feasible that upfront 
combination therapy, if benefi cial, could lower the cost of 
long-term therapy, and perhaps reduce hospitalizations. 
Thus, an induction therapy approach could be more or less 
expensive. We cannot be certain without data. 

 Maximal upfront combination therapy has not been stud-
ied. Upfront aggressive therapy with prostanoid therapy has 
generally been the standard of care for severe PAH charac-
terized by a high mean right atrial pressure and very low car-
diac index. Based on the data from the PACES trial, adding 
sildenafi l to parenteral epoprostenol therapy in PAH proved 
an effective strategy, but the sildenafi l was added to long- 
term intravenous epoprostenol therapy (on infusion at least 3 
months, and with a stable dose for at least 4 weeks before 
randomization. Patients with a 6-min walk distance less than 
100 m or greater than 450 m or those whose 6-min walk dis-
tance was affected by conditions other than PAH were 
excluded. Thus, this study, which showed benefi t, was clearly 
not as aggressive as an upfront induction-type approach 
would have been [ 16 ]. 

 Another recently-completed study offers insight. The pre-
liminary data available thus far from the AMBITION trial 
suggest that combination upfront therapy, even  without  
including a prostanoid, may be benefi cial in treatment-naïve 
patients with PAH. The results of this international, prospec-
tive, randomized, double-blind trial were presented at the 
European Respiratory Society meeting in September 2014 
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[ 17 ]. Prior to the results of AMBITION, preclinical studies 
in a rat model had demonstrated that ambrisentan and 
tadalafi l act synergistically to relax endothelin-1-constricted 
pulmonary arteries, and suggested that the endothelial ET B  
receptor is required for this synergism [ 18 ]. 

 The study design for AMBITION included three arms. 
Five hundred patients were randomized (2:1:1) to receive the 
ambrisentan and tadalafi l combination upfront (n = 253) or 
monotherapy with ambrisentan (n = 126) or tadalafi l 
(n = 121), titrated from 5 to 10 mg once-daily and from 20 to 
40 mg once-daily for ambrisentan and tadalafi l, respectively. 
It should be understood that “upfront” did not mean the 
drugs were initiated within a few days or even a few weeks 
of each other. They were initiated much more slowly, but 
addition of the second therapy was part of the protocol, and 
was added in all patients. It was not based upon, for example, 
a poor walk distance or echocardiogram result. 

 The primary endpoint was time to fi rst clinical failure 
event and the combination arm showed superiority compared 
with the monotherapy arms. The length of time before 
patients experienced clinical failure was signifi cantly pro-
longed for those receiving fi rst-line combination compared 
to monotherapy. The risk of clinical failure was reduced by 
50 % compared with the  pooled  ambrisentan and tadalafi l 
monotherapy arm (hazard ratio = 0.502; p = 0.0002). The 
combination was also statistically signifi cant versus the  indi-
vidual  ambrisentan and tadalafi l monotherapy arms for the 
primary endpoint of time to fi rst clinical failure event. Three 
secondary endpoints also showed statistically signifi cant 
improvements in this trial, including 6 min walk distance, 
percentage of patients with satisfactory clinical response, 
and change from baseline in BNP. The remaining two sec-
ondary endpoints (FC and Borg dyspnea index) did not meet 
statistical signifi cance. Rates of serious adverse events and 
events leading to study discontinuation were similar across 
the treatment arms. Thus, we now have data that starting two 
non-prostanoid therapies at once is benefi cial in PAH, and 
this was proven using a time to fi rst clinical failure event 
endpoint [ 17 ]. 

 Thus, it would appear that patients with PAH could poten-
tially benefi t from even more aggressive upfront therapy, uti-
lizing each of our three lines of therapy; i.e., w hy not add an 
upfront prostanoid?  And how would such a protocol look 
and how would it be instituted? 

 Ideally, every PAH patient receiving aggressive, upfront 
therapy would fi rst undergo right-heart catheterization and 
vasodilator testing. This would ensure that vasodilator 
responders would have the option of also receiving calcium 
channel blocker therapy, since such responders have been 
shown to have better outcomes on this therapy than nonre-
sponders. Volume status would be optimized prior to this 
procedure. Patients would not have the entire “induction 
therapy” regimen started the same day. Enough time would 

be allowed to characterize obvious early adverse effects such 
as severe headache, nausea, lightheadedness, cough, hypo-
tension, etc. Drugs would be introduced sequentially, but 
quickly. An example of a potential induction therapy 
approach is offered in Fig.  18.1 .

   The initial drug offered might be the parenteral pros-
tanoid, followed by two additional oral agents. First, a phos-
phodiesterase inhibitor (PDE-5I) or soluble guanylate 
cyclase stimulator, could be added, followed by an endothe-
lin receptor antagonist (ERA) or  vice versa . These would 
ideally be spaced by at least 3 days to allow for assessment 
of adverse effects. The three drugs would be initiated over a 
period of 7–10 days as adverse effects permitted. Based upon 
the AMBITION trial, it would appear logical to include 
tadalafi l and ambristentan as the PDE-5I and ERA, respec-
tively. Some might argue that based on the success of the 
SERAPHIN study that macitentan would be a good ERA 
candidate [ 19 ]. Still, others might argue that based upon 
expense and the effi cacy of bosentan, that this drug (generic 
in November 2015, and thus cheaper) would be appropriate. 

 Inpatient versus outpatient initiation of the parenteral 
prostanoid would generally be in the hospital, although it is 
feasible that an experienced PH center with adequate infra-
structure and personnel, could accomplish this protocol in 
the outpatient clinic setting, except in more advanced cases. 
Finally, the parenteral prostanoid could be initiated after oral 
therapy, although initiation and tolerance of the prostanoid 
might be deemed more crucial especially in advanced cases. 

 How long would parenteral prostanoid therapy be contin-
ued? In patients with less severe PAH, for example, slow 
weaning of the IV prostanoid could be initiated after 6 
months, so that a patient would be off of the IV therapy in 9 
months. There are several potential permutations that could 
be applied with such an aggressive upfront approach. 

 One approach in patients that would not ordinarily be 
considered advanced enough to be treated aggressively with 
IV prostanoid therapy would be to treat for 6 months and 
then, based upon certain criteria, wean the prostanoid off. 
This would be a true, albeit prolonged “induction” therapy 
approach. There are a number of potential permutations that 
could be applied with such an aggressive upfront approach.  

    What Are the Disadavantages 
of a Multiagent Induction Approach? 

 Adverse effects occur with all PAH therapies. Clearly how-
ever, benefi t outweighs the risk when initiating single-agent 
PAH therapy, regardless of the class of drug. Patients are 
generally followed closely, and PAH drug doses are decreased 
or the drugs are discontinued if adverse effects are intolera-
ble. Severe adverse effects leading to hospitalization, and 
particularly to death are distinctly unusual. Even when 
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 intravenous therapy is undertaken, fatal sepsis from line 
infections, or other severe line complications are rare when 
patients are treated by experts and followed closely [ 1 , 
 20 – 24 ]. 

 In the 81 patient, randomized, epoprostenol trial, 41 
patients received this drug [ 1 ]. Adverse effects included jaw 
pain, diarrhea, fl ushing, headaches, nausea, and vomiting. 
Serious complications were usually due to the delivery sys-
tem and included four episodes of nonfatal, catheter-related 
sepsis. There were 26 episodes of malfunction of the drug- 
delivery system resulting in temporary interruption of the 
infusion. These included occlusions, perforations, and dis-
lodgements of the catheter and pump malfunction. When 
epoprostenol therapy was interrupted, patients experienced 
an increase in PAH symptoms. Irritation or infection at the 
catheter site occurred in seven patients, bleeding at the cath-
eter site in four, and catheter-site pain in four. More than 20 
years have passed since this study was initiated. PH centers 
now have substantial experience in preventing and address-
ing adverse effects. 

 More recently, we studied the transition from epopros-
tenol to IV treprostinil and found no serious adverse events 
that could be attributed to treprostinil [ 20 ]. When we exam-
ined  de novo  therapy with IV treprostinil, side effects were 
mild and consistent with those reported with prostacyclin 
treatment [ 21 ]. Finally, we conducted a long-term (48-week), 
multicenter, prospective, open-label, uncontrolled, study of 
continuous IV treprostinil in 16 patients on no prior PAH 
specifi c therapy at baseline and 31 patients transitioned at 

baseline from IV epoprostenol [ 22 ]. During the study, 5 
patients died of causes not considered related to the therapy, 
and 7 discontinued due to adverse events. 

 With regard to inhaled prostanoid therapy, common 
adverse effects following administration of inhaled treprosti-
nil in the double-blind trial included cough (54 %), headache 
(41 %), nausea (19 %), fl ushing (15 %) and throat irritation 
(14 %) or pain (11 %) [ 23 ]. Over a 2-year treatment period in 
the TRIUMPH trial extension, adverse events resulting in 
drug discontinuation occurred in 19 % of patients; these 
included worsening PAH, cough, headache, throat discom-
fort and pneumonia [ 24 ]. 

 A number of clinical trials have included a study drug and 
one or two background therapies, and while on multi-agent 
therapy an increase in adverse effects would be expected, 
these studies have shown that severe, life-threatening adverse 
events in patients on three PAH therapies including a paren-
teral or inhaled prostanoid would be appear to be unusual.  

    Clinical Protocol or Research Protocol? 

 Ideally, in any setting, when a novel therapeutic approach is 
considered, particularly when it involves added patient 
inconvenience or potential discomfort and expense, as much 
preparation and preliminary data collection should be under-
taken as possible. A randomized trial comparing the above- 
described protocol with a standard goal-oriented approach 
would be ideal. Such a trial could be undertaken. In an ideal 

  Fig. 18.1    Example of a potential 
induction therapy protocol. If a 
similar protocol were to be 
transformed into a clinical trial, 
an additional arm could include 
dual oral therapy. A third arm 
could substitute inhaled therapy 
for intravenous therapy. *If 
severe PAH requiring hospital 
stay, then more prolonged 
observation/dose titration 
required in the inpatient setting. 
**Based upon AMBITION study 
(REF). †Either ambrisentan, 
based on AMBITION study, or 
macitentan, based upon recent 
SERAPHIN trial.  Abbreviations : 
 PH  pulmonary hypertension, 
 PAH  pulmonary arterial 
hypertension,  IV  intravenous, 
 ERA  endothelin receptor 
antagonist,  IPAH  idiopathic PAH, 
 BNP  brain natriuretic peptide, 
 6MWD  6-min walk distance, 
 RHC  right-heart catheterization       
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world, an additional arm could substitute an inhaled pros-
tanoid arm (perhaps combined with an oral prostanoid; i.e., 
treprostinil) for the IV prostanoid. A second option would be 
to randomize less severely ill patients to the aggressive three- 
drug protocol, while proceeding with the protocol in more 
advanced cases of PAH who would ordinarily undergo 
upfront parenteral prostanoid therapy. That way, patients 
with more severe PAH would be getting the most aggressive 
therapy possible. Finally, once the data for oral prostanoid 
receptor agonists are available, it could be judged if such 
therapy could substitute for parenteral/inhaled prostanoid 
therapy in an upfront, multi-agent protocol perhaps reducing 
adverse effects and offering a more convenient approach. 

 In any setting in which randomization is not done, pro-
spective data should at least be collected, either in the form 
of a pilot study, or as a long-term single-arm study in which 
detailed data are collected. There is always a concern that 
triple-combination therapy could conceivably have antago-
nistic effects, but this does not appear to be evident in the 
limited PH literature thus far. 

 Several studies have suggested that patients on back-
ground PAH therapy, however, may have less robust 
responses than patients who had been untreated when a new 
therapy was initiated [ 25 ,  26 ]. In the FREEDOM C study 
evaluating oral treprostinil, more than 40 % of patients were 
on both a PDE-5I and an ERA, and most of the remainder of 
the patients were on one or the other [ 27 ]. In this study, the 
primary end point (6MWD at week 16) did not achieve sig-
nifi cance. Other possible explanations for this were the pre-
mature discontinuation of the study drug due to adverse 
events associated with higher-dose tablets. A 1-mg twice- 
daily dose of oral treprostinil is approximately equivalent to 
10 ng/kg/min of infused treprostinil and dose increases of 
0.5 or 1 mg were poorly tolerated by most patients [ 28 – 30 ]. 
No patient with access to the 0.25-mg tablets discontinued 
because of adverse events. In the follow-up study, FREEDOM 
C2, again essentially all patients were on either one or two 
background therapies, and again the primary endpoint was 
not met [ 30 ]. It is notable, however, that patients receiving 
oral treprostinil combined with background PDE-5I therapy 
were found to have approximately twice the 6MWD treat-
ment effect (15.0 m) as those receiving background ERA 
therapy (7.7 m). This potential effect was  not , however, dem-
onstrated in patients receiving  both  ERA and PDE-5I back-
ground therapy (4.0 m). In FREEDOM C2, the 6MWD 
treatment effect tended to be greater in patients receiving a 
more recent diagnosis (28 m for patients with PAH diag-
nosed within the fi rst year) than in patients with a longer 
disease duration (−2 m if the diagnosis was made ≥3.6 years 
prior to therapy). It is possible that these data refl ect a survi-
vor effect, with favorable responders to their current PAH 
therapy having less room for response to additional  therapies. 
The patients who received intensive PAH-specifi c treatment 

for a longer period could simply be less responsive to the 
addition of new therapy. While there is the possibility that 
earlier initiation of multi-agent PAH therapy could result in a 
patient “using up” their therapeutic options, there is no clear 
data clinical supporting this. 

 Finally, a small, retrospective, nonrandomized study of 
upfront triple combination therapy has been piloted in 
France. Sitbon, and colleagues, published data from 18 
newly diagnosed functional class III and IV PAH patients 
initiated on upfront intravenous epoprostenol, bosentan and 
sildenafi l [ 31 ]. Signifi cant improvements in 6 min walk dis-
tance and hemodynamics were observed after 4 months of 
this triple therapy combination. This pilot study provides 
preliminary evidence of the potential for long-term benefi t 
from upfront triple combination therapy in patients with 
severe PAH. A carefully thought out combination approach 
needs to now be studied in a randomized trial and should 
include patients with less advanced disease.  

    Conclusions 

 We have seen improvement in survival in PAH since the 
advent of therapy for this disease. However, the disease 
remains a fatal one and the current mortality rate remains 
unacceptable. 

 We need forward-thinking treatment approaches and 
when possible, the evidence base should be expanded 
with additional clinical trials. Unfortunately, acquisition 
of such data will take years. In the meantime, more 
patients will die. Aggressive, upfront “induction” therapy 
with triple therapy that includes parenteral prostanoid 
therapy should be considered in treatment naïve PAH 
patients. This is particularly true in the setting of clini-
cally advanced disease.     
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            Introduction 

 Pulmonary hypertension (PH) is a progressive disease charac-
terized by high pulmonary arterial pressures. PH occurs as a 
result of multiple clinical conditions with differing histopatho-
logical abnormalities and clinical course depending on the eti-
ology [ 1 ]. The cause of PH can also be multifactorial, presenting 
a diagnostic and management dilemma. Historically, a myriad 
of surgical options have been available and considered in the 
management of PH [ 2 ]. In this chapter, we will review current 
surgical techniques, including transplantation, thromboendar-
terectomy, mechanical circulatory support, and other interven-
tional options used in patients with PH.  

    Classifi cation of PH 

 The recently updated World Health Organization (WHO) 
classifi cation of PH, put forth at the 5th World Symposium 
on Pulmonary Hypertension (Nice, France 2013), represents 
a valid attempt to classify patient phenotypes and assist clini-
cians in differentiating the diverse etiologies of PH [ 3 ]. It 
provides the ability to differentiate pulmonary arterial hyper-
tension (PAH) from other forms of PH with different clinical 
manifestations and prognoses. Identifying the form of PH 
that is primarily responsible for the patient’s clinical presen-
tation is a priority when considering surgical interventions. 
Current treatment algorithms recommend certain medical 
and surgical interventions for specifi c WHO groups, while 

cautioning against the same interventions in other forms of 
PH [ 3 ]. 

    Group 1 PH 

 Pulmonary arterial hypertension (PAH) is defi ned as group 
1 PH. PAH develops as the result of vascular remodeling 
and proliferation that leads to increased pulmonary vascu-
lar resistance, right ventricular (RV) strain and hypertro-
phy, and eventually, over a prolonged period of time, RV 
failure [ 1 ,  2 ]. Patients with PAH have seen a notable 
improvement in the medical management of PAH over the 
last two decades, especially patients with idiopathic PAH 
(IPAH). Targeted therapies include prostacyclin analogs, 
endothelin receptor antagonists, phosphodiesterase-5 
inhibitors, and soluble guanylate cyclase activators [ 3 – 9 ]. 
There is no doubt that the natural course of this disease has 
been altered by advances in medical management [ 8 ,  10 ]. 
Early and mid-term survival rates are  currently  88 %, 73 % 
and 64 % at 1, 3 and 5 years, respectively, based on data 
from the Registry to Evaluate Early and Long-Term 
Pulmonary Arterial Hypertension Management (REVEAL) 
[ 11 ], a drastic improvement as compared with historical 
NIH data demonstrating survival of 68 % at 1 year, 48 % at 
3 years, and 34 % at 5 years, with a median survival of 
2.8 years [ 12 ]. However, the annual estimated mortality is 
still very high at 15 % [ 2 ,  3 ,  11 ,  12 ]. 

 The relative success of medical treatments in patients with 
PAH and their relatively low urgency for transplantation as 
compared with patients listed for other disease processes rel-
egated lung transplantation to consideration as a second- line 
therapeutic option. Frequently, patients are subjected to 
sequential combination therapies and are only referred for 
lung transplantation after failing maximal medical treatment. 
These patients typically present in advanced stages of their 
disease with signifi cant multi-organ involvement in the pres-
ence of severe RV failure and arrhythmias [ 13 ]. There have 
been an increasing number of temporizing strategies to allow 
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these patients a successful lung transplantation including per-
cutaneous atrial septostomy (AS) and the use of mechanical 
circulatory support (MCS) including extracorporeal mem-
brane oxygenation (ECMO), Novalung (Novalung GmbH, 
Germany), and most recently right ventricular assist devices 
(RVADs).  

    Group 2 PH 

 In patients with Group 2 PH, PH is secondary to left-sided 
heart disease. These patients have been offered different 
therapeutic strategies depending on the etiology of the 
PH. There is no specifi c treatment for Group 2 PH, and 
management focuses on treatment of the heart failure with 
the use of diuretics, beta-blockers, angiotensin-converting- 
enzyme (ACE) inhibitors, and occasionally intravenous 
inotropes [ 2 ]. Medications used in the management of 
PAH have shown either negative or neutral effects in 
patients with Group 2 PH [ 14 – 18 ]. Cardiac resynchroni-
zation therapy (CRT) has shown some potential benefi t 
[ 19 ]. Group 2 PH is present in 6–12 % of patients with 
mitral stenosis and 25–30 % of patients with aortic steno-
sis, and established surgical interventions, including 
mitral valve and aortic valve repair and replacement, have 
been associated with improvements in the degree of 
PH. The effective prosthetic or residual valvular func-
tional area is directly related to the reversibility of the PH 
in the vast majority of these patients [ 20 ,  21 ]. Heart valve 
repair and replacement can be performed using standard 
open techniques or percutaneous techniques with excel-
lent outcomes and frequently with improvement in symp-
toms and signs of PH [ 22 – 24 ]. 

 The presence of PH in patients with non-valvular left- 
sided heart failure has a negative impact in the patients’ func-
tional status and survival [ 25 ,  26 ]. In patients with a poor 
response to medical treatment, mechanical left ventricular 
support using left ventricular assist devices (LVADs), heart 
transplantation, and heart-lung transplantation have been 
considered viable alternatives. The use of LVADs has been 
associated with improvement of PH in 70–80 % of patients 
presenting with Group 2 PH and may permit heart transplan-
tation following the improvement of PH observed after pro-
longed left ventricular unloading [ 27 – 30 ].  

    Group 3 PH 

 For more than two decades, lung transplantation has been 
considered an established treatment strategy for patients 
with advanced lung disease and PH (Group 3 PH). The 
presence of signifi cant PH in this patient population may 
be associated with a more rapid progression of symptoms 

and decreased survival. There is no evidence that therapy 
directed at PH alters the course of the underlying lung dis-
ease. This is especially valid in patients with different 
types of fi brotic lung disease and chronic obstructive lung 
disease [ 31 ].  

    Group 4 PH 

 In cases of PH associated with thromboembolic disease 
(Group 4 PH), bilateral thromboendarterectomy (PTE) has 
become the standard of care for symptomatic patients with 
operable disease with excellent long-term outcomes [ 32 – 36 ]. 
Chronic thromboembolic pulmonary hypertension (CTEPH) 
is a chronic occlusive disease of the pulmonary arterial vas-
culature as a result of a single episode or recurrent episodes 
of venous thromboembolism that affects 0.5–3.8 % of 
patients presenting with an acute pulmonary embolism (PE); 
systolic pulmonary artery pressure (PAP) >50 mmHg at time 
of admission or discharge and large or bulky PE are predic-
tors of CTEPH [ 37 ,  38 ].  

    Group 5 PH 

 Group 5 PH comprises PH caused by etiologies not classifi -
able into the other WHO groups. Patients with Group 5 PH 
are encountered infrequently. Lung transplantation is occa-
sionally the only surgical treatment available.   

    Medical Management of PH 

 Medical treatment of PAH was revolutionized with the dis-
covery of the pulmonary vasodilator prostacyclin. Initial 
experience [ 4 ] and subsequently, a landmark randomized 
control trial demonstrated that epoprostenol (a prostacyclin 
analog delivered intravenously) improved exercise capacity 
and hemodynamics and decreased pulmonary arterial pres-
sure and pulmonary vascular resistance, culminating in 
improved survival in patients with PAH and New York Heart 
Association (NYHA) functional class III or IV heart failure 
[ 10 ]. Improvements in medical therapy for chronic PAH are 
discussed in detail in other chapters. 

 Despite innovative medical therapies, the prognosis of 
patients with advanced PH remains poor, as evident by a 
mortality of 15 % per year in PAH [ 2 ,  39 ]. Predictors of a 
poor prognosis include advanced NYHA functional class, 
poor exercise capacity as measured by six-minute walk test 
(6MWT) or cardiopulmonary exercise test, high right atrial 
(RA) pressures, signifi cant right ventricular (RV) dysfunc-
tion, evidence of right-sided heart failure (RHF), low cardiac 
index, elevated brain natriuretic peptide (BNP), and an 
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underlying diagnosis of scleroderma [ 2 ,  39 ]. These predic-
tors must be considered to refer patients for advanced surgi-
cal therapies in a timely fashion. Not infrequently, these 
changes can occur rapidly with patients presenting with 
acute and profound cardiopulmonary failure. 

    Medical Management of Patients with PH 
Presenting with Acute Decompensation 

 The management of patients with PH presenting with 
advanced disease and acute decompensation is challenging. 
Acute decompensation is not infrequently the trigger for sur-
gical evaluation. The clinical assessment is often confounded 
by the presence of RV failure, and the management of the 
primary PH pathology may have detrimental effects on RV 
function. For example, hypotension associated with use of 
pulmonary vasodilators may lead to worsening RV dysfunc-
tion due to decreased myocardial perfusion. Invasive hemo-
dynamic evaluation is frequently necessary to understand the 
patient’s physiologic derangement and assess the patient’s 
pulmonary vascular resistance (PVR) and systemic vascular 
resistance (SVR). The simultaneous assessment of fl uid sta-
tus, degree of RV involvement, and whether or not an intra- 
atrial shunt is present is useful to the clinician to determine a 
plan of action. 

 In general, inotropes and vasoconstrictors should be care-
fully selected in patients with acutely decompensated PH. It 
is important to maintain the SVR higher than the PVR, as RV 
perfusion occurs in these patients during systole and diastole 
and may be greatly reduced in patients with elevated right 
ventricular end diastolic pressure (RVEDP) in association 
with hypotension. Shorter acting inotropes with a pulmonary 
vasodilatory effect (e.g. dobutamine or milrinone) can be 
administered with vasopressors for this objective. Inhaled 
nitric oxide (iNO) and other direct inhaled pulmonary vaso-
dilators (such as epoprostenol) have shown effi cacy in these 
acute situations but may be associated with rebound PH 
especially in the absence of other replacement therapy. If 
mechanical ventilation (MV) is needed, careful intubation 
should be conducted to avoid an abrupt increase in PVR that 
can result in hemodynamic collapse due to RV pressure over-
load. MV should be maintained using protective lung venti-
lation strategies and minimizing positive end expiratory 
pressure (PEEP).   

    Surgery and Other Interventions 

 Conventional surgery has a well-established role in 
PH. Because the specifi c management of left-sided heart 
lesions that result in secondary PH is out of the scope of this 
review, we will focus in other causes of PH. 

 The most accepted surgical procedures are PTE for the 
management of CTEPH and lung transplantation or heart- 
lung transplantation for patients with PAH or patients with 
PH associated with advanced parenchymal disease. Both 
PTE and transplantation are associated with acceptable mid- 
and long-term outcomes in patients with advanced disease. 
More recently, different alternatives of mechanical support 
have been utilized with success to temporize patients with 
PH to lung transplantation and, in certain cases, to recovery. 
Other percutaneous interventions (AS, Pott’s shunt) continue 
to have a role in centers with limited access to transplanta-
tion or as a temporizing measure in nonoperative 
candidates. 

    Pulmonary Thromboendarterectomy 

 With more than 600,000 new cases of PE estimated every 
year in the US and considering that two-thirds of these 
patients will have the history of a previous PE, it is counter-
intuitive to assume that CTEPH continues to be underdiag-
nosed [ 40 ]. The natural history of CTEPH, in the absence of 
medical or surgical treatment, has been previously reported 
with survival of <50 % at 5 years in patients with severe PH 
and with mortality as high as 90 % in patients with an initial 
PAP >50 mmHg [ 37 ,  41 ]. CTEPH should be considered in 
patients with a mean PAP ≥ 25 mmHg, with symptoms 
including dyspnea and history of previous PE or deep vein 
thrombosis. 

 Only 200–250 PTE cases are performed every year in the 
United States—a refl ection of the lack of clinical suspicion 
for CTEPH in the overall medical community. The proce-
dure can be performed with low mortality (2–11 %), with 
excellent resolution of PH, and marked improvement in 
hemodynamic parameters and functional capacity [ 32 ,  33 , 
 35 ]. The indications for PTE include NYHA functional class 
III-IV heart failure; PVR > 300 dyn·sec·cm 5 ; surgically 
accessible thrombi in the main, lobar or segmental pulmo-
nary arteries; and the absence of other major comorbidities 
[ 33 ,  42 ]. More recently, the indications for PTE have been 
extended to patients in NYHA functional class II (i.e. with 
exertional dyspnea) with increased PVR at rest or exertion. 
Although a clear survival benefi t has not been reported for 
patients in NYHA functional class II, PTE is associated with 
clinical and symptomatic improvement and theoretically 
could decrease the risk of developing secondary pulmonary 
arteriopathy. Among patients with CTEPH, 20–40 % are 
considered inoperable, though it has become recently evi-
dent that this can be heavily infl uenced by the center’s expe-
rience with PTE [ 33 – 36 ,  42 ]. 

 Medical management has a limited role in patients with 
CTEPH and has included diuretics, anticoagulation therapy, 
and oxygen therapy. Long-term anticoagulant therapy has 
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been shown to reduce  in situ  pulmonary artery thrombosis 
and recurrent thromboembolism [ 32 ,  38 ]. Inferior vena caval 
fi lters have been used to prevent the recurrence of new PE 
but have not been uniformly adopted due to the long-term 
complications of these devices [ 43 ]. The use of PH therapy 
prior to PTE has been associated with a delay in referral, 
with patients who have been treated presenting with only 
minimal improvement in PAP and 6MWT. Only limited data 
is available supporting medical management in high-risk 
patients to improve hemodynamics and surgical success [ 44 , 
 45 ]. Despite the lack of scientifi c evidence, more than 60 % 
of patients with CTEPH will be referred for surgical evalua-
tion while on therapy for PH [ 38 ]. 

 The preoperative assessment is important to defi ne oper-
ability and perioperative risks and includes an echocardio-
gram, right-heart catheterization (RHC), ventilation/
perfusion scan (VQ scan), computerized tomography (CT) 
angiography, and pulmonary angiography [ 32 ,  33 ,  35 ,  36 , 
 42 ]. More recently magnetic resonance angiography has 
been suggested as a useful tool in the assessment of this 
patient population. Anatomic considerations and the extent 
of vascular involvement play major roles in candidate 
selection. Although age has not been considered a contrain-
dication per se, the need for circulatory arrest to complete 
the operation theoretically excludes patients of very 
advanced age with deconditioning or with signifi cant cere-
brovascular disease. The combination of very distal dis-
ease, especially microvascular disease, and a PVR > 1200 
dyn·sec·cm 5  has been considered an important risk factor 
for poor outcome [ 45 ]. 

 Jamieson and colleagues [ 36 ] have proposed an intraopera-
tive classifi cation for CTEPH (Fig.  19.1 ). In this classifi cation, 
type I (central thrombus present) and type II (thickened intima, 
fi brous webs and bands) represent the typical condition of sur-
gical patients, and are present in up to 80 % of cases. Type III 
occlusions in the segmental and subsegmental branches 

require adequate surgical experience with dissection within 
the peripheral pulmonary arteries. Type IV disease represents 
secondary  in situ  thrombosis in patients with primary pulmo-
nary hypertension (PPH) and cannot be treated by PTE; lung 
transplantation is an option for these patients [ 36 ].

   The surgical technique of sequential PTE with circula-
tory arrest was developed and standardized at the University 
of California San Diego (UCSD) and requires the use of car-
diopulmonary bypass or extracorporeal circulation under 
conditions of deep hypothermia at 20 °C with briefs periods 
of circulatory arrest (limited to 20 min on each side). The 
procedure can be performed safely in patients with previous 
interventions including patients who have undergone previ-
ous coronary artery bypass grafting with patent bypass 
grafts [ 34 ]. 

 The most relevant perioperative complication associated 
with PTE is pulmonary edema in the early postoperative 
period. Edema occurs in up to 20 % of patients who undergo 
PTE, particularly in patients presenting with high postopera-
tive cardiac output. Careful fl uid administration and restric-
tion, reduction of cardiac output, and diuretics are important 
components of the perioperative management in patients 
with edema after PTE. Pulmonary hemorrhage is seen in up 
to 3 % of patients and is frequently associated with technical 
complications resulting in disruption of the vasculature dur-
ing the endarterectomy, especially in cases with high 
PVR. Patients with pulmonary hemorrhage may require the 
use of postoperative ECMO support to allow stabilization. 
The most feared complication is the absence of surgically 
removable disease (Type IV); this may be associated with 
unchanged PVR and postoperative progression of RV dys-
function and is associated with poor early outcome [ 46 ]. 

 PTE is a curative procedure with excellent long-term out-
comes. A systematic review demonstrated 5-year survival 
ranging from 74 to 89 % [ 47 ]. A recent analysis of the UCSD 
experience in more than 1400 patients followed longitudinally 

Type 1 Type 2 Type 3 Type 4

  Fig. 19.1    Jamieson surgical classifi cation of chronic thromboembolic disease (Reprinted from [ 36 ] with permission from Elsevier)       
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found that PTE was associated with a 10-year survival close 
to 70 % [ 33 ] (Fig.  19.2 ). Seventy-fi ve percent of the patients 
who underwent PTE presented with NYHA functional class 
III–IV heart failure; almost 90 % of these patients were in 
functional class I–II at follow-up after intervention [ 35 ]. 
Despite these clinical and survival improvements, a subset of 
patients (10–30 %) will present with residual PH. Recently, 
a phase 3 study investigated the effi cacy and side-effect pro-
fi le of riociguat (a soluble guanylate cyclase stimulator) in 
patients with CTEPH who were ineligible for surgery or who 
had persistent or recurrent PH after PTE [ 48 ]. The study 
demonstrated hemodynamic and functional (6MWT) 
improvement, stimulating the use of medical management in 
patients with recurrent PH after PTE and patients ineligible 
for surgery.

       Atrial Septostomy 

 The creation of an atrial septal defect without a thoracotomy 
using catheter and balloon-based techniques for patients 
with complete transposition of the great arteries was fi rst 
introduced by Rashkind and Miller in 1966 and was then 
modifi ed using blade septostomy by Park and colleagues in 
1978 [ 49 – 51 ]. The fi rst application of an atrial septostomy 
(AS) in patient with PAH was described by Rich and Lam in 
1983 in a 22-year old woman with severe PH and RHF who 
was unresponsive to medical treatment with vasodilators. An 
AS was created percutaneously to offl oad her failing heart. 
The procedure was successful, but the patient died the fol-
lowing day due pulmonary edema and refractory hypoxemia 

[ 52 ]. Subsequently, the technique underwent several refi ne-
ments. Although initial attempts were unsuccessful, they 
were followed by series demonstrating the effi cacy of the 
technique with clinical and hemodynamic improvement 
(Fig.  19.3 ) [ 53 ,  54 ].

   AS is based on the concept that survival of patients with 
PAH is closely correlated with the functional status of the 
RV, and that RV failure and syncope are associated with poor 
short-term outcomes [ 12 ,  55 – 57 ]. This rationale for AS is 
supported by the observation that patients with PAH with a 
patent foramen ovale (PFO) have better survival as compared 
with those who lack a PFO [ 58 ]. It has also been established 
that patients with Eisenmenger syndrome (a condition in 
which a congenital shunt and elevated pulmonary pressures 
result in deoxygenated blood in the left ventricle) have 
improved survival as compared with patients with IPAH, 
with a 3-year survival of 77 % vs. 35 % due to better cardiac 
output and lower RA pressures, despite higher pulmonary 
artery pressures [ 59 ]. Experimental work by Austen and col-
leagues in a canine model of PH showed that the creation of 
an AS decompressed the RV and increased the cardiac output 
on exertion [ 60 ]. 

 The deterioration of the patient’s clinical condition and 
ultimately mortality caused by PAH are associated with the 
progressive dilation and dysfunction of the RV and the coex-
istent decrease of systemic output. The main predictors for 
decreased survival in PH are high RA pressure, high pulmo-
nary artery pressure, and a low cardiac index [ 12 ,  56 ]. 
Creation of an AS allows a right-to-left arterial shunt, 
increasing the systemic cardiac output and oxygen transport 
to the periphery, despite a decrease in SaO 2  (systemic arterial 
oxygen saturation), while allowing simultaneous decom-
pression of the RV and improvement of RV function. 

 AS was initially performed using a blade balloon (BB) 
technique [ 53 ,  54 ]. Subsequently, the graded balloon dilata-
tion (GBD) technique was popularized. The GBD technique 
provides more control over the size of the septostomy, with 
similar clinical and hemodynamic results as BB septostomy 
and a possible reduction of periprocedural risks [ 57 ,  61 – 63 ]. 
However, higher rate of spontaneous closure has been 
reported with the GBD technique [ 57 ]. Other techniques of 
creating a right-to-left shunt have been described that are 
based on the creation of a shunt between the descending 
aorta and the left pulmonary artery. These include the surgi-
cal creation of a Pott’s shunt (an anastomosis between the 
descending aorta and the left pulmonary artery), percutane-
ous creation of an aortopulmonary shunt, and percutaneous 
placement of a shunt following dilatation of a small probe- 
patent ductus arteriosus [ 64 ]. None of these techniques have 
been widely accepted. Most recently, mechanical cardiopul-
monary support, including ECMO and Novalung, has been 
used in association with AS in decompensated patients with 
PH as bridge to lung transplantation, though the rapid and 
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  Fig. 19.2    Long-term survival following PTE (From [ 33 ] with permis-
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complete hemodynamic and respiratory support provided by 
ECMO and Novalung is decreasing the use of AS in patients 
with PH as a population [ 65 ]. 

 The indications for AS in patients with PH lack strong 
evidence and are based primarily on limited single- institution 
series [ 61 – 63 ,  66 ]. The benefi ts and risks of AS were reported 
in an analysis of 64 cases published in the literature [ 67 ]. The 
main indication for AS is persistent RHF or recurrent syn-
cope despite maximal medical therapy. Due to high peripro-
cedural mortality in high-risk patients, AS should be avoided 
in patients  in extremis . More recently AS has been used in 
patients with PH as a bridge to lung transplantation [ 63 ,  68 ]. 
AS has also been associated with the use of VV ECMO as a 
bridge to lung transplantation to avoid the thromboembolic 
and vascular complications present with VA ECMO [ 69 ,  70 ]. 
Occasionally, AS can be used as palliation, if lung transplan-
tation is not an option. 

 Prior to the AS procedure, the candidate should have an 
adequate oxygen saturation (saturation of peripheral oxygen 
(SpO 2 ) > 90 %) on room air or relatively low supplemental 
oxygen) to avoid profound desaturation once the right-to-left 
shunt is created. A hematocrit >35 % should be present to 
assure adequate oxygen-carrying capacity. Left ventricular 
(LV) function should be suffi cient to tolerate the sudden in 
increase in blood return and volume overload [ 56 ,  57 ]. A left 
ventricular ejection fraction (LVEF) of >45 %, defi ned by 
echocardiogram, is preferable, and preconditioning patients 
with severe LV or RV dysfunction using inotropes and diuret-
ics is recommended. Although severe RV failure remains a 
contraindication to AS, improving RV fi lling pressure using 
inotropes may allow the procedure [ 57 ]. Furthermore, the 
size of the septostomy should be carefully tailored. An AS 
that is too large can cause excessive shunting of blood away 
from pulmonary circulation, inadequate oxygenation, and 
excessive systemic desaturation. The excessive blood fl ow to 
the LV can precipitate LV failure and pulmonary edema fur-
ther exacerbating desaturation and hypoxemia [ 57 ]. AS 
should be avoided in patients with left ventricular end dia-
stolic pressure (LVEDP) >12 mmHg [ 52 ,  71 ]. Precautions 
for undertaking AS are outlined in Table  19.1 .

   The technique utilized to perform the AS (BB or GBD) 
will depend on the surgeon’s experience. Both techniques 
follow the same catheterization protocols using the left fem-
oral artery and vein, followed by simultaneous right- and 
left-heart catheterization. The BB technique utilizes the Park 
blade. The GBD technique initially punctures the interatrial 
septum with a Brockenbrough needle followed with a step-
wise, transseptal balloon dilation, beginning at 4 mm using 
the Inoue dilator followed by successive balloon dilation to 
8, 12, and 16 mm. The fi nal size of the AS is determined 
based on any of occurrence of (a) an increase of LVEDP to 
18 mmHg, (b) reduction of SaO 2  to ~80 %, (c) 10 % change 
from baseline or (d) diameter of 16 mm. This criteria is used 
to decrease the risk of excessive LV overload and refractory 
hypoxemia, which was identifi ed as the most important 
cause of mortality in many studies [ 52 ,  67 ,  71 ]. Intraprocedural 
and postprocedural echocardiograms are useful to assess 
changes in the LV and RV and to determine fi nal size of the 
AS, typically about 80 % of the diameter of the largest bal-
loon utilized [ 52 ,  67 ,  71 ]. 

 Limited single-institution series have provided insight 
into the immediate-term and long-term effects of AS in 
patients with PH. Sandoval and colleagues described the cre-
ation of AS in 15 patients with severe PPH with mean PA 
pressure of 66 ± 13 mmHg. They defi ned the basic require-
ments of SaO 2  > 80 %, hematocrit >35 %, and reasonable RV 
function before undergoing AS. AS was created percutane-
ously and dilated progressively to 8–16 mm, keeping 
SaO 2  > 75 % and LVEDP <18 mmHg. Postprocedure, there 
was an immediate and signifi cant decrease in RV end- 
diastolic pressure and SaO 2  and an increase in cardiac index. 
One patient died, and 14 survived the procedure and 
 signifi cantly improved their mean NYHA functional class 
and 6MWT [ 57 ]. Similar improvements in cardiac index and 
mid-term survival were observed by others [ 56 ]. In the fi rst 
overall analysis of the worldwide experience with AS, the 
early postprocedural mortality after AS in patients with PH 
was 16 %, but implementation of the guidelines to minimize 
the procedure-related mortality of AS (Table  19.1 ) decreased 
this rate to 5.4 % [ 46 ,  67 ]. The immediate effects of the AS 

  Fig. 19.3    Balloon dilators used for atrial septostomy       
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on resting pulmonary hemodynamics were variable. The 
mean RA pressure declined by 3 mmHg; the cardiac index 
increased by 0.7 l/min/m 2 . Baseline mean RA pressure is the 
best indicator of hemodynamic response, and the best hemo-
dynamic and clinical responses are obtained when mean RA 
pressure is between 10 and 20 mmHg. Patients with mean 
RA pressure > 20 mmHg may also present adequate hemody-
namic response but with a higher risk of mortality [ 57 ,  67 ]. 

 The long-term results of the AS have not been well docu-
mented. Kerstein and colleagues noticed an improvement in 
the RV function with improvement in diastolic PAP and car-
diac index in patients studied 7–27 months after AS [ 53 ]. 
Long-term clinical response seems to have a close correla-
tion with the immediate response including cardiac index 
and oxygen transport [ 63 ]. In this study, patients with 
greater increases in cardiac index (52 % vs 15 %) and sys-
temic oxygen transport (37 % vs 4 %) shortly after the AS 
procedure had an improved clinical response. The median 
long-term survival of 54 patients surviving AS was 
19.5 months. Progression of the underlying pulmonary vas-
cular disease was the main factor associated with late 
mortality.   

    Transplantation 

 Lung transplantation is an established therapeutic option for 
patients with advanced respiratory failure caused by many 
etiologies including restrictive and obstructive diseases, 
infectious complications, and pulmonary vascular complica-
tions as in the case of PAH. The fi rst lung transplantation in 
a human was performed by Hardy in 1963 in a patient with 
advanced lung cancer who died soon after the intervention 

due to renal failure [ 73 ]. The fi rst heart-lung transplant was 
successfully performed at Stanford University by Norman 
Shumway, John Wallwork, and Bruce Reitz in 1981 for PAH 
[ 74 ]. Joel Cooper reported the fi rst successful single lung 
transplant for pulmonary fi brosis in 1983, followed by the 
fi rst series of bilateral lung transplants in 1986 [ 75 – 77 ]. 
Since 1995, more than 47,000 lung transplants and 3700 
heart-lung transplants have been performed [ 78 ,  79 ]. 

 Although PAH was recognized as a clinical entity in the 
early 1950s, the medical community lacked effective treat-
ments for decades, with a median survival of only 2.8 years 
[ 12 ,  80 ]. Thirty years later, the treatment and prognosis of 
patients with PAH was notably improved with the introduc-
tion of heart-lung transplantation and subsequently lung 
transplantation as a valid treatment alternative. Due to tech-
nical considerations and concerns regarding postoperative 
RV performance, heart-lung transplantation was considered 
the procedure of choice in patients with PAH, whereas lung 
transplantation was used mostly for other forms of end-stage 
lung disease [ 81 ]. After the effi ciency of prostacyclin ana-
logs, endothelin receptor antagonists, and PDE5 inhibitors 
became evident, transplantation remained a second-line 
treatment for years. As medical therapy improved, we 
observed an important decrease in pulmonary vascular 
 disease as indication for transplantation—representing 
10–15 % of patient undergoing transplantation initially but 
only 4 % in more contemporary reports [ 78 ,  79 ]. Most 
recently, with improvements in surgical techniques and out-
comes in lung transplantation and the understanding that 
despite optimal medical therapy up to 30 % of patients will 
progress rapidly or respond poorly to medical treatment, 
transplantation has regained attention in the management of 
PAH [ 81 ,  82 ]. 

    Table 19.1    Recommendations for minimizing procedure-related mortality of atrial septostomy   

 Criteria  Recommendation 

 Location  Only perform in a center experienced in pulmonary hypertension 

 Actions to take before the procedure  Optimize cardiac function with adequate right heart fi lling pressure and additional inotropic support 
if needed 
 Optimize oxygen delivery to maintain adequate hemoglobin (>15) with transfusion of packed red 
blood cells or darbepoetin alfa 

 Actions to take during the procedure  Monitor variables (LAP, SaO 2 %, and mRAP) 
 Tailor the defect to <10 % decrease in O 2  saturation 

 Actions to take after the procedure  Optimize oxygen delivery to maintain adequate hemoglobin (>15 g/dL) with transfusion of packed 
red blood cells or darbepoetin alfa 

 Contraindications to atrial septostomy  Avoid atrial septostomy if the following contraindications are present: 

   Severe right ventricular failure on cardiorespiratory support 

   mRAP >20 mmHg 

   PVRI >55 U/m 2  

   Resting O 2  saturation <90 % on room air 

   LVEDP >18 mmHg 

  Modifi ed from [ 72 ] 
  LAP  left atrial pressure,  LVEDP  left ventricular end diastolic pressure,  mRAP  mean right atrial pressure,  PVRI  pulmonary vascular resistance 
index,  SaO   2   arterial oxygen saturation  
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    Indication and Timing for Transplantation 
 The indications and patient selection for lung or heart-lung 
transplantation have been previously stated by International 
Society for Heart and Lung Transplantation (ISHLT) consen-
sus [ 83 ]. In general, patients are considered for transplant if 
they have advanced end-stage lung disease, NYHA func-
tional class III–IV heart failure, have a life expectancy 
of < 2 years, and have no contraindications [ 83 ]. The indica-
tions for lung transplantation referral in patients with PH are 
summarized in Table  19.2 .

   In patients with PAH, an adequate response to medical 
treatment occurs in the majority of patients and may be 
responsible for a delay in referral for lung transplantation. 
However, there are other factors that need to be considered 
at the time of referral. The development of the lung alloca-
tion scoring (LAS) system, implemented in 2005 with the 
intention to increase access to lung transplantation in higher 
risk patients, may not accurately refl ect risk in patients with 
IPAH [ 11 ,  84 ]. The LAS is a scoring system, developed 
from demographic and clinical characteristics, that takes 
into account waiting list urgency and probability of post-
transplant survival [ 84 ]. After implementation of the LAS 
system, deaths while on the waiting list for a lung trans-
plant decreased for all diagnosis groups except for patients 
with IPAH, which remained unchanged. Patients with IPAH 
were less likely receive a transplant than patients with idio-
pathic pulmonary fi brosis (IPF) or cystic fi brosis (CF) and 
more likely to die on the waiting list than patients with 
chronic obstructive pulmonary disease (COPD) or CF [ 83 , 
 85 ,  86 ]. 

 Some variables associated with worse prognosis in 
patients with PAH, as studied in the REVEAL cohort, are not 
represented in the LAS. These variables include right atrial 
pressure (RAP) >14 mmHg and 6MWT < 300 m [ 11 ]. Recent 

analyses have suggested that current prediction models that 
utilize the LAS may overestimate the survival of patients 
listed with IPAH. New statistical models that consider other 
variables, including 6MWT, resting O 2 , invasive cardiac out-
put testing, and NYHA functional class, have been suggested 
to help guide clinical decision-making [ 11 ,  87 ]. For this rea-
son, the United Network for Organ Sharing (UNOS) now 
considers LAS appeal in lung transplant candidates with 
PAH [ 82 ]. If certain criteria related to declining right ven-
tricular function are met (including deterioration in clinical 
condition on optimal medical therapy, right atrial pressure 
>15 mmHg, and cardiac index <1.8 L/min/m 2 ), an LAS is 
assigned such that the patient is placed in the 90th percentile 
on the wait list. 

 Debate still exists regarding outcomes on the wait list and 
posttransplantation survival after implementation of the LAS 
score. Schaffer and colleagues in a recent review of the UNOS 
registry found that after LAS implementation, the incidence 
of transplantation increased and wait-list mortality decreased 
in patients with IPAH, and that both heart-lung transplanta-
tion and lung transplantation are predictive of survival, as is 
being listed at a medium- to high-volume center [ 88 ]. This 
report provided a positive perspective of the  problem. 
Unfortunately, we continue to see patients coming late for 
referral for transplantation, and in some circumstances, they 
are not able to be considered for a transplant due to their 
advanced disease and multi-organ involvement. Patients with 
PAH who are listed continue to have a high mortality while 
on the wait list—as high as 34 % in recent analyses by UNOS 
and others [ 89 ]. This has forced experienced transplant cen-
ters to suggest early referral of patients with PH for transplant 
evaluation. Despite the availability of advanced circulatory 
support systems, including ECMO and Novalung, to bridge 
patients to transplantation, advanced circulatory support is 
only possible in selected and experienced centers [ 90 – 96 ]. It 
does not seem appropriate to wait until advanced right-sided 
heart failure, liver failure, frequent arrhythmias, and syncope 
are present to consider referral. 

 Lung transplantation generally is offered to patients with 
PH who do not respond to optimal vasodilator therapy [ 82 ]. 
Updated treatment algorithms have been proposed in patients 
with PAH in NYHA class IV [ 97 ]. In an attempt to prevent 
late referral for lung transplantation, some experienced cen-
ters consider initiation of treatment with intravenous epopro-
stenol to be a better time to perform an initial lung 
transplantation evaluation [ 89 ]. Due to the diffi culty in pre-
dicting the clinical course of patients with PAH and associ-
ated PAH (APAH; PAH resulting from another disease), 
early referral is recommended even for a preliminary evalua-
tion. The inadequate response of a patient with PAH to 
monotherapy should prompt physicians to consider a lung 
transplantation evaluation in parallel with initiation of 
sequential combination therapy. Failure of the combination 

   Table 19.2    ISHLT guidelines for transplantation referral   

  1. NYHA functional class III or IV, on maximal medical therapy 

   2. Rapidly progressing disease with low (<350 m) or declining 6 min 
walk distance 

  3. Syncope 

  4. Additional risk factors for poor outcome in PAH 

    (a) Hyponatremia 

    (b) Hyperbilirubinemia 

  5. Right ventricular dysfunction: 

    (a) Cardiac index < 2 l/min/m 2  

    (b) Right atrial pressure > 15 mmHg 

    (c) Tricuspid annular plane systolic excursion <1.8 cm 

  6. Underlying connective tissue disease (e.g. scleroderma) 

  7. Chronic obstructive pulmonary disease 

  8. Sarcoidosis 

  9. Pulmonary fi brosis 

 10. Combined emphysema, pulmonary fi brosis, and PAH 

  Modifi ed from [ 82 ]  
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therapy should then trigger the activation of the patient on 
the transplant wait list [ 97 ]. 

 Sitbon and colleagues identifi ed a high-risk subset of 
patients with PH who are likely to have a poor outcome with-
out transplantation. These include patients with a history of 
right-sided heart failure, who remained in NYHA functional 
class III or IV after 3 months on epoprostenol, who showed 
a 6MWT <250 m, and who had high RAP (>12 mmHg) 
along with the absence of a decrease in total pulmonary 
resistance of >30 %, relative to baseline. These patients 
should be prioritized for lung transplantation [ 8 ]. 

 It is worth mentioning that patients with PH associated 
with underlying lung disease, such as COPD, pulmonary 
fi brosis, or sarcoidosis, are also at increased risk of mortality, 
and patients with combined emphysema, interstitial lung dis-
ease and PH have a particularly high mortality risk with 
1-year survival in only 60 % [ 98 – 101 ]. In these patients with 
lung disease and PH, the variable effects of oral and inhaled 
vasodilators with the potential to worsen symptoms fre-
quently indicate the need of an expedited lung transplanta-
tion evaluation [ 82 ]. 

 Considering the implications of severe PAH in the man-
agement and prognosis of patients being considered for 
transplantation, it is advisable that these patients are cared 
for during the mid-late phase of the clinical course of their 
disease by an experienced and multidisciplinary group with 
the ability to provide lung and heart-lung transplantation, 
mechanical respiratory and circulatory support, and other 
temporizing strategies.  

    Type of Transplantation 
 With the utilization of cyclosporine and better immunosup-
pressive regimens beginning in the early 1980s, the survival 
of patients after heart-lung transplantation improved mark-
edly [ 102 ,  103 ], and heart-lung transplantation became the 
accepted treatment for patients with advanced PAH and other 
advanced cardiopulmonary diseases. The acceptable out-
comes of various single-center experiences were published 
[ 81 ,  104 ,  105 ]. PAH remains an important indication for 
heart-lung transplantation with 27.6 % of heart-lung trans-
plants being performed for PAH, second in frequency only to 
heart-lung transplantation performed for cyanotic congenital 
heart disease [ 106 ]. As the overall number of patients listed 
for transplantation increased and the organ scarcity became 
evident, single-lung transplantation and double-lung trans-
plantation were considered as alternatives to heart-lung 
transplantation in patients with PH. More recently, double- 
lung transplantation has been favored over single-lung trans-
plantation [ 81 ,  107 – 109 ]. 

 In the 1990s, our group at the University of Pittsburgh 
demonstrated that single-lung transplantation could be done 
with survival comparable with double-lung transplantation 
[ 107 ,  108 ], suggesting that single-lung transplantation could 

be considered the procedure of choice in patients with PAH 
to increase organ utilization. Gammie and co-workers 
reviewed the results of 58 lung transplants performed for 
PPH or secondary PH; 37 double-lung transplants and 21 
single-lung transplants were performed. As expected, car-
diopulmonary bypass times were longer in patients who 
underwent double-lung transplantation as compared with 
those who underwent single-lung transplantation. Recipients 
with PH had similar functional status and similar early- and 
mid- term survival after single-lung transplantation or 
double- lung transplantation [ 109 ]. We have recently 
observed patients surviving more than 20 years after single-
lung transplant who occasionally require redo 
transplantation. 

 A recent report from the Cleveland Clinic concluded that 
the use of single-lung transplantation in older patients 
(>65 years) with secondary PH was associated with similar 
outcomes as double-lung transplantation. Murthy and col-
leagues presented a series of single-lung transplant recipi-
ents that compared 36 patients with PH (mean PAP 
30.4 mmHg) and 48 patients with no PH. Survival at 3 years 
was similar, 70 % and 72 % respectively, with patients with 
PH having only a longer hospital stay (24 days vs 16 days; 
p = 0.015). This study suggested that single-lung transplanta-
tion could be an acceptable solution to minimize the surgical 
intervention and increase organ utilization [ 110 ]. 

 Other series have associated double-lung transplantation 
with better outcomes than single-lung transplantation, 
however, and perioperative management of patients after 
double- lung transplant may be more straightforward. In a 
series of patients with PH, including 27 patients with PAH 
and 30 patients with Eisenmenger syndrome, Bando and 
co-workers from our institution found that double-lung 
transplantation and heart-lung transplantation provided a 
better option than single-lung transplantation in reducing 
pulmonary arterial pressure, improving cardiac index, and 
providing better functional outcomes and better early and 
mid-term survival [ 107 ,  108 ]. Subsequently, Conte and col-
leagues, in a study that included patients with PPH (n = 15) 
and secondary PH (n = 40), observed a signifi cant improve-
ment in survival in patients with PPH who underwent dou-
ble-lung transplantation as compared with single-lung 
transplantation in patients with PPH as the indication for 
transplantation [ 111 ]. 

 The combined clinical experience of many groups has 
demonstrated the complexity of the perioperative manage-
ment needed for single-lung transplantation because the 
majority of the cardiac output (80–90 %) perfuses the newly 
implanted lung. There is an increased likelihood of needing 
ECMO support due to the increased risk of severe primary 
graft dysfunction (PGD) in patients with PH [ 106 ,  112 ]. 
Using double-lung transplantation may also eliminate the 
risk of recurrent PH seen occasionally after single-lung 
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transplantation [ 81 ]. Thus, double-lung transplantation may 
be a safest alternative. Since this realization, the use of 
single- lung transplantation has decreased rapidly with fewer 
than 5 % of patients with PAH undergoing single-lung trans-
plantation, as per ISHLT transplantation registry reports 
[ 106 ,  112 ]. 

 Double-lung transplantation is currently the preferred 
choice worldwide over heart-lung transplantation for 
patients with PH, especially considering the importance of 
organ scarcity. Double-lung transplantation offers compa-
rable outcomes as heart-lung transplantation in patients 
with PAH with the advantage of better organ sharing [ 113 ]. 
A recent meta-analysis used nine selected studies to answer 
the question, “Should we perform double-lung transplanta-
tion or heart-lung transplantation in patients with PH?” 
Reviewing 1189 lung transplants (67 %) and 578 heart-
lung transplants, the authors concluded that neither proce-
dure had an overall survival benefi t over the other [ 113 ]. 
Interestingly, the same study corroborated that heart-lung 
transplantation is associated with excellent functional and 
survival outcomes in patients with congenital heart disease 
and Eisenmenger syndrome, severe right ventricular dys-
function (EF < 10–25 %) or left ventricular dysfunction 
(EF < 35–55 %), and those who are chronically inotrope- 
dependent. In all other patients with PH, double-lung trans-
plantation offered similar outcomes with better organ 
utilization [ 113 ]. Supporting the use of heart-lung trans-
plantation in the situations mentioned above, some authors 
have reported a lower PGD rate and better survival without 
bronchiolitis obliterans syndrome (BOS) when heart-lung 
transplantation was performed [ 81 ]. Dartevelle and col-
leagues reviewed their experience with lung transplantation 
and heart-lung transplantation in patients with severe PH 
with an extensive analysis of 219 patients: 152 who under-
went heart- lung transplantation and 67 who underwent 
lung transplantation for end-stage PH (including 147 
patients with PAH) over a 22-year period (1986–2008). 
They concluded that in patients with end-stage PH, good 
long-term outcomes were obtained with both protocols as 
indicated by a 43 % survival after double-lung transplanta-
tion and 39 % survival after heart-lung transplantation at 10 
years posttransplant (p = 0.9) (Fig.  19.4 ). These similar sur-
vival outcomes were obtained despite the fact that the 
heart-lung transplantation group was composed of sicker 
patients with worse NYHA functional class heart failure, 
worse kidney and liver function, and a higher need for 
preoperative inotropes as compared with the double-lung 
transplantation group [ 81 ]. Heart-lung transplantation 
was associated with lower postoperative morbidity, 
shorter MV time, lower rates of bronchial complications 
and postoperative PGD, and greater freedom from BOS- 
related death at follow-up. Heart-lung transplantation has 
been associated with a certain degree of immunologic 

protection to the lung, which the authors put forth to 
explain the lower rate of BOS after heart-lung transplan-
tation as compared with double-lung transplantation in 
this study [ 81 ]. This theory has not been supported by 
other studies [ 114 – 116 ].

   Heart-lung transplantation continues to be an excellent 
alternative in patients with a complex congenital 
 systemic-to- pulmonary shunt (e.g. Eisenmenger syndrome), 
with intra-cardiac lesions that require complex repair (e.g. a 
ventricular septal defect), or with profound RV dysfunction 
and dilation. In an analysis of transplantation for Eisenmenger 
syndrome, survival was signifi cantly better after heart-lung 
transplantation than after lung transplantation, a difference 
that was not apparent for recipients with IPAH [ 117 ]. This 
benefi t was more pronounced when the congenital defect 
was a ventricular septal defect (VSD). 

 Although double-lung transplantation may be doable in the 
majority of patients, even those with severe RV dysfunction, a 
careful consideration should be made in patients with extreme 
cardiac dilation, as severe compression of the vascular struc-
tures on the left-side of the chest may occur as a consequence 
of cardiac-left chest cavity mismatch or cardiac herniation, 
leading occasionally to a loss of the allograft requiring redo 
transplantation [ 118 ]. We have experienced a similar situation 
following double-lung transplantation (Fig.  19.5 ).

   Despite its potential benefi ts in certain high-risk situa-
tions, heart-lung transplantation is only occasionally possi-
ble due to logistic considerations and organ availability. 
Double-lung transplantation has become, for most transplant 
centers, the procedure of choice in patients with PAH. In an 
analysis by the ISHLT, double-lung transplantation was per-
formed in 1073 of 1160 cases operated between 1995 and 
2012, constituting 4.6 % of all the double-lung transplants 
done during this interval [ 78 ]. 

 The surgical techniques for lung and heart-lung transplanta-
tion have been previously published [ 77 ,  119 ,  120 ]. Lung trans-
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plantation and heart-lung transplantation require the use of 
sternotomy or clamshell incision (bilateral thoracosternotomy) 
and the use of circulatory support in the form of cardiopulmo-
nary bypass or ECMO to support and stabilize the patient dur-
ing the procedure.  

    Outcomes 
 Despite the increasing use of double lung transplantation in 
patients with PAH, PAH has been long considered a major 
risk factor for severe PGD [ 121 – 123 ]. The relief of the ele-
vated PAP in patients with RV hypertrophy may be associ-
ated with a high output requiring careful dosage of inotropes 
to minimize pulmonary overfl ow. The opposite situation may 
be present in patients with severe RV dysfunction; the surgi-
cal procedure may unmask a dynamic RV outfl ow obstruc-

tion caused by RV hypertrophy and worsened by inotropes 
[ 112 ]. Another complication, not infrequently seen in the 
early postoperative period and frequently during attempts of 
extubation, is dysfunction of the LV (systolic and/or dia-
stolic) associated with elevated LV fi lling pressures and pul-
monary pressures in the setting of a small LV cavity trying to 
adapt to the hemodynamic changes. This can be accompa-
nied by the presence of transient severe mitral regurgitation 
and pulmonary edema, increasing the risk of allograft dys-
function and severe PGD [ 124 ] (Fig.  19.6 ). Careful hemody-
namic management—avoiding high doses of inotropes, 
weaning from cardiopulmonary bypass, slow and gradual 
weaning from MV in the ICU, and avoiding increased after-
load (systemic hypertension)—is of major importance in this 
patient population. The use of posttransplant ECMO for 
PGD may be necessary and should be considered early in the 
presence of severe and rapidly progressive pulmonary dete-
rioration [ 125 – 129 ], with an observed 96 % ECMO wean 
rate, 82 % 30-day survival and 64 % 1-year survival [ 125 ].

   As previously noted, immediately postoperatively follow-
ing double-lung transplantation, there is a marked reduction 
in PA pressure, RV dimensions, RV pressure and RV stroke 
work. In one study, PA systolic and mean pressures markedly 
decreased after transplantation in patients with severe pul-
monary hypertension (from 115 to 45 mmHg for the systolic 
pressure and from 76 to 31 mmHg for the diastolic pressure) 
[ 130 ]. This effect of double-lung transplantation on PA pres-
sure persists long-term. In another study examining the 
impact of lung transplantation on PH, 100 lung transplant 
recipients were followed; mean PA pressure decreased from 
64 to 22 mmHg when measured 5 years posttransplant [ 114 ]. 
These rapid changes in the PA pressure will produce an 
immediate and remarkable response of the RV seen as early 
as in the operating room.   Fig. 19.5    Left lung infarct following double-lung transplant in a 

patient with PAH       

aa b

  Fig. 19.6    ( a ) Rapidly progression of pulmonary edema in a patient with double-lung transplant for PAH. ( a ) Prior to onset. ( b ) 2 h later       
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 Despite the acceptable results obtained with double-lung 
transplantation in patients with PAH, mid-term outcomes fol-
lowing double-lung transplantation remain inferior in recipi-
ents with PAH as compared with patients who undergo lung 
transplant for other pathologies [ 78 ] (Fig.  19.7 ). Posttransplant 
5-year survival was 57 %, along with marked improvement in 
functional capacity [ 114 ]. According to the ISHLT transplan-
tation registry, the median survival after transplant is 5.5 years 
in patients with IPAH vs 8.3 years in patients with CF and 
6.4 years in patients with alpha 1- antitrypsin defi ciency, 
although patients with IPAH have signifi cantly better out-
comes than patients with IPF (4.7 years) [ 78 ]. Patients with 
IPAH have a greater risk of early mortality and, in a multivari-
ate analysis, the diagnosis of IPAH was the greatest categori-
cal risk factor for 1-year mortality with a two- to threefold 
increase in mortality risk. Long-term survival after double-
lung transplantation is inferior in recipients with PAH as 
compared with patients with other pulmonary pathologies 
with 10-year survival of 42 % in recipients with PPH as com-
pared with 70 % in patients with other pulmonary pathologies 
[ 89 ]. Similar fi ndings were reported using the ISHLT trans-
plantation registry data, and PAH was identifi ed as an inde-
pendent predictor of increased early and late mortality [ 106 ]. 
The reason for this decrease in early and late survival was 
thought to be due to a higher risk of PGD in PAH recipients 
after double-lung transplantation, as PGD was an indepen-
dent predictor of increased early and late mortality [ 121 ].

        Devices 

 Options for mechanical circulatory support (MCS) in patients 
with severe PH are limited and associated with signifi cant 
complications. Patients with PH secondary to left-sided heart 
failure can be managed with different types of support devices 

at the time of LVAD implantation including implantable and 
percutaneous RVADS in the absence or presence of an oxy-
genator (oxyRVAD). Patients with PAH or PH  secondary to 
lung disease in the absence of left-sided heart failure present 
an enormous challenge for the clinicians who care for them. 
Historically in cases of profound decompensation and shock, 
peripheral or central veno-arterial (VA) ECMO or peripheral 
or central Novalung have been used to treat patients until they 
can receive a lung transplant, heart- lung transplant, or more 
recently, until recovery in selected cases [ 90 ,  131 – 133 ]. 

    MCS in Patients with PH Secondary to an LVAD 

 Patients with PH secondary to LV dysfunction (Group 2) with 
chronically elevated fi lling pressure will typically respond to 
LV unloading with the use of an LVAD. In these patients, 
fi xed PH and other hemodynamic parameters seem to improve 
early after LVAD implantation and for up to 6 months follow-
ing the procedure [ 27 ,  30 ,  134 ]. This positive response is seen 
in the majority of patients (70–80 %) and is sustained follow-
ing heart transplantation. Survival after heart transplantation 
is strictly related to the reversibility of PVR and the transpul-
monary gradient following LVAD implantation [ 30 ]. With 
better patient selection and perioperative management, the 
use of an RVAD due to severe RV dysfunction at the time of 
LVAD implantation is only necessary in a small subset of 
patients (6–8 % of elective LVAD implants) [ 135 ]. In patients 
with LV dysfunction requiring an LVAD, PH is not consid-
ered a risk factor per se for RV failure. To the contrary, the 
inability of the RV to generate elevated pulmonary artery 
pressure in the presence of severe RV dysfunction, severe tri-
cuspid regurgitation, elevated right atrial pressure and a 
decreased PAP/CVP (central venous pressure) ratio (<0.6) 
has been considered a risk factor for RV failure and the need 
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(Reprinted from [ 78 ] with permission 
from Elsevier)       
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for mechanical support [ 135 ]. There are different alternatives 
for mechanical support to assist the RV in these situations 
including the Centrimag pump (Thoratec, Pleasanton, CA), 
which requires open surgical implantation, and two percuta-
neously implanted options: the Impella RP (Abiomed, 
Danvers MA) and the TandemHeart (TandemHeart, 
Pittsburgh, PA) pump coupled with the Protek Duo Cannula 
(TandemHeart, Pittsburgh, PA). 

 The Centrimag is a bearingless centrifugal pump that is 
United States Food and Drug Administration (FDA)-
approved and has been used extensively for RV support 

(Fig.  19.8 ). Cannulas must be implanted into the right atrium 
and pulmonary artery during open surgery. Different studies 
have demonstrated excellent outcomes with survival ranging 
from 50 to 80 % [ 136 ,  137 ]. More recently the Impella RP, a 
percutaneous axial fl ow pump implanted through the right 
femoral vein into the proximal PA, was approved for use in 
the United States after a successful trial with ~80 % survival 
in patients in whom the device was used for RV dysfunction 
following LVAD implantation [ 138 ] (Fig.  19.9 ). Another 
alternative for percutaneous use is the TandemHeart pump in 
association with the Protek Duo cannula, a dual-lumen can-
nula that allows support with a single cannula implanted 
through the right internal jugular vein into the proximal PA 
(Fig.  19.10 ).

         MCS in Patients with PAH and PH Secondary 
to Lung Disease 

 In contrast to patients with PH secondary to LVAD implanta-
tion (Group 2), patients with PAH (Group 1) or PH second-
ary to intrinsic lung disease (Group 3) are considered for 
MCS during the late stages of acute decompensation, gener-
ally with severe acute heart failure, RV dysfunction, hypox-
emia, ventricular arrhythmias, and syncope. In these cases, 
PAH is associated with profound RV dysfunction and gener-
ally preserved LV function. Although RVADs alone have 
been considered, and anecdotally implanted in this situation, 
there is absence of scientifi c evidence to support RVAD use 
in treating PAH and no proven role for RVAD use in patients 
with PH and intrinsic lung disease. In experimental compu-  Fig. 19.8    Centrimag Pump used for right ventricular support       
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tational models, the use of an RVAD has been associated 
with important elevations of the pulmonary pressure and left 
atrial pressure with an increased risk of pulmonary hemor-
rhage [ 131 ,  139 ], a phenomenon also anecdotally observed 
in clinical situations [ 131 ]. For this reason, although concep-
tually attractive, there has been limited interest in the use of 
durable or short-term RVAD support in patients with PAH. 

 VA ECMO is the most commonly used MCS in patients 
with severe PAH or PH secondary to lung disease presenting 
with profound decompensation unable to be sustained on 
MV or presenting with cardiogenic shock due to RV  collapse. 
VA ECMO is used generally as a bridge to lung transplanta-
tion (Fig.  19.11 ). VA ECMO can be applied in a central (sur-
gical implantation) or peripheral confi guration as a bridge to 
lung transplantation ([ 90 ,  140 ], and personal experience) and 
occasionally considered as a bridge to recovery in patients 
presenting in acute decompensation with the absence of pre-
vious pulmonary vasodilator treatment and without an intrin-
sic lung disease (patients with IPAH) [ 133 ].

   In patients with an established history of severe PH, VA 
ECMO should be considered the most straightforward alterna-
tive to provide full hemodynamic and ventilator support. 
Peripheral groin cannulation (femoral artery and vein) and upper 
body perfusion (subclavian artery and right internal jugular vein) 
have both been used successfully. Central cannulation (right 
atrium to aorta) is rarely utilized but can be useful in patients 

a

b c

  Fig. 19.10    ( a ) Protek Duo cannula. ( b ) Percutaneous RVAD and ( c ) RVAD/ECMO (oxyRVAD) using TandemHeart pump and Protek-Duo 
cannula       

  Fig. 19.11    Extracorporeal membrane oxygenation (ECMO) system       
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with diffi cult distal peripheral vascular access or patients of 
small stature. ([ 141 ] and personal experience) When a femoral 
approach is use, the femoral artery and veins are cannulated 
using the Seldinger technique after heparinization, and ECMO 
fl ows are maintained between 3 and 5 L/min (Fig.  19.12 ). This 
technique is associated with vascular complications of the lower 
extremities, which are seen in up to 15 % of patients, For this 
reason, distal cannulation should be evaluated frequently to 
avoid vascular complications that can restrict future treatment 
options. Certain groups have favored the use of subclavian artery 
cannulation (Fig.  19.13 ) with the objective to prevent lower 
extremity vascular complications and avoid upper body desatu-
ration as seen in some cases of femoral VA ECMO with poten-
tially catastrophic implications. Rosenzweig and colleagues 
presented six patients using these techniques. Two patients 
underwent lung transplantation, and four received aggressive 
pulmonary vasodilator therapy as a bridge to recovery. Three of 
the four survived to decannulation, and two survived to discharge 
[ 133 ]. This technique is considered with the intention to extubate 
patients, allow ambulation and physical therapy, and minimize 
the impact of MV on RV function. Abrams and colleagues 
described the technique of upper body VA ECMO in detail 

[ 142 ]. Despite potential benefi ts, upper body VA ECMO requires 
careful surgical technique using an 8–10 mm Dacron graft anas-
tomosed to the subclavian artery and, in our experience, has been 
associated with signifi cant bleeding, upper extremity hyperper-
fusion syndrome, and a higher rate of stroke than femoral VA 
ECMO. An awake and extubated ECMO strategy (with VV or 
VA ECMO) was popularized by the lung transplantation group 
in Hannover Germany, and in a series comparing 26 patients on 
ECMO versus 34 patients on MV, VA ECMO was associated 
with better posttransplantation outcomes, shorter MV duration, 
and shorter hospital stay as compared with maintaining patients 
on MV [ 91 ]. In an earlier series of nonintubated patients with PH 
by Olsson and colleagues, peripheral VA ECMO was used as a 
bridge to lung transplant in fi ve patients; three patients survived 
to discharge (more than 3 months) [ 95 ] (Fig.  19.14 ). Subsequent 
series have supported the benefi t of extubation or early tracheos-
tomy and rehabilitation in patients supported on ECMO as a 
bridge to lung transplantation [ 143 ,  144 ].

     Venovenous (VV) ECMO has also been used successfully 
to support patients with profound respiratory failure secondary 
to lung disease [ 145 ], but has a limited role or no role in 
patients with severe PH because VV ECMO does not pro-

a b

  Fig. 19.12    ( a ) Peripheral VA ECMO (femoral vein and femoral artery). ( b ) Fluoroscopy confi rming adequate distal perfusion using a 5–7 Fr 
distal perfusion cannula       
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  Fig. 19.13    Peripheral subclavian veno-arterial ECMO 
(right internal jugular vein to right subclavian/axillary 
artery). ( a ) Schematic of the cannulation strategy. ( b ) 
Cannula placement       

  Fig. 19.14    Awake-extubated 
veno-arterial ECMO       
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vide adequate RV and hemodynamic support, which is fre-
quently needed in the acute decompensation stage or for 
shock. VV ECMO should only be considered in the presence 
of large intra-atrial communication allowing a right-to-left 
shunt, including a PFO, atrial septal defect (ASD), or follow-
ing the creation of an AS [ 133 ,  146 ] (Fig.  19.15 ). The rapid 
changes in size of a percutaneously created AS may compli-
cate the management of patients requiring redilatation of the 
AS. Small anecdotal series have been published with the use 
of single, dual-lumen cannula (AVALON) used in combina-
tion with AS or an ASD as bridge to lung transplantation or 
recovery with acceptable outcomes [ 93 ,  133 ].

   We recently administered successful long-term support 
(3 weeks) using VV ECMO as a low-fl ow oxyRVAD (RVAD 
pumping capability with an oxygenator included in the cir-
cuit) using the TandemHeart pump with a dual-lumen can-
nula (Fig.  19.16 ) in a patient with sarcoidosis and severe 
systemic PH who presented with cardiac arrest but in whom 
femoral VA ECMO was unsuccessful. Although complex ini-
tial management required prolonged nitric oxide use, we 
were able to successfully mobilize the patient with stable car-
diopulmonary support as a bridge to lung transplantation.

   Worldwide, an important experience has been gained 
bridging patients on ECMO with end-stage lung disease to 
lung transplantation. More than 250 cases of ECMO used 
as a bridge to lung transplantation have been performed in 
the United States, and 1–2 % of patients are on ECMO at 
the time of lung transplantation, according to the Scientifi c 
Registry of Transplant Recipients [ 148 ,  149 ]. The majority 
of series describing the use of ECMO as a bridge to lung 
transplantation have concentrated on the basic strategies of 

ECMO implementation and outcomes of patients who 
underwent lung transplantation including all diagnoses. 
These series have confi rmed that in high-volume centers 
with MCS expertise, ECMO (VA and VV) can be used 
safely as a bridge to lung transplantation with adequate sur-
vival, ranging from 60 to 100 % at 1 year [ 91 ,  96 ,  148 , 
 150 – 153 ]. Limiting the time on support has been deemed 
crucial to prevent complications (especially in patients on 
VA ECMO) with 50 % mortality in patients supported for 
more than 15 days vs no mortality in patients supported 
≤14 days in a small series of 17 patients [ 154 ]. 

 Here at the University of Pittsburgh Medical Center, we 
initiated the consistent use of ECMO as a bridge to lung 
transplantation in 2008 following important improvements 
in pump and cannula technologies and experience gained in 
the lung transplantation program. We reported consecutive 
series in 2010 and 2013 confi rming acceptable outcomes of 
patients with ECMO as a bridge to lung transplantation as 
compared with non-supported patients with 2-year survival 
of 74 % in the pre-lung transplantation ECMO group (24 
patients) and in the control group. Of these 24 patients, 15 
patients were on VV ECMO—10 via femoral venous and 
right internal jugular venous cannulas and 5 via the right 
internal jugular vein using the Avalon Elite bicaval dual-
lumen cannula [Avalon laboratories LLC, Rancho 
Dominguez, CA]. The remaining 9 patients were on VA 
ECMO—4 via a femoral veno-arterial route, 4 via a right 
atrial and ascending aortic route, and 1 via the right internal 
jugular vein and femoral arterial route. The patients on VA 
ECMO were supported with this strategy primarily due to 
severe PH secondary to lung disease; one patient had 

  Fig. 19.15    VV ECMO in a patient with an ASD. The right atrial infusion port ( blue arrow ) shunts oxygenated blood across the ASD ( white arrow ) 
(Reprinted from [ 147 ] with permission from Elsevier)       
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PAH. There were four deaths (17 %) in the ECMO group as 
compared with 9 % in the control group (a nonsignifi cant 
difference). Therefore, bridging to double-lung transplanta-
tion using ECMO offers a chance for high-risk patients, who 
may be deteriorating  rapidly, to undergo double-lung trans-
plantation with good outcomes instead of dying on the wait-
ing list. Our results compared favorably with the original 
UNOS series, in which only 57 % of patients on ECMO sur-
vived [ 96 ]. 

 Our most recent series was presented at the ISHLT meet-
ing in 2014; we examined 48 patients supported with ECMO 
as bridge to lung transplantation. Thirteen patients were sup-
ported on VA ECMO due to presence of severe PH (9 periph-
eral cannulation and 4 central cannulation). The diagnoses of 

the patients with PH included PAH (2 patients), scleroderma 
(5 patients), and other restrictive diseases (2 patients). The 
mean time of ECMO support was 199 h, and all these patients 
received double-lung transplantation. There was no differ-
ence in survival between the VA ECMO group and the VV 
ECMO group, with a 1- and 3-year survival of 88 % for the 
VA group and 78 % and 72 %, respectively, in the VV ECMO 
group (p = 0.59). If we consider the entire series by the pres-
ence of severe PH (mean PAP > 40 mmHg), we observed a 
lower transplant rate, lower survival, and a higher incidence 
of early mortality (p = 0.04) with the use of ECMO with the 
intention to treat in patients with PH as compared with those 
with no PH. In the PH group, the patients have higher chances 
of dying while on ECMO support before getting a lung trans-
plant due to vascular and thromboembolic complications. 

 Another alternative for circulatory support in patients with 
PH is the lung assist device (iLA; Novalung, Heilbronn, 
Germany), a pumpless oxygenator that provides an alterna-
tive to full VA ECMO and allows a controlled passive left-to-
right shunt using smaller cannulas (15–18 Fr) in a central (left 
atrium to pulmonary artery) or peripheral confi guration (fem-
oral artery to femoral vein) [ 90 ,  140 ]; the iLA is used in 
patients with PAH as a bridge to lung transplantation 
(Fig.  19.17 ). This effi cient, low-gradient oxygenator, which 
was originally considered as a CO 2  removal system, relies on 
a pressure gradient to allow blood passage through the fi bers. 
With its effect on CO 2  removal and slight secondary effect on 
oxygenation, the iLA has been used extensively in patients 
with ARDS to minimize the deleterious effects of high-vol-
ume MV with acceptable outcomes [ 3 ]. In these cases, the 
femoral implantation technique was used with 15–18 F femo-
ral arterial and venous cannulas receiving ~20 % of the car-
diac output, and for this reason, it cannot be used in patients 
with LV dysfunction [ 140 ,  156 ,  157 ]. Flows will usually 
range between 1.2 and 2.0 L/min. Use of the iLA requires   Fig. 19.16    Protek-Duo cannula placement in a patient supported with 

percutaneous RVAD/ECMO using the TandemHeart       

a b

  Fig. 19.17    Interventional Lung Assist (iLA, Novalung). ( a ) iLA device. ( b ) Novalung device used with femoral (FA-FV) cannulation (From 
Fischer and Strueber [ 155 ]. Copyright 2012, used with permission from CTSNet (www.ctsnet.org). All rights reserved.)       
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anticoagulation with heparin to prevent systemic thrombosis. 
The use of the iLA in patients with PH, specifi cally PAH, was 
fi rst reported by Schmid and colleagues [ 156 ]. The iLA was 
used as a bridge to lung transplantation for 62 days before the 
patient underwent successful double-lung transplantation. 
Other limited series with peripheral iLA have been reported 
in patients with PH as a bridge to lung transplantation with 
improvement in hemodynamics, inotrope requirements, and 
gas exchange [ 157 ]. Some of these patients required the addi-
tion of a pump to the oxygenator (i.e. conversion to VA 
ECMO), which refl ects the limitations of this strategy in 
high-risk patients, a limitation our experience confi rms.

   The surgeons at Toronto University presented a novel 
approach to the use of the iLA with central, surgical place-
ment from the pulmonary artery to the left atrium (Fig.  19.18 ) 
in patients with severe PH. The concept was that this strategy 
would provide a controlled right-to-left shunt allowing 
unloading of the RV while maintaining certain oxygenation 
(systemic level) via the shunt. De Perrot published the fi rst 
series of four patients bridged to lung transplantation through 
the use of this technique with the iLA; all four patients sur-
vived to lung transplantation [ 90 ]. The time of support was 
prolonged with 9–69 days on the iLA device. Further experi-
ence with this technique using the Novalung iLA and with 
VA ECMO allowed this group to minimize mortality on the 
waitlist in patients listed with PAH [ 89 ].

   In our experience with similar use of the Novalung iLA 
system, the low fl ows maintained (1.5–2 L/min) in the 
absence of a high-speed pump (as seen in VA ECMO) 
increased the chances of systemic thrombosis despite ade-
quate anticoagulation. When used in a central confi guration 
(PA-left atrium), this may be associated with an increased risk 
of thromboembolism and cerebrovascular accident (CVA).  

    MCS in Acute Pulmonary Embolism 
and Chronic Thromboembolic Disease 

 For patients with an acute pulmonary embolism (PE) and 
chronic thromboembolic disease (Group 4 PH), VA ECMO 
has been used to provide initial hemodynamic support. In the 
case of acute PE, ECMO has also been used to support 
patients presenting in severe right-heart failure with circula-
tory collapse as a bridge to surgical embolectomy, partial 
thrombolysis, or heparin treatment with adequate success 
[ 158 ]. Additionally, VA ECMO has been used in patients 
with CTEPH experiencing acute decompensation and shock 
as a bridge to PTE [ 159 ]. In our local experience at the 
University of Pittsburgh Medical Center, fi ve of six patients 
in profound cardiogenic shock survived with the use of 
emergent peripheral VA ECMO without the need for surgical 
intervention. Thrombolysis was performed in four patients 
and one patient received only heparin due to a recent, large 
CVA. In a study by Maggio and colleagues, 21 patients were 
placed on ECMO for massive PE, and subsequently antico-
agulated; 20 % of the patients underwent PTE. The overall 
survival rate was 62 % (13/21) [ 160 ]. Occasionally, ECMO 
may be necessary following PTE in cases of severe pulmo-
nary fl ow redistribution with ventilation/perfusion (VQ) mis-
match or pulmonary hemorrhage [ 33 ].   

    Summary 

 Despite improvements in the medical treatment of PH, there 
is an inevitable progression of the disease. In the advanced 
phases of clinical deterioration, a combination of surgical 
and medical options becomes available. It is critical for those 
involved in the management of patients with PH to have a 

a b

  Fig. 19.18    Interventional Lung Assist (iLA, Novalung) used with central LA-PA cannulation in a patient with PAH. ( a ) Cannula placement in the 
operating room. ( b ) Patient mobilization on the ward during support (Reprinted from [ 90 ] with permission from Elsevier)       
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clear understanding of the alternatives and their results for 
specifi c groups of patients with PH. Surgical options include 
less invasive modalities, such as percutaneous balloon AS, 
Pott’s shunt, and stenting of a patent ductus arteriosus; and 
more defi nitive invasive options, such as pulmonary endar-
terectomy, double-lung transplantation, and heart-lung trans-
plantation, and most recently, the use of mechanical 
circulatory support as a bridge to transplant and in selected 
cases, to recovery.     
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Abbreviations

6 MW 6 minute walk
CHD Congenital heart disease
CI Cardiac index
COMPERA Comparative Prospective Registry of Newly 

Initiated Therapies for Pulmonary Arterial 
Hypertension

CTD Connective tissue disease
CTEPH Chronic thromboembolic pulmonary 

hypertension
DLCO Diffusing capacity of the lung for carbon 

monoxide
ERA Endothelin receptor antagonist
HIV Human immunodeficiency virus
HPAH Heritable pulmonary arterial hypertension
IPAH Idiopathic pulmonary arterial hypertension
LAS Lung Allocation Score
LVEDP Left ventricular end-diastolic pressure
MAI Million adult inhabitants
NIH National Institutes of Health
NYHA New York Heart Association

PAH Pulmonary arterial hypertension
PAP Pulmonary arterial pressure
PAWP Pulmonary arterial wedge pressure
PDE5 Phosphodiesterase 5
PHC Pulmonary Hypertension Connection
PVOD Pulmonary veno-occulsive disease
PVR Pulmonary vascular resistance
QuERI Quality Enhancement Research Initiative
RAP Right atrial pressure
REHAP Spanish Registry of Pulmonary Arterial Hypertension
REVEAL Registry to evaluate early and long-term pulmo-

nary arterial hypertension management
RHC Right heart catheterization
ROC Receiver operator characteristic
SMR Scottish Morbidity Record
SPVU Scottish Pulmonary Vascular Unit
WHO World Health Organization

Pulmonary arterial hypertension (PAH) is a rare and incur-
able disease with an estimated prevalence of 10–25 cases per 
million. As a consequence of chronically elevated right ven-
tricular afterload, patients develop progressive right-sided 
heart failure, which is the primary mode of death. Many 
advances have been appreciated with PAH during the last 
three decades, thanks to improved awareness, more refined 
classification schemes, better understanding and manage-
ment of right-sided heart failure and, most importantly, the 
availability of numerous PAH-specific therapies.

During this period, many observational registries have 
been conducted in different parts of the world, providing a 
global perspective of this rare disease. These efforts have 
characterized the presentation of PAH, documented the 
changing phenotype of PAH patients, updated survival rates 
and identified predictors of death. Some registries have also 
developed predictive equations that estimate survival rates; 
and when eventually validated, could assist clinicians with 
patient assessment and clinical decision-making.
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In this chapter, some general aspects of patient registries 
will be introduced, followed by a review of some of the 
major PAH registries conducted in the last 30 years, empha-
sizing observations on survival and associated risk factors. 
Discussion will center on several predictive equations devel-
oped from four different large registries – National Institutes 
of Health (NIH), French National, Pulmonary Hypertension 
Connection (PHC), and Registry to Evaluate Early and 
Long-term Pulmonary Arterial Hypertension Disease 
Management (REVEAL). Next, the challenges of applying 
these predictive equations in clinical practice will be cov-
ered. Lastly, lessons learned from PAH registries and sur-
vival equations, as they pertain to improving the allocation of 
lungs for transplantation of PAH patients, will be 
introduced.

 Observational Patient Registries

Registries provide information about a select group of 
patients, who ideally, represent individuals with similar dis-
ease characteristics in the general population. A major aim of 
clinical registries is to provide information about the natural 
history and prognosis of the patient cohort. Such registries 
have high generalizability and are especially useful for char-
acterizing populations, assessing the burden of illness, and 
developing prognostic models [1, 2]. However, the observa-
tional nature of registries means that there is neither random-
ization nor a rigorous way to compare effectiveness of 
therapies, and it is difficult to account for confounding vari-
ables [3]. Furthermore, there are no hypotheses at the initia-
tion of a registry, but the breadth of clinical information 
collected makes registries a rich medium for generating new 
hypotheses.

Registries can be used to complement randomized con-
trolled trials in determining outcomes. The Effective Health 
Care Program of the Agency for Healthcare Research and 
Quality defines a patient registry as “an organized system 
that uses observational study methods to collect uniform data 
(clinical and other) to evaluate specified outcomes for a pop-
ulation defined by a particular disease, condition or exposure 
and that serves a predetermined scientific, clinical or policy 
purpose(s)” [1]. Registries describe the natural history of the 
disease and can help determine clinical effectiveness. The 
European Medicine Agency also defines registry as “an orga-
nized system that uses observational methods to collect uni-
form data on specified outcomes in a population defined by a 
particular disease, condition or exposure” [4].

Registries examine the epidemiology of prevalent or inci-
dent cases. Prevalent cases comprise individuals who have 
previously been diagnosed. The term incident refers to cases 
that are newly diagnosed during a pre-defined time period. 
Generally, patients are considered incident on the day of 

diagnosis and prevalent the following day [3]. But, registries 
can differ even in their definition of incident and prevalent 
cases. Methodological differences can account for some 
variation in incidence and prevalence across registries. For 
example, the allowable time elapsed between the diagnostic 
right heart catheterization (RHC) and enrollment in a regis-
try can vary when differentiating an incident from a preva-
lent case. Prevalent patients are enrolled after enduring the 
disease for varying periods of time. This may lead to under-
estimation of true mortality since the sickest patients may 
have already died and not had the opportunity to be enrolled, 
while less severely affected patients survive the pre- 
enrollment period to become eligible for a registry. In 
essence, patients who die before study initiation are pre-
cluded from enrollment and patients who survive to study 
initiation are included, leading to an immortal time bias, 
which is a form of survivor bias that potentially inflates sur-
vival estimates. If the mortality rate for a condition were con-
stant over time, as might be encountered in a natural history 
study of a condition without any available interventions, then 
the differentiation between prevalent and incident cases may 
not impact the estimation of mortality. But active treatment 
of PAH patients through management of right ventricular 
failure and PAH-specific medications, has impacted survival 
for many, but not all, individuals. Therefore, it is important to 
understand if a particular registry includes incident and prev-
alent cases because information derived from incident cases 
may not be generalizable to prevalent patients and vice versa.

Each registry defines specific inclusion and exclusion cri-
teria. Although there are no standard inclusion and exclusion 
criteria amongst registries, the goal is to maximize generaliz-
ability, identify clear objectives for data collection, and mini-
mize bias [2, 3]. These criteria vary depending on the 
objective of the registry, such as evaluating only Idiopathic 
Pulmonary Arterial Hypertension (IPAH) or including PAH 
associated with other conditions as most modern PAH regis-
tries have done (Table 20.1). The definition of PAH and 
World Health Organization (WHO) classification of PAH has 
evolved over time, leading to modifications in the inclusion- 
exclusion criteria across registries in different eras. For 
example, the NIH registry used a PAWP ≤ 12 mmHg with a 
PAP > 25 mmHg; whereas the REVEAL registry used a pul-
monary arterial wedge pressure (PAWP) or left ventricular 
end-diastolic pressure (LVEDP) ≤ 18 mmHg as an inclusion 
criteria [5, 6]. And even though RHC is the gold standard for 
diagnosis, some have used echocardiographic measurement 
of pulmonary pressures for diagnosis as RHC may be infre-
quently performed within a region [7]. These factors are 
important to recognize when applying the results of a par-
ticular registry to another patient population.

Another key distinguishing design aspect of registries is 
the method of data collection – prospective, retrospective, or 
a mixture of the two. Clearly prospective and standardized 
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Table 20.1 Major PAH registries conducted over the last 30 years

Registry Time period
Year of 
publication

Method of data 
collection

Location (number of 
centers) Number of patients

NIH* [5] 1981–1985 1987 prospective United States (32) 187

French National* [10] 2002–2003 2006 prospective France
(17)

674

PHC* [8] 1982–2004 2007 retrospective United States
(3)

578

2004–2006 prospective

Scottish – SMR [11] 1986–2001 2007 retrospective Scotland 374

Chinese (pre-modern) [7] 1999–2004 2007 prospective China
(1)

72

REVEAL* [6] 2006–2009 2010 prospective United States
(55)

3515

Mayo [9] 1995–2004 2011 prospective United States
(1)

484

Swiss [15] 1999–2004 2011 prospective Switzerland
(9)

222

Chinese (modern) [14] 2008–2011 2011 prospective China
(9)

956

United Kingdom & Ireland [16] 2001–2009 2012 prospective United Kingdom & 
Ireland
(8)

482

Spanish [12] 1998–2006 2012 retrospective Spain
(31)

PAH: 866
CTEPH: 1622007–2008 prospective

PAH QuERI [18] 2005–2007 2013 prospective United States
(60)

791

COMPERA [27] 2007–2016 2013 prospective Western Europe
(28)

1283

Registry Study Cohort Prevalent cases included
Prevalence of PAH 
(per MAI)

Prevalence of IPAH  
(per MAI)

NIH* IPAH, HPAH, Anorexigen- PAH No – –

French National* Group 1 PH, age > 18 years Yes 15 5.9

PHC* Group 1 PH, age > 18 years
IPAH 48 %, CTD 30 %, CHD 11 %

Yes – –

Scottish – SMR Group 1 PH, age 16–65 Yes 26 9

Chinese (pre-modern) IPAH and HPAH Yes – –

REVEAL* Group 1 PH, age > 3 months
IPAH 46 %, CTD 25 %, CHD 10 %

Yes 10.6 0.9

Mayo Group 1 PH, age > 18 years
IPAH/HPAH 56 %, CTD 24 %, other 
20 %

No – –

Swiss Group 1 PH, Group 3 PH, CTEPH Yes – –

Chinese (modern) Group 1 PH, age > 18 years
IPAH 35 %, CTD 19 %, CHD 43 %

No – –

United Kingdom & 
Ireland

IPAH, HPAH, Anorexigen-PAH No 6.6 –

Spanish Group 1 PH, CTEPH, age > 14 years
IPAH 30 %, CTD 25 %, CHD 16 %

Yes 16 4.6

PAH QuERI Group 1 PH
IPAH/HPAH 38 %, CTD 29 %, CHD 
7 %, Drug- exposure 5 %

Yes – –

COMPERA Group 1 PH, age > 18 years No – –

Registries listed by the year of publication. (*) Registries that developed survival prediction equations. NIH National Institutes of Health, PHC 
pulmonary hypertension connection, SMR Scottish Medical Record, REVEAL Registry to evaluate early and long-term pulmonary arterial hyper-
tension disease management, COMPERA comparative, prospective registry of newly initiated therapies for pulmonary hypertension, IPAH idio-
pathic pulmonary arterial hypertension, HPAH heritable pulmonary arterial hypertension, PAH pulmonary arterial hypertension, CTD connective 
tissue disease, CHD congenital heart disease, CTEPH chronic thromboembolic pulmonary hypertension, MAI million adult inhabitants
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data collection is superior, in order to minimize biases and 
missing or inaccurate data, but requires a much greater 
investment in time and resources.

 PAH Registries

PAH Registries have a number of distinguishing character-
istics, including the population recruited, the method of 
data collection, allowance of prevalent patients, era and 
region of data collection, timing of diagnosis, and period of 
observation. Table 20.1 displays the major PH registries 
conducted during the last 30 years. Starting with the land-
mark NIH registry of the early 1980s, PAH registries have 
been analyzed across the globe, allowing for comparison 
between populations in different eras and regions [3]. 
Important prognostic information has also been obtained. 
Systematic clinical surveillance of PAH is important espe-
cially as the field advances the knowledge of pathophysiol-
ogy and therapeutics. Registries have importantly identified 
the changing phenotype of PAH over time. The continual 
reassessment of patient demographics and survival are 
essential in the aging population and in the ever-changing 
climate of improved PAH targeted therapies. New assess-
ments of survival in the modern era helped develop predic-
tive survival equations. Furthermore, epidemiological data 
and practice patterns from different countries with diverse 
healthcare systems and variable availability to expert cen-

ters and drugs provide a more widespread view of the cur-
rent management of PAH.

Several registries that are either historically relevant or 
provide vital survival data in PAH will be spotlighted, includ-
ing ones that have generated equations for predicting sur-
vival [5, 6, 8–13]. Fundamental information about other 
registries, from China, Switzerland, United Kingdom- 
Ireland, and the United States (PAH-QuERI) are also listed 
in Tables 20.1 and 20.2 [7, 14–18].

 National Institutes of Health (NIH) Registry

The Patient Registry for the Characterization of Primary 
Pulmonary Hypertension was the first national registry [5]. 
This landmark registry, sponsored by the NIH, began in 1981 
and prospectively collected clinical data on 194 patients 
from 32 centers in the United States with primary pulmonary 
hypertension (corresponding to idiopathic PAH in recent 
classification schemes), familial PAH (now heritable PAH), 
or anorexigen-induced PAH. Prior to the registry, there were 
many questions regarding the epidemiology and natural his-
tory of the disease. Data were collected on patients prospec-
tively according to standardized protocol from July 1981 to 
Sept 1985 and patients were followed through August 1988. 
The registry did not address prevalence of PAH. Pulmonary 
hypertension was defined by catheterization as a mean pul-
monary arterial pressure of >25 mmHg at rest or >30 mmHg 

Table 20.2 Demographic, clinical & hemodynamic characteristics of PAH registries

Registry Age (years) Female (%) FC III-IV (%)
6 MW distance 
(meters) RAP (mmHg) Mean PAP (mmHg) PVRI (WU · m2)

PAH patients

PHC 48 ± 14 77 80 – 11 ± 7 52 ± 14 –

Scottish-SMR 52 ± 12 70 – – – – –

French National 50 ± 15 65 75 329 ± 109 8 ± 5 55 ± 15 21 ± 10

REVEAL 50 ± 14 80 56 366 ± 126 9 ± 6 51 ± 14 21 ± 13

Spanish 45 ± 17 71 69 363 ± 120 9 ± 5 54 ± 16 –

Chinese (modern) 36 ± 13 70 54 378 ± 125 8 ± 5 63 ± 20 25 ± 14

Mayo 52 ± 15 76 55 329 ± 125 13 ± 6 53 ± 14 –

IPAH patients

NIH 36 ± 15 63 75 – 10 ± 6 60 ± 18 26 ± 14

PHC 45 ± 14 75 80 – 11 ± 7 56 ± 13 –

Scottish-SMR 49 ± 11 62 – – – – –

French National 52 ± 15 62 81 328 ± 112 9 ± 5 56 ± 14 23 ± 10

Chinese (pre-modern) 36 ± 12 71 61 – 13 ± 6 69 ± 19 –

REVEAL 50 ± 15 83 55 374 ± 129 10 ± 6 52 ± 13 23 ± 11

Spanish 46 ± 18 73 70 382 ± 117 8 ± 5 55 ± 15 –

Chinese (modern) 38 ± 13 70 66 353 ± 127 8 ± 6 63 ± 15 27 ± 12

Mayo 52 ± 15 76 56 344 ± 125 13 ± 6 55 ± 12 –

COMPERA 65 ± 15 60 91 293 ± 126 8 ± 5 44 ± 12 –

FC functional class, 6MWD six minute walk distance, RAP right atrial pressure, PVRI pulmonary vascular resistance index, mmHg millimeters of 

mercury, WU · m2 Wood Units × meters2
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with exercise. Primary pulmonary hypertension was only 
diagnosed after exclusion of other potential causes of pulmo-
nary hypertension, including collagen vascular disease and 
elevated left-sided filling pressures, defined as pulmonary 
capillary wedge pressure >12 mmHg. Demographic data, 
hemodynamic measures, pulmonary function, and gas 
exchange variables were obtained at baseline and assessed at 
6-month intervals.

There were 187 patients with mean age of 36 ± 15 years 
with a female to male ratio of 1.7:1. Five percent had a history 
of appetite suppressant use and 6 % were familial pulmonary 
hypertension. Female patients tended to have more severe 
symptoms at presentation with 75 % being in New York Heart 
Association (NYHA) functional class III or IV compared 
with 64 % of male patients. The median time from onset of 
symptoms to diagnosis was 2.0 ± 4.9 years (median 1.27). 
This landmark registry helped correlate hemodynamic find-
ings to severity of symptoms and survival. As expected, 
patients with NYHA functional class III or IV symptoms had 
higher mean pulmonary artery pressures, higher right atrial 
pressures and lower cardiac indices compared to less symp-
tomatic patients. By the time of diagnosis, the clinical and 
hemodynamic findings were advanced in most cases.

The NIH registry also characterized mortality and identi-
fied factors associated with survival for this select group of 

PAH patients. Because only incident cases were recruited 
and catheterizations were part of the initial evaluation, the 
date of diagnostic catheterization served as the baseline from 
which survival was measured. The estimated median sur-
vival was 2.8 years [19]. Variables associated with poor 
 survival included NYHA functional class III or IV, presence 
of Raynaud’s phenomenon, elevated right atrial pressure 
(RAP), elevated mean pulmonary artery pressure (PAP), 
decreased cardiac index (CI) and decreased diffusing capac-
ity (of the lung) for carbon monoxide (DLCO) (Table 20.3). 
Estimated survival rates at 1-, 3- and 5-years were 68 %, 
48 % and 34 % respectively. By the end of the registry, 106 
of the 194 patients had died, including 26 % with sudden or 
unexpected death and 47 % from right ventricular failure. 
Symptom duration did not correlate with disease severity 
implying that disease progression differs among patients. Of 
the 36 patients (19 %) receiving long-term (non PAH- 
specific) medication at study entry, there was no significant 
difference in survival time compared with patients not 
receiving therapy. However, the design of the study did not 
allow for valid assessment of differences in therapeutic inter-
ventions. This study certainly confirmed the poor prognosis 
of patients with pulmonary arterial hypertension.

The NIH registry gave the first national characterization 
of a rare disease with detailed evaluation of symptoms, labo-

Table 20.3 Predictors of mortality

NIH PHC French REVEAL Spanish United Kingdom Mayo COMPERA

Demographics Male X X X X X X
Age X X X X X

PAH etiology Connective tissue 
disease

X X X X X

Porto-pulmonary 
hypertension

X X

Heritable PAH X
Veno-occlusive 
disease

X X

Functional assessment ↑ NYHA or WHO 
functional class

X X X X X

Pulmonary function test ↓ 6 MW distance X X X
↓ DLCO X X

Hemodynamics ↑ RAP X X X X X X
↑ mean PAP X
↓ Cardiac output or 
index

X X X X X X X

↑ PVR or PVRI X X
Biomarkers ↑ BNP or NT-Pro 

BNP
X

Renal insufficiency X
Pericardial effusion X X

(X) indicates that a particular demographic, diagnosis, objective measure, etc. was identified as a predictor of mortality in the corresponding reg-
istry. NYHA New York Heart Association, WHO World Health Organization, 6 MW six minute walk, DLCO diffusing capacity for carbon monox-
ide, RAP right atrial pressure, PAP pulmonary arterial pressure, PVR pulmonary vascular resistance, PVRI pulmonary vascular resistance index, 
BNP brain natriuretic peptide, NT N-terminus
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ratory, imaging and hemodynamic findings as well as pro-
viding prognostic indicators. This registry provided the 
foundation for subsequent studies of PAH.

 French National Registry

The French National Registry is considered the first PAH 
registry in the modern treatment era. Disease-specific ther-
apies were absent at the time of the NIH registry and the 
classification of pulmonary hypertension had changed 
since the late 1980s. In the nearly two decades since the 
NIH registry, prostanoids, endothelin receptor antagonists 
(ERA) and phosphodiesterase-5 (PDE5) inhibitors became 
specifically available for PAH. Despite these significant 
advances, there had not been a large-scale, national-level 
registry to update clinical and hemodynamic parameters of 
patients, prevalence of the disease or estimates of 
survival.

The prospective registry included 17 university hospitals 
with a total of 674 patients (121 incidence cases, 553 prevalent 
cases) through the French Network on PAH with 3-year fol-
low-up [10]. Adult PAH patients, including idiopathic, famil-
ial, anorexigen-induced, or PAH associated with CTDs, 
congenital heart diseases (CHD), portal hypertension and HIV 
were seen between October 2002 and October 2003. Diagnosis 
was considered to be the time of RHC, which was a pre-requi-
site for enrollment. Because prevalent cases were catheterized 
before study entry, Humbert et al. accounted for immortal time 
bias by using survival estimates and a Cox proportional haz-
ards model from the time of diagnosis. In addition, prevalent 
cases were entered into the risk set in delayed fashion (i.e. left 
truncation), by the same amount of time that had elapsed 
between diagnostic catheterization and registry entry. For 
example, if 12 months had elapsed between an individual’s 
diagnostic catheterization and recruitment into the registry, 
that individual’s subsequent time alive in the registry and con-
tribution to the cohort’s survival estimate did not begin until 
the 12 month point of the cohort’s survival curve and was not 
included in the first 12 months. There were also 121 incident 
cases (newly diagnosed), who were patients diagnosed during 
the registry’s recruitment phase and none of these patients 
were lost to follow-up.

Mean age was 50 ± 15 years, much older than in the NIH 
registry due to a more diverse group of enrolled PAH patients; 
female to male ratio was 1.9. The delay between the onset of 
symptoms and diagnosis was still 27 months. At diagnosis, 
75 % of patients had NYHA functional class III or IV symp-
toms. Hemodynamic evaluation demonstrated severe com-
promise with RAP 8 ± 5 mmHg, mean PAP 55 ± 15 mmHg 
and pulmonary vascular resistance index 20.5 ± 10.2 WU · m2 
with correlation to the NYHA functional class. IPAH com-
prised 39.2 % of patients and familial cases represented 

3.9 % of the population. At that time, epoprostenol, bosen-
tan, iloprost and sildenafil were the available approved thera-
pies. No mandatory specific treatment algorithm was used; 
thus, use of PAH targeted therapies was at the discretion of 
the treating physician.

Prevalence in France was calculated to be 15.0 cases per 
million adults, although a significant range (5–25 cases per 
million population) was noted across regions of the country. 
Unfortunately, this registry identified that despite the 
increased awareness of PAH since the NIH registry 20 years 
prior, patients were still being diagnosed with clinical impair-
ment as severe as during the time of the NIH registry.

The French PAH network followed patients for 3 years 
after study entry and demonstrated 1-, 2- and 3- year sur-
vival of 87 %, 76 % and 67 %, respectively in the overall 
cohort [20]. In a combined incident and prevalence (i.e. 
diagnosed <3 years from study entry) cohort of idiopathic, 
familial and anorexigen-associated PAH cases, survival for 
1-, 2-, and 3-year survival rates were slightly lower, 83 %, 
67 % and 58 % respectively, but still considerably better 
than NIH registry’s estimates [19]. The prevalent patients 
with idiopathic, familial and anorexigen associated PAH 
had higher survival rates than incident patients. Even 
though the registry made efforts to eliminate survivor bias 
(as described earlier), this finding may still reflect such a 
bias. There was better 3-years survival rate in patients with 
congenital heart disease, but poorer survival in CTD; these 
observations were subsequently confirmed by the REVEAL 
registry [21]. Multivariate analysis identified female sex, 
higher six minute walk distances, and higher cardiac output 
at time of diagnosis as independent prognostic factors for 
survival (Table 20.3).

 Pulmonary Hypertension Connection (PHC) 
Registry

The Pulmonary Hypertension Connection registry (PHC) 
was a large U.S. based registry conducted at three sites by 
essentially one group of researchers. From 1982 to 2006, 578 
patients with WHO Group 1 Pulmonary Arterial Hypertension 
were included [8]. The goal was to define clinical character-
istics and prognosis of WHO Group 1 PAH patients and 
compare groups by etiology and across treatment eras.

Patients were segregated into prevalent (1982–2004) ver-
sus incident (2004–2006) groups, with only the latter group’s 
data being collected prospectively. Patients were also com-
pared by treatment era: pre-1996 (before approved thera-
pies), 1996–2002 (only IV epoprostenol) and post-2002 (IV, 
subcutaneous or inhalational prostacyclins, ERAs and PDE5 
inhibitors). Seventy-seven percent of the PHC cohort was 
female, confirming again the female predominance of PAH; 
the only subgroup without female predominance was Human 
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Immunodeficiency Virus (HIV) -associated PAH. The PHC 
registry again recognized that patients with PAH are referred 
to specialty centers far into the disease course, as 80 % of 
patients had NYHA functional class III or IV symptoms at 
presentation.

PHC included all types of Group 1 PAH patients, 
including 44 % idiopathic, 4 % heritable PAH (HPAH) and 
3 % anorexigen, along with several associated PAH 
groups – 30 % CTD, 11 % CHD, 7 % porto-pulmonary 
hypertension and 1 % HIV-associated PAH. These fre-
quencies were similar to the French registry, but differed 
from the NIH registry which only included IPAH, HPAH 
and anorexigen-related PAH. Compared with other sub-
groups, patients with connective tissue disease (CTD) had 
more severe disease: poorer exercise capacity, a worse 
functional class, a higher mean PAP, higher pulmonary 
vascular resistance (PVR) and lower CI. Meanwhile, 
higher functional class, better exercise capacity, lower 
mean PAP, lowered PVR and higher CI were seen with 
porto-pulmonary hypertension and congenital heart dis-
ease (CHD) -associated PAH.

For the entire cohort, median survival time was 3.6 years. 
The 1-, 3-, and 5- year survival rates were 84 %, 67 % and 
58 %, respectively. The 1-year survival for the incident 
cohort was 85 %, which is similar to the French registry 
(88 % 1 year survival) but improved from NIH registry [10, 
19]. Using Cox proportional hazards analysis, increasing 
age, CTD as the etiology for PAH, higher functional class, 
higher RAP and lower CI were identified as significant and 
independent predictors of mortality (Table 20.3) [22]. In 
essence, PHC confirmed some of the NIH findings but once 
again highlighted how advancements in care had improved 
survival.

 Scottish Registry

The Scottish registry described the epidemiologic features of 
PAH in a population over a prolonged period of time (1986–
2001), by reporting data from the Scottish Morbidity Record 
(SMR) and the Scottish Pulmonary Vascular Unit (SPVU) 
[11]. This retrospective population cohort study used records 
from a national hospitalization database for Scotland; the 
SMR relied on systematic coding of hospital admissions and 
assembled a cohort of 374 incident patients, aged 16–65 
years with diagnosis of IPAH, CTD-PAH or CHD-PAH. The 
overall population prevalence was 52 cases per million. The 
median survival of incident patients with IPAH was 3.8 years 
in females and 5.6 years in males, which is contrary to the 
poorer survival in male patients in the NIH, French, PHC and 
REVEAL registries [8, 19, 20, 23]. These lengthier survival 
times cast doubt on the PAH diagnosis in some of the patients 
from the SMR group.

The incidence and prevalence was also examined from the 
SPVU (1997–2005), which is a national specialist center for 
PAH management and is responsible for diagnosis and treat-
ment of all cases of PAH in Scotland. All patients with PAH 
were diagnosed by standardized protocol, including RHC. The 
prevalence was 26 cases per million adult inhabitants.

The Scottish registry collected epidemiologic data from 
two perspectives. The SMR identified patients simply by 
ICD-9 code. The accuracy of the diagnosis was not con-
firmed by standardized protocol, like the SPVU data. As a 
result, there was a lower prevalence of PAH from the SPVU 
than from the SMR analysis (52 versus 26 cases per million 
adult inhabitants). Even though the data from SMR repre-
sents a survey of inexpert diagnoses, it still suggests that reg-
istries conducted at specialized centers may underestimate 
prevalence rates due to numerous challenges precluding 
some individuals from being evaluated at distant expert- 
based referral centers. In addition, the lower prevalence rate 
from SPVU is still significantly higher than the French 
National Registry (26 versus 15 cases per million) [10]. 
Considering these two large national experiences, differ-
ences in prevalence likely exist in various regions of the 
world, but also depend on the method of case identification 
and data collection [24].

 Spanish Registry of PAH (REHAP)

The Spanish Registry of Pulmonary Arterial Hypertension 
(REHAP) examined the prevalence, incidence and survival 
of PAH and chronic thromboembolic pulmonary hyperten-
sion (CTEPH) in Spain from January 1998 to June 2008 
[12]. One of its objectives was to assess the applicability of 
recently developed predictive equations (for survival). 
Demographic, functional and hemodynamic variables were 
evaluated in 866 PAH and 162 patients with CTEPH. Patients 
were diagnosed as incident if diagnostic RHC took placed 
within 6 months of the Registry’s inception. PAH prevalence 
was estimated to be 16 cases per million. The prevalence for 
CTEPH was only 3.2 cases per million. With incident PAH 
cases, the delay between the onset of symptoms and diagno-
sis was 2.2 years and in previously diagnosed patients was 
3.7 years, possibly suggesting some improvement in disease 
awareness over the period of the recruitment. Sixty-nine per-
cent of patients in the PAH group were in WHO functional 
class III or IV, which was similar to the 77 % of the CTEPH 
group. Interestingly, only 30 % of CTEPH patients under-
went pulmonary thromboendarterectomy, the treatment of 
choice for CTEPH. This was also the first registry to describe 
pulmonary veno-occlusive disease (PVOD) within a larger 
PAH cohort. PVOD only made up 1.5 % of the cohort and 
prevalence was estimated to be 0.16 cases per million adults; 
but the authors speculated an underestimation of true preva-
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lence. Patients with PVOD had more severe hypoxemia, 
lower DLCO, absence of vasodilator response and poorer 
survival compared with patients with IPAH.

Observed survival at 1- and 3- years was 87 % and 75 %, 
respectively with no significant differences between the PAH 
and CTEPH cohorts. Corresponding survival in IPAH 
patients was 89 % and 77 % at 1- and 3- years respectively. 
In multivariate analysis, PAH associated with connective tis-
sue disease, portal hypertension and pulmonary veno- 
occlusive disease were independently associated with death. 
Again, males, higher WHO functional class, higher mean 
RAP and lower CI were also independent predictors of death 
in PAH (Table 20.3). As defined in their objectives, Spanish 
investigators explored the accuracy of predictive equations 
from NIH, PHC, French National and REVEAL. While esti-
mates from the PHC equation fit fairly well with the REHAP 
observations, significant differences between projected and 
observed survival were noted with the NIH, French, and 
REVEAL equations.

 Registry to Evaluate Early and Long-Term 
Pulmonary Arterial Hypertension Disease 
Management (REVEAL)

REVEAL is the largest PAH registry to date and provided 
updated WHO Group 1 patient demographics in the U.S. The 
observational REVEAL registry also characterized the land-
scape of PAH in the modern era, by enrolling ~3500 patients 
from 54-centers between 2006 and 2009 [6]. Of note, the pub-
lication of REVEAL was prior to the fourth World Symposium 
on Pulmonary Hypertension; therefore, PAH was diagnosed 
based on criteria from third World Symposium on Pulmonary 
Hypertension (i.e. mean PAP > 25 mmHg at rest or >30 mmHg 
with exercise; PAWP or LVEDP ≤ 15  mmHg and PVR > 240 
dyne/s/cm5).

Importantly, REVEAL only included 14 % recently- 
diagnosed (incident) cases, whereas 86 % were previously- 
diagnosed (prevalent) patients, most of whom were already 
receiving PAH-specific treatment at enrollment. Patients 
must have been diagnosed by catheterization, but REVEAL 
did expand the PAWP cut-off for enrollment to 18 mmHg. 
The higher PAWP facilitated enrollment of a more typical 
‘real-world’ population of PH patients, thus separating it 
from previous registries.

REVEAL explored questions of whether population 
demographics in the current era differ from those encoun-
tered in previous registries. The registry included 2,955 
patients with IPAH, HPAH and PAH- associated with other 
disorders, in contrast to the NIH registry. Prospectively col-
lected data illustrated an older cohort (mean age at diagnosis 
47 years) with an even greater female predominance (3.6:1) 
compared to the NIH registry (mean age 36 years and 1.7:1 

female to male ratio). Compared to the French registry, the 
REVEAL cohort had a higher percentage of obesity (32.5 % 
versus 14.8 % with body mass index ≥ 30 kg/m2) [25]. 
REVEAL also recruited a larger percentage of anorexigen- 
related PAH than the NIH or French registries (15.3 % versus 
5 % versus 9/5 %, respectively), which may reflect the 
increasing obesity epidemic in the United States, availability 
of anorexigen compounds in the 1990s and the potential 
latent effects of anorexigen exposure on PAH pathogenesis. 
Hemodynamic parameters at time of diagnosis had not 
changed significantly since the NIH registry. Despite 
increased physician awareness, there was little change in 
severity of PAH at time of diagnosis: 72 % classified as being 
in NYHA functional class III/IV similar to the 70–80 % 
range of other registries, including NIH. REVEAL essen-
tially followed a large cohort of diverse PAH patients in the 
modern treatment era.

Survival in REVEAL was determined from the date of the 
diagnostic catheterization, similar to the French National 
Registry. Immortal time bias was also addressed in a manner 
similar to the French National Registry, i.e. left-truncation of 
prevalent cases during survival analysis. But unlike the 
French National Registry, REVEAL investigators incorpo-
rated factors for their multivariable predictor analysis from 
the time of registry enrollment and not the time of diagnosis 
(or catheterization) [6, 10, 23, 26]. One-, 3-, 5- and 7- year 
survival estimates were 85 %, 68 %, 57 % and 49 % respec-
tively. In addition, survival in the IPAH/HPAH subset, which 
was matched to NIH registry entry criteria, was 91 %, 74 %, 
65 % and 59 % at 1-, 3-, 5-, 7- years, which was considerably 
higher at all time points than the projected survival from the 
NIH equation [26]. REVEAL identified 19 prognostic vari-
ables, some favorable and some unfavorable, such as sub- 
type of PAH, age, PVR, RAP, renal insufficiency, resting 
systolic blood pressure, resting heart rate, brain natriuretic 
peptide, presence of pericardial effusion and DLCO. Similar 
to the French registry, sex, functional class and 6-minute 
walk distance were significant predictors (Table 20.3) [23]. It 
is noteworthy that PVR, and not mean PAP or cardiac output 
was a significant predictor of survival; even though PVR is a 
derived measure (i.e. the ratio of pressure and flow) with 
potential for inaccuracy in certain clinical condition such as 
a low cardiac output state, severe tricuspid regurgitation, etc.

 Mayo Clinic Registry

The Mayo Clinic registry prospectively evaluated 484 
patients with WHO group 1 pulmonary hypertension from 
January 1995 to December 2004 followed at the Mayo Clinic 
pulmonary hypertension specialty clinic in Rochester, MN 
[9]. The objective was to evaluate survival patterns in patients 
with PAH and establish clinical and hemodynamic prognos-
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tic factors. Unlike other modern registries, only newly diag-
nosed or incident cases were included. The time of diagnosis 
was the date of evaluation by the PH physician and generally 
corresponded to the date of the pre-requisite heart catheter-
ization. The mix of PAH patients was broad and similar to 
other contemporary registries, including 56 % percent idio-
pathic, familial or anorexigen-related PAH, 24 % PAH asso-
ciated with CTD and remaining 20 % were congenital 
systemic to pulmonary shunts, portal hypertension and 
HIV. Mean age was 52 years and similar for men and women. 
The mean disease duration from onset of symptoms to Mayo 
Clinic evaluation was 1.8 years. Seventy-one percent of 
patients were in NYHA functional class III/IV. Patients with 
CTDs were older, predominately female, exhibited greater 
markers of disease severity and worse hemodynamic param-
eters than IPAH patients.

Overall cohort’s mean survival was 4.56 years with 1-, 3-, 
and 5-year survival rates of 81.1 %, 61.1 %, 47.9 %, respec-
tively. Males had a poorer prognosis and mortality increased 
by 27 % with every decade of increasing age. Patients with 
PAH associated with CTD had two-fold higher risk of death 
compared to other PAH sub-groups. Higher WHO functional 
class, lower CI and higher RAP were associated with mortal-
ity. Renal insufficiency (serum creatinine level >1.5 mg/dL) 
was also associated with a higher mortality rate. Interestingly, 
the Mayo Registry showed that survival predictions were 
enhanced when the functional class was supplemented by 
additional factors, such as demographics and objective mea-
sures (i.e. labs, 6MW distance, pulmonary function testing, 
echocardiogram, and heart catheterization) (Table 20.3).

 Comparative, Prospective Registry of Newly 
Initiated Therapies for Pulmonary 
Hypertension (COMPERA)

COMPERA is an ongoing European registry started in July 
2007. A total of 1283 PAH patients, including 800 IPAH, 
have been enrolled from 41 pulmonary hypertension centers 
from 7 European countries (Germany, Belgium, Netherlands, 
Italy, Austria, Switzerland, and United Kingdom) [13, 27]. 
All patients were newly diagnosed with PAH and no one 
diagnosed prior to May 2007 was entered. Interestingly, 
median ages of the entire cohort (68 years [IQR 55–75]) and 
the IPAH/HPAH/drug-associated subgroups (71 years [IQR 
55–87]) were considerably higher than other historic or even 
contemporary registries, which in part reflects the changing 
demographics of the PAH population or that COMPERA 
may also be including patients with heart failure with pre-
served ejection fraction (Group 2 PH) rather than traditional 
PAH (or Group 1 PH) patients. The registry also evaluated 
initial PAH treatment and found that the majority of patients 
received PDE5 inhibitors (58 %). Forty-four percent of 

patients were treated with ERAs and 2 % of patients were 
receiving prostacyclin analogues. Forty-five percent of 
patients were treated with combination therapy during fol-
low- up. In multivariable analysis, males, increasing age and 
NYHA functional class IV were independent predictors of 
poor prognosis in IPAH (Table 20.3). COMPERA also uti-
lized registry data to compare survival rates in patients with 
IPAH and other forms of PAH stratified by the use of antico-
agulation [27].

Considering all these registries collectively, several points 
and trends are apparent. PAH remains a very serious and 
lethal condition with the majority of patients being in 
functional class III or IV at the time of diagnosis. PAH 
afflicts women much more than men. The largest PAH sub-
groups remain IPAH and CTD-PAH. The mean age of PAH 
cohorts has increased considerably, partly due to inclusion of 
a more heterogeneous patients, but perhaps also because of a 
burgeoning group of older individuals diagnosed with 
IPAH. The severity of initial cardiopulmonary hemodynam-
ics has changed very little over time. Consistent and signifi-
cant predictors of survival include demographic factors (age, 
males), hemodynamics (RAP, CI) and functional assess-
ments (NYHA or WHO functional class, 6MW distance). In 
particular CTD-PAH and porto-pulmonary PAH patients 
have the poorest survival. Most importantly, survival from 
the registries has improved over time, presumably due to the 
availability of PAH-specific therapies; but a significant 
caveat is the inclusion of prevalent patients into registries 
and the resulting impact of immortal time bias.

 Survival Prediction and Prognosis

One potential use of registry data is to develop risk equations 
that predict mortality or, stated differently, forecast survival. 
Ideally, a predictive equation should have broad applicability 
to diverse patients with the same diagnosis and at different 
times in an individual’s course. And, since some components 
of an equation may not be available, the equation should still 
be usable in the face of some missing data. An equation 
should exhibit good calibration for estimating survival in 
cohorts of patients. But for clinical practice, a survival equa-
tion also needs to reliably discriminate between survivors 
and non-survivors.

PAH registries have generally collected a wide range of 
clinical data, including demographics, physiologic variables 
(e.g. right-heart catheterization data, DLCO), laboratory 
measurements (e.g. BNP), and co-morbidities. These data 
have then been used to create multivariate equations for pre-
dicting survival. The NIH and PHC equations are based 
entirely on the hemodynamic parameters mean PAP, mean 
RAP, and CI [5, 8, 19, 22]. By contrast, the French survival 
equation also included 6 MW distance and sex along with the 
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cardiac output [10, 20]. The REVEAL equation also includes 
hemodynamic measures, but instead of the mean PAP or car-
diac output, PVR and mean RAP were incorporated. 
Importantly, the REVEAL equation also factors in numerous 
non-hemodynamic variables, including demographics, etiol-
ogies of PAH, functional class, laboratory markers, renal 
insufficiency and presence of a pericardial effusion among 
others; all items were found to be significant to the model 
through a multivariate Cox proportional hazards analysis 
(Table 20.4) [21, 23, 28]. Additional details of the four equa-
tions, efforts at their validation, and their respective strengths 
and weaknesses are described below and summarized in 
Table 20.5.

 NIH Equation

As noted earlier, the NIH registry enrolled patients with 
IPAH in an era before modern therapies for pulmonary 
hypertension were available. This model was developed by 
multivariate regression analysis of the variables that inde-
pendently predicted mortality. Estimated percentages of 
patient survival at 1, 3, and 5 years using this equation are 
68 %, 48 %, and 34 %, respectively [19].
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P (t) indicates the patient’s chances of survival and t = 1, 2 or 
3 years

x = mean pulmonary artery pressure
y = mean right atrial pressure
z = cardiac index

Sandoval et al. demonstrated good correlation between 
survival estimates from the NIH equation and observed sur-
vival in an external cohort of IPAH patients from Mexico in 
essentially the same treatment era as the NIH registry. The 
NIH equation appeared to have greater accuracy when 
applied to the sub-group of patients that were not acutely 
responsive to vasodilators [29]. A number of clinical trials 
have subsequently utilized NIH equation-predicted survival 
as the comparator to the observed survival on that specific 
medication [14, 30–34]. But when applied to more contem-
porary cohorts, the NIH equation has underestimated sur-
vival, even when limited to cohorts of IPAH, HPAH and 
anorexigen patients [14, 23, 35, 36]. This has been attributed 
to change in awareness, updated management strategies, 
availability of PAH-specific therapies, and possibly a change 
in the phenotype of pulmonary hypertension [3]. 

Table 20.4 Predictors of mortality from the REVEAL registry: variable coefficients for the linear component of the Cox model and weighted 
values for the REVEAL risk calculator

WHO Group 1 subgroup Heritable PAH Porto-pulmonary hypertension CTD-PAH
+0.7737 +2 +1.2801 +2 +0.4624 +1

Demographics and co-morbid conditions Male > 60 years Renal insufficiency
+0.7779 +2 +0.6422 +1

NYHA/WHO functional class FC I FC III FC IV
−0.8740 −2 +0.3454 +1 +1.1402 +2

Vital signs SBP < 110 mmHg Heart rate > 92 bpm
+0.5128 +1 +0.3322 +1

6 MW distance ≥440 m <165 m
−0.5455 −1 +0.5210 +1

BNP BNP < 50 pg/ml or NT-Pro 
BNP < 300 pg/ml

BNP > 180 pg/ml or NT-Pro 
BNP > 1500 pg/ml

−0.6922 −2 +0.6791 +1

Echocardiogram Any pericardial effusion
+0.3014 +1

Pulmonary function test % predicted DLCO ≥ 80 % % predicted DLCO ≤ 32 %

−0.5317 −1 +0.3756 +1

Right heart catheterization RAP > 20 mmHg within 1 year PVR > 32 wood units
+0.5816 +1 +1.4062 +2

(+) and (−) numbers are additions and subtractions to the linear component of the REVEAL survival equation. Italicized numbers represent the 
corresponding weighted value for a particular variable in the REVEAL risk calculator. (+) values indicate increased risk of mortality and (−) values 
indicate decreased risk of mortality. CTD connective tissue disease, FC functional class, SBP systolic blood pressure, 6 MW six minute walk, BNP 
brain natriuretic peptide, NT N-terminus, pg/ml pictograms/milliliter, DLCO diffusion capacity for carbon monoxide, RAP right atrial pressure, 
PVR pulmonary vascular resistance

C.A. McEvoy et al.



317

Improvements to the NIH equation have been proposed from 
data collected by recent PH registries [22, 35].

 French National Registry Equation

Although the French National Registry included patients 
with all types of Group 1 PAH, the equation was developed 
from a subset of incident and prevalent cohorts (diagnosed 
less than 3 years before enrollment) with idiopathic, familial 
or anorexigen-associated PAH (n = 190 – 56 incident and 134 
prevalent), and importantly left out patients with CTD, con-
genital heart disease, portal hypertension, and HIV [10, 20]. 
This subset of patients was chosen to better control for the 
presence or absence of associated conditions that would 
independently affect mortality. For this PAH subgroup, 1-, 
2-, and 3- year survival was 83 %, 67 % and 58 % respec-
tively. The French equation included factors which indepen-
dently influenced survival as determined by the multivariate 
regression model. Probability of survival with this equation 
is estimated as:

 
P t t

x y z( )= − −( ) − + +( )exp . .
exp( . . .

0 02 0 28
0 004 0 98 0 28

 

t = time since diagnosis
x = 6MWD at diagnosis
y = 1 if female, y = 0 if male
z = cardiac output at diagnosis

The French registry has been prospectively validated and 
shown to have adequate predictive power when tested in a 
matched cohort from the U.S.-based REVEAL registry [37]. 
But when tested in the U.K. and Spanish Registries, the French 
equation tended to overestimate the risk of death [12, 38].

 Pulmonary Hypertension Connection (PHC) 
Equation

Similar to the French equation, the PHC equation was devel-
oped to predict survival in a subgroup of patients with idio-
pathic, familial or anorexigen-associated PAH enrolled in the 
PHC Registry [8, 22]. For this subgroup, 1-, 3-, and 5-year 
survival was 91 %, 75 % and 65 % respectively, whereas sur-
vival predicted by NIH equation was 65, 43 and 32 %, 
respectively. Again, these mortality differences likely repre-
sent the recent availability of targeted PAH therapies. PHC 

Table 20.5 Strengths and limitations of the various predictive equations

NIH French National PHC REVEAL

Strengths First national registry 17 expert centers Large center over extended 
period of time

National registry (>50 
centers)

Prospective data collection Derivation cohort similar to NIH Derivation cohort similar to 
NIH

Included all PAH groups

First characterization of the 
disease

Uniform diagnostic criteria Equation allows survival 
prediction over extended 
time

Modeling with clinical 
objective variables

Modeling with clinical 
objective variables

Modeling with clinical objective 
variables

Modeling with clinical 
objective variables

Usefulness for cohort

Usefulness for cohort Usefulness for cohort Usefulness for cohort Incident and prevalent 
cases

Incident and prevalent cases

Equation allows survival 
prediction over extended time

Weaknesses Different standard of care Potential for bias since data set 
included prevalent patients 
diagnosed up to 3 years prior to 
study entry

Only uses hemodynamics Industry sponsored

Lack of advanced imaging 
modalities

Retrospective and 
prospective chart review

Included all PAH groups

Only uses hemodynamics Single center Prevalence may be 
underestimated as not all 
patients enrolled at every 
site

Not updated over time Limited usefulness for 
individual patient

Limited usefulness for 
individual patient

Only valid to predict 1-year 
survival

Limited usefulness for 
individual patient

Not adaptive or able to predict 
the trajectory

Not adaptive or able to 
predict the trajectory

Not adaptive or able to 
predict the trajectory

Not adaptive or able to 
predict the trajectory

Adapted with permission from Thenappan et al. [35]
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equation predicts the probability of survival primarily by 
hemodynamic values:

 
P t e A x,y,z t( )= − ( )

 

A x,y,z e x y z( )= − − + −( )1 270 0 0148 0 0402 0 361. . . .  in non-responders to  
calcium-channel blocker

A x,y,z e x y z( )= − − + −( )3 012 0 0148 0 0402 0 361. . . .  in responders to  
calcium- channel blocker

t = time since diagnosis
x = mean pulmonary arterial pressure (mean PAP)
y = mean right atrial pressure
z = cardiac index

Although only seen in approximately 3 % of patients, an 
acute vasodilator response was noted to be a strong prognos-
tic indicator. Thenappan et al. externally validated the PHC 
and the French equations in a dataset of 449 patients with 
IPAH, HPAH or anorexigen-PAH prospectively assembled 
from four different clinical trials of investigational pros-
tanoid therapy [35].

 REVEAL Prognostic Equation and Risk Score

The REVEAL prognostic equation was derived from vari-
ables independently associated with mortality through multi-
variable analysis (with Cox proportional hazards) in 2716 
patients enrolled in the REVEAL registry [21, 23, 28]. 
Because REVEAL’s enrollment was several-fold larger than 
the other registries, the predictor analysis was much more 
robust, leading to quite a few more predictors. The equation 
predicts 1- year survival as:

 
P S

Z’= ( ) ( )0 1
exp bg

 

S0(1) = baseline survivor function (0.9698)
γ = shrinkage coefficient (0.939)
Z’β = linear component.

The linear component of this complex equation is depen-
dent on 19 variables (Table 20.4). Variables that add to the 
linear component are risk factors (total 15), whereas the ones 
which subtract from it are protective factors (total 4).

Benza et al. validated the prediction equation in a sub-
group of 504 recently diagnosed PAH patients (catheter-
ization <3 months of registry enrollment) from 
REVEAL. Survival estimates from the REVEAL equation 
were stratified into 5 groups, ranging from low to very 
high risk of death; and the model calibrated extremely well 
with observed 1-year survival [21]. The full REVEAL sur-
vival equation also showed good external calibration for 

predicting 1-year survival in a relatively small cohort of 
PAH patients from a single U.S. center [39]. Furthermore, 
the REVEAL risk calculator was developed by assigning 
weighted values to the independent prognostic variables of 
the full survival equation (Table 20.4), in order to develop 
a more facile tool for routine clinical practice. The simpli-
fied risk calculator was also shown to have excellent cali-
bration for predicting 1- year survival across the same 5 
risk groups [40]. Prognostic abilities of the REVEAL risk 
calculator has also been externally validated in a cohort of 
matched patients from the French Registry [39, 41, 42].

 Applying Survival Equations

An important aspect of a risk equation is its intended use – 
projecting survival estimates for cohorts or an individual. As 
described above, the French, PHC and REVEAL predictive 
equations have been shown through external validation to 
provide accurate survival estimates in cohorts of PAH 
patients. However, reliability of these equations for predict-
ing the survival of an individual patient is not robust. For 
example, Sandoval’s analysis demonstrated that the NIH 
equation was highly predictive of which individuals would 
survive (i.e. highly sensitive) but struggled to identify which 
individuals would die (i.e. low specificity) when using a rigid 
survival prediction cutoff of 50 % [29]. In Thenappan’s anal-
ysis, the PHC equation also had high sensitivity for predict-
ing individual’s survival, but again lacked specificity (i.e. 
identifying likely deaths). The NIH equation had high speci-
ficity at the expense of low sensitivity. Meanwhile, the 
French equation predicted individual survival with interme-
diate sensitivity and specificity. Moreover, the area under the 
receiver operator characteristic (ROC) curve for all 3 equa-
tions was similar (only ~0.55), indicating a lack of predictive 
accuracy. The authors concluded that none of these three 
equations could be applied to predicting an individual 
patient’s survival [35].

Benza et al. demonstrated better discrimination of survi-
vors and non-survivors by the REVEAL survival equation 
and the REVEAL risk score through a validation cohort from 
within the REVEAL registry. The probability of concor-
dance (or c-index) was 0.72, thus confirming good discrimi-
nation (of survivors from non-survivors at 1 year) for both 
tools [21]. The c-index, which approximates the area under 
an ROC curves, is a different statistical evaluation of an 
equation’s discriminatory capability. In essence, an equa-
tion’s c-index is the probability that a randomly chosen sur-
vivor will have a higher projected survival estimate than a 
randomly chosen deceased subject; a c-index equaling 1.0 is 
perfectly discriminatory, while 0.5 represents chance predic-
tion [43]. The REVEAL equation was also able to discrimi-
nate effectively when tested for specific subgroups of 
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maximally treated patients (i.e. on parenteral prostanoids), 
newly diagnosed patients, patients with a pulmonary capil-
lary wedge pressure ≤ 12 mmHg (NIH registry definition), as 
well as IPAH/HPAH or other forms of PAH. Cogswell et al. 
demonstrated very good discrimination of 1-year survival, 
using the original REVEAL equation, in their single-center 
cohort of 140 PAH patients with a reported c-index of 0.77. 
The concordance index held up even though there were sig-
nificant differences in the composition of PAH sub-types 
(from REVEAL) and a substantial number of patients with 
missing data for some key variables in the equation [39]. 
Meanwhile, Kane et al. studied the REVEAL risk score in 
the much larger Mayo cohort and determined a comparable 
c-index of 0.71 [9]. Therefore, the REVEAL risk calculator 
has discriminatory power similar to the full survival equation 
and has the potential to be used in everyday clinical practice 
(pending further studies and validation).

Another important test characteristic of predictive equa-
tions is the time-frame for predicting survival. While the 
NIH, French, and PHC equations may not offer as strong dis-
criminatory power as the REVEAL equation or the risk score, 
these older equations are designed to estimate survival as a 
function of time. Therefore, an individual’s survival can be 
estimated at 1, 2 and 3 years, etc. The REVEAL equation and 
simplified risk calculator were designed to estimate survival 1 
year from the point of acquisition of the variables entered into 
the risk calculator. One analysis of the Mayo registry cohort 
did note good discrimination of 5 year survival with the 
REVEAL risk score [9]. In another report though, the dis-
criminatory ability of the full REVEAL equation for predict-
ing 5 year survival was not as good as the 1 year projection, 
and particularly overestimated risk in patients in the interme-
diate risk category [39]. Additional experience is needed 
before the REVEAL equation or risk calculator can be used 
reliably to forecast survival beyond 1 year, especially as ther-
apeutic options in PAH continue to expand.

In total, numerous analyses demonstrate that currently 
available modern survival equations, notwithstanding the 
NIH equation, are best suited to estimate survival in cohorts 
of patients. In addition, the REVEAL survival equation and 
risk score, which are also able to discriminate between survi-
vors and non-survivors, can be used at the individual level but 
are best limited to predicting short term or 1-year survival.

 Challenges to Applying Survival Equations 
in Clinical Practice

 Heterogeneity of PAH

At its core, PAH is a heterogeneous group of disorders that 
share some common pathologic features and, presumably, 
underlying mechanisms of disease. But PAH disorders have 

largely been linked together by a clinical classification sys-
tem based on the severity of hemodynamic derangements, 
clinical presentation, and disease course in the late stages. 
Given the rarity of Group 1 PAH conditions, such as IPAH, 
HPAH, and HIV-associated PAH, it is understandable to 
aggregate data from potentially diverse subgroups. By 
assembling a larger cohort of patients, a registry’s statistical 
power increases and predictive value enhanced. Modern 
PAH registries have incorporated several hundred to several 
thousand PAH patients with the majority of patients having 
either IPAH or CTD-associated PAH, while less frequent 
representation from rarer subgroups such as porto- pulmonary 
HTN, HIV-PAH and CHD-PAH. But, these subgroups 
behave quite differently and exhibit different survival curves, 
especially in the long-term [21]. Accordingly, caution has to 
be exercised when applying survival equations to rarer PAH 
sub-groups, which sorely need dedicated registries.

Age is an important discriminator of outcome in PAH, 
with older adults faring worse [9, 13, 16, 22, 26]. Furthermore, 
PAH subgroups can also be differentiated by age at PAH 
diagnosis. In the NIH registry of the 1980s, patients with 
IPAH typically presented in the third or fourth decade of life 
with an average age of 36 ± 15 years [5]. PAH patients with 
CHD are often recognized during childhood or present in 
young adulthood, depending on the complexity and size of 
the defect [44]. On the other end of the spectrum, patients 
with systemic sclerosis, which is the most common form of 
CTD-PAH, present much later in life as one large series from 
the United Kingdom demonstrated (mean age of 
63.9 ± 10.5 years) [45]. With more diverse enrollment, mod-
ern PAH registries typically report an average age in the fif-
ties, which is much older than the average age of the more 
homogeneous cohort of IPAH patients entered into the NIH 
registry 30 years ago [5, 6, 8, 10]. Age alone challenges the 
use of older survival equations as the population of PAH 
evolves.

Co-morbidities, which are often associated with the 
underlying disorder implicated in PAH pathogenesis, also 
factor into survival and are often not captured in large regis-
try efforts. For example, renal dysfunction appears to be an 
important predictor of outcome in PAH; in fact, the relatively 
crude creatinine value (as an estimate of renal function) is 
part of the REVEAL risk calculator [9, 21, 46]. However, 
other registries have failed to capture information on renal 
function. Patients with systemic sclerosis not infrequently 
exhibit concomitant pulmonary conditions, such as intersti-
tial lung disease, or cardiac issues, including diastolic dys-
function, arrhythmias and valvular disease, that may impact 
response to PAH therapies and survival [45, 47–49]. 
Individuals with CHD, ultimately develop Eisenmenger’s 
physiology with irreversible pulmonary vasculopathy lead-
ing to right-to-left circulatory shunting and severe chronic 
hypoxemia. Eisenmenger’s syndrome is a multi-system dis-
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order with intrinsic cardiac, hematologic, musculoskeletal, 
renal, and cerebrovascular manifestations [50]. Similarly, 
non-PAH manifestations of liver disease and portal hyperten-
sion, certainly impact the course of patients with porto- 
pulmonary hypertension and likely lead to the noticeably 
poor survival of that PAH sub-group [21, 51]. This level of 
comorbidity detail has not been captured in large-scale PAH 
registries and therefore challenge the ability of predictive 
equations to equally forecast survival in diverse PAH sub-
groups, many of which only make up a small portion of reg-
istry enrollment.

 Measurement of Predictors and the Use 
of Survival Equations

The REVEAL survival equation and risk calculator represent 
a significant advancement from earlier risk equations. 
Thanks to a richer body of variables that are entered in the 
REVEAL equations, a more thorough assessment of an indi-
vidual is undertaken, leading to better discrimination of indi-
vidual’s short-term survival. But the cost of implementing 
the equation in routine clinical practice cannot be over-
looked, as the full dataset requires recent data from an echo-
cardiogram, laboratory tests, pulmonary function tests, and 
RHC. This burden of testing will limit use of the equation or 
the risk calculator on a repetitive and longitudinal basis. 
Developers of the risk equation and calculator note that 
absence of some data does not hinder the equation’s ability 
to provide reliable predictions, but its discriminatory value 
does diminish with incremental missing data [23]. Efforts 
are underway to simplify the REVEAL risk calculator with-
out compromising its predictive power, but additional valida-
tion will be needed [41].

Once data are collected, the operational aspects of the 
various equations come into play. None of the equations is 
particularly user-friendly in the routine clinical environment 
and require a fair degree of computation. For this reason, the 
REVEAL risk calculator is much more ideally suited for rou-
tine clinical use as the weighted values for individual risk 
factors can be easily calculated.

Another challenge to applying survival equations stems 
from inaccuracy and variability of the actual variables needed 
to compute survival. The NIH, French, and PHC equations 
rely heavily on hemodynamic measures, such as the cardiac 
output (or index), RAP and PAP. Even the elaborate REVEAL 
risk calculator relies on two key hemodynamic measures, 
RAP and PVR. Although RHC remains critical for diagnos-
ing PAH and assessing prognosis, there are concerns about 
the accuracy and consistency of these fundamental measure-
ments as routine clinical practices vary considerably [52–
54]. Efforts to better standardize hemodynamic measurement 
in PAH have been published [55]. The 6 MW distance is 

another important variable in the French and REVEAL equa-
tions. While the 6 minute walk test is designed to measure an 
individual’s exercise capacity and thereby providing an 
inferential assessment of one’s pulmonary vascular disease 
and right ventricular function, co-morbidities can influence 
the test’s output. This is particularly relevant in older patients 
with peripheral musculoskeletal impairments (e.g. individu-
als with systemic sclerosis), whose walk distance is limited 
by more than just cardio-pulmonary issues. Other factors, 
such as patient’s motivation and cognitive abilities can also 
influence the six minute walk test output. Another frequently 
cited measure is the NYHA or WHO functional class, which 
is a subjectively assigned measure based on somewhat vague 
definitions. One study demonstrated poor inter-grader agree-
ment, even among experts, for assigning functional class in 
PAH patients [56]. As a result of challenges in measuring 
some of these variables that are incorporated into survival 
equations, the generalizability of survival equations into 
diverse clinical settings may be impacted.

Newer and promising measures of cardiac function 
obtained from echocardiography (e.g. tricuspid annular sys-
tolic plane excursion, right ventricular strain, etc.) or cardiac 
MRI (e.g. RV ejection fraction, stroke volume index, myo-
cardial mass, etc.), as well as other exercise indices, such as 
peak oxygen consumption and the heart rate recovery (after 
the 6MWT) among others, have not yet been investigated as 
predictors of survival in large-scale registries. These non- 
invasive measures might improve the predictive power and 
discriminatory capabilities of survival prediction equations 
and, in some cases, are more easily attained [57–61].

All of the survival equations and risk calculators rely on 
measurements at a single time-point. None of the equations 
is adaptive and incorporate favorable or unfavorable time- 
dependent changes of key clinical measures, e.g. improve-
ment in functional class, % decline in six minute walk 
distance, change in key hemodynamic measures etc., even 
though clinical experience suggests that changes to these 
dynamic measures offer predictive value [59, 62–65]. Using 
relevant trends of key variables in predictive models, intui-
tively, should better track an individual’s or cohort’s trajec-
tory over time.

 Rapidly Evolving PAH Field Leads 
to Antiquated Survival Equations

An important impediment to applying registry-derived pre-
diction equations to clinical practice is the out-datedness of 
registry data, which is especially relevant when a condition’s 
management evolves rapidly. PAH management has been 
transformed dramatically in the last 20 years and most of the 
registries in listed Table 20.1 observed patients in earlier 
eras. PAH-specific therapies were non-existent during the 
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time of the NIH registry. Then, intravenous epoprostenol fol-
lowed by early oral agents had just become treatment options 
during the period of the PHC and French registries. More 
contemporary registries, such as REVEAL and COMPERA, 
mark the beginning of the era of sequential (or “add-on”) 
combination therapy. Accordingly survival rates were dismal 
in the NIH registry with median survival of 2.8 years; but the 
REVEAL Registry reported a median survival of 7 years [19, 
21, 23]. While inclusion of prevalent patients in REVEAL 
(as opposed to only incident cases enrolled in the NIH regis-
try) likely accounted for some of the improvement in median 
survival, the availability of PAH therapies and a better gen-
eral approach to right-sided heart failure also likely influ-
enced the improved survival shown in REVEAL [26].

As of 2015, there are 12 approved PAH therapies in the 
United States, including approval of three new agents 
between late 2013 and early 2014. Moreover, another shift in 
the treatment paradigm will likely occur in 2015, based on 
the increasing number of oral agents and the positive results 
of a large, rigorous study that demonstrated a reduction in 
the risk of “Clinical Failure” with upfront dual oral therapies 
as opposed to (traditional) monotherapy in newly diagnosed 
and treatment naive PAH patients [66]. There is even early 
experience with upfront triple therapy with agents from each 
of the major classes of therapy – prostanoid, ERA, and 
PDE5-inhibitor in functional class IV patients [67]. Beyond 
the use of PAH specific therapies, management of right ven-
tricular failure and more appropriate use of background ther-
apies, including diuretics, inotropes, anticoagulants and 
calcium-channel blockers have also evolved over the last few 
decades. Therefore, survival estimates displayed in registries 
and their derived prediction equations are pertinent to their 
respective eras, but quickly become outdated as the PAH 
therapeutic landscape continues to evolve with new classes 
of medications and treatment strategies. Accordingly, more 
modern registries have shown that the older NIH equation 
significantly underestimates observed survival [15, 22]. 
These reports should inform clinicians and researchers that a 
survival equation’s clinical application should be in the same 
era of the equation’s originating Registry, in order to assure 
similar therapeutic options and management approaches.

 PAH Is a Global Condition

PAH is a global problem but its makeup is not the same 
around the world. In the U.S., Canada, and Europe, IPAH 
and CTD-related PAH predominate in large patient cohorts 
and in clinical practice. But, CHD-PAH and Schistosomiasis- 
associated PAH are much more relevant in under-developed 
regions of the world, including Latin America, Africa, China 
and India. Even though all of these conditions are still viewed 
as PAH under the Nice Classification, PAH cohorts from 

these regions are distinct and their natural history and 
response to treatment are not likely similar [68]. And with 
the exception of two reports from China, all registry-based 
published experiences emanate from the United States or 
Europe (Table 20.1) [7, 14].

PAH patients in under-developed regions of the world 
also face numerous obstacles that patients in more developed 
areas generally do not face, such as access to health-care 
(let alone experienced PH physicians) and availability of 
expensive and complicated PAH medications. Most Western 
countries, including France, United Kingdom, and Canada, 
have developed a few national PH referral centers, staffed by 
PH experts that have concentrated the care of PAH patients 
originating throughout their respective countries. In the 
United States, such a program is in its infancy, but there are 
many large and small PH Centers throughout the country 
that offer expert management of PH patients [69]. In most 
under-developed countries, expert PH care is offered at only 
a handful of locations; unfortunately, geography and eco-
nomics greatly hinder access to these specialized care cen-
ters. As a result, early disease recognition and appropriate 
comprehensive evaluations, including catheterization, are 
significant challenges [7]. Finally, PAH-specific therapies 
are quite expensive and advanced therapies, namely paren-
teral prostanoids, are extremely complex to administer. Even 
though parenteral prostanoids have tremendous potential and 
are often the treatment of choice for the most compromised 
PAH individuals or for patients failing simpler therapies, 
prostanoid usage is essentially nil in under-developed regions 
of the world due to a combination of exorbitant costs, limited 
understanding of safe infusion practices, or lack of pre- 
requisite infrastructure to safely administer [70].

Many of these points are nicely corroborated by efforts in 
China and illustrated through two separate registries, span-
ning altogether a 10 year period from 1999 to 2009 [7, 14]. 
In the first registry, 72 incident or prevalent IPAH and HPAH 
patients were recruited from two facilities between 1999 and 
2004. The majority of patients were diagnosed by echocar-
diogram and 90 % of patients received calcium-channel 
blocker therapy even though acute vaso-responsiveness was 
only confirmed in a few individuals. Survival estimates at 1, 
3, and 5 years were 68.0 %, 38.9 %, 20.8 % respectively [7]. 
In essence, this early Chinese Registry provided natural his-
tory data (i.e. without PAH-specific therapy) on a sub- 
population of PAH patients, similar to the NIH Registry 
conducted 15 years earlier. By 2007, a number of PH referral 
centers were established throughout China [14]. Zhang sub-
sequently provided a more modern account of PAH in China 
by reporting on 276 IPAH and CTD-PAH patients, recruited 
from five centers throughout the country between 2007 and 
2009. Even though data collection was retrospective, all 
patients underwent a standardized and comprehensive evalu-
ation including RHC. Importantly, the mean age for the 
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IPAH cohort in both Chinese registries was in the low 30s, 
similar to the NIH registry but far younger than COMPERA 
[5, 27]. This finding may stem from regional population dif-
ferences but probably also indicates a referral bias against 
older individuals being evaluated at the few PH referral cen-
ters in China. Majority of patients in the modern Chinese 
registry received PAH specific therapy, either a PDE5-I or an 
ERA and only a handful of patients received a calcium chan-
nel blocker, but prostanoids were not utilized due to reasons 
mentioned earlier [14]. Survival estimates for IPAH patients 
improved considerably in the second registry to 92.1 % and 
75.1 % at 1 and 3 years, respectively. Zhang also confirmed 
poorer survival estimates for the CTD-PAH cohort, as 
opposed to IPAH, which has also been shown in other regis-
tries [14].

Significant obstacles, including accuracy of diagnosis, 
limited access to expert PH care and limited availability of 
PAH-specific therapies, especially advanced prostanoids, 
hinder the use of modern survival equations generated from 
resource-laden countries to regions of the world without sim-
ilar resources.

 Use of Risk Calculators for Allocating Lung 
Transplants in PAH

Advances in medical therapies have dramatically improved 
the mortality and quality of life for PAH patients [14, 30–34, 
62, 71–74]. However, the disease remains uniformly fatal, 
and the only curative measure is lung transplantation [75]. 
Scarce donor organs and chronic rejection necessitates that 
resources be carefully allocated to patients with the most 
urgent need and greatest likelihood of successful lung trans-
plantation. For this reason, the Lung Allocation Score (LAS) 
was developed and weighs both wait-list urgency and post- 
transplant survival based on disease severity, physiologic 
reserve, and disease subgroup [76].

Evaluations of the LAS system indicate that overall wait 
times and wait-list mortality have decreased, and the total 
number of transplants has increased [77]. However, amongst 
IPAH patients, transplant rates are lower and wait-list mor-
tality higher [78]. This likely reflects the fact that the LAS 
does not include many of the key variables that predict mor-
tality in PAH, such as mean RAP and CI [19, 21, 22, 29]. 
Additionally, the 6 MW distance is included in LAS, but at a 
threshold level so low that it applies to few patients. The 
inability of the LAS to distinguish low- and high-risk IPAH 
patients at least partially reflects the difficulty in clinically 
identifying the sickest IPAH patients.

To address these issues, attempts have been made to mod-
ify the LAS by including key clinical and physiologic vari-
ables [79]. To study the effectiveness of modified prediction 
equations in a transplant population, data were analyzed 

from the Scientific Registry of Transplant Recipients files to 
compare wait-list mortality with predicted mortality. The 
PHC equation and LAS-predicted mortality were compared 
to observed mortality in 827 PAH patients, divided into pre- 
and post-2006 cohorts; the post-2006 cohort was substan-
tially sicker than the pre-2006 cohort. The PHC equation 
underestimated and overestimated survival in the pre- and 
post-2006 cohorts, respectively; the LAS had similar accu-
racy. The authors developed a new equation that included 
elements of the LAS along with 6-MWD, resting oxygen 
requirements, invasive cardiac output, and functional class. 
The new equation outperformed the PHC equation. Among 
CTD-associated and secondary PAH patients, the new equa-
tion outperformed the LAS, but performed similarly in a sub-
group analysis of IPAH patients [80]. These results point to 
the fact that including more relevant variables in predictive 
models of survival can indeed lead to higher accuracy in 
actual transplantable populations. This is similar to what was 
observed in the transformation from earlier PAH survival 
equations to the REVEAL prediction models. However, fine 
tuning of these transplant allocation equations for the PAH 
group and prospective validation are still needed. More 
research is needed to ensure that PAH patients in need of 
lung transplantation are appropriately ranked on wait-lists, 
as transplant offers the greatest chance of survival for the 
most advanced PAH patients, even in patients with systemic 
multi-organ diseases such as scleroderma [81].

 Conclusion

Registries conducted around the world over the last 30 
years have provided a wealth of information about PAH, 
including epidemiologic data, prevalence estimates, sur-
vival statistics, and risk factors for important long-term 
outcomes. These registries have chronicled remarkable 
improvement in outcomes, including survival, but have 
also reaffirmed the ongoing struggles of this incurable 
disease. Survival equations and risk calculators are 
important by-products of registry efforts and, when used 
in the appropriate sub-groups and therapeutic era, have 
proven adept at predicting outcomes of sizable cohorts 
and for producing comparator data to judge various ther-
apeutic interventions. But application of these predic-
tion equations is challenged by the global nature of PAH 
that leads to disparities in care, a rapidly evolving thera-
peutic landscape, and the equations’ limitations for pre-
dicting outcomes at an individual patient level. Progress 
has been made with the development and validation of a 
more robust and clinically relevant REVEAL risk calcu-
lator, but additional enhancements and validation is 
needed. Given how rapidly the PAH field is evolving 
though, it is unclear if a valid and reliable survival pre-
diction tool will ever be widely implemented in clinical 
practice.
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            Introduction 

 Pulmonary arterial hypertension (PAH) is a rare disease with 
complex treatments, and, therefore, patients require a com-
prehensive care plan that often includes education, support 
and frequent clinical assessment. In order to meet the unique 
challenges specifi c to patients affl icted with PAH, many pul-
monary vascular disease centers rely on pulmonary hyper-
tension (PH) clinical care coordinators (PHCs) to ensure 
effective monitoring and support of patients and their fami-
lies at each stage of disease trajectory. Indeed, PH center 
accreditation by the Pulmonary Hypertension Association 
(PHA), for example, requires access to a dedicated PHCC.  

    Overview of Pulmonary Hypertension 
Clinical Care Coordinator Role 

 Understanding PH classification and pathophysiology is 
complex and, therefore, proper education regarding these 
issues is uniformly required for newly diagnosed patients. 

Often, there is insufficient time in the initial encounter to 
address fully each question raised by patients. More com-
monly, questions or concerns will arise following point 
of care. Therefore, it is crucial to refer patients to the 
abundant array of educational material that is available 
online and as pamphlet handouts. For example, the PH 
Survival Guide, a comprehensive book written by a 
patient and edited by PAH professionals, is available 
from the PHA at a modest cost. The PHA website (phas-
sociation.org) maintains a plethora of information about 
PH, and should be the recommended resource for patients, 
as all information has been validated by experts as accu-
rate and up to date. 

 Additionally, pharmaceutical companies have produced 
both branded and unbranded educational materials, which 
can be utilized to augment education provided by the PH 
treatment team, the Specialty Pharmacy (SP), and the 
PHA. Branded materials are medication-specifi c and outline 
the method of action and side effects, while unbranded mate-
rials intend to provide education regarding disease aware-
ness, diagnostic testing, optimal nutrition, and lifestyle 
guidelines. These materials are provided to clinicians at no 
cost for distribution to patients. 

 Patients with PAH require close monitoring; a minor ill-
ness or adverse event may be life threatening. Much of the 
care provided to this patient population occurs in between 
offi ce visits through phone contact, and, therefore, face-to- 
face encounters comprise a fraction of overall care by estab-
lishing a platform to guide management remotely. Although 
survival has improved, PAH remains an incurable disease 
[ 1 ]. As patients approach end of life, there are additional 
educational needs that must be considered: palliative care or 
hospice may be appropriate and each destination involves 
transitional changes to PAH medical therapy (including dis-
continuation). This, in turn, is likely to introduce substantial 
anxiety and uncertainty. The PHC, having an established 
relationship with the patient, is well positioned to explain the 
ramifi cations of palliation, help locate social services, and 
provide emotional support (Fig.  21.1 ).
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      Supporting PAH Patient Vulnerabilities 

 The PHC is critical to discovering factors that may infl u-
ence unexpected test results, such as musculoskletal pain, 
inter- current illness, or improved footwear may be critical 
to interpreting unfavorable results on exercise testing. 
Additionally, PHC reinforcement of daily body weight 
monitoring, peripheral edema self-assessment, medication 
adherence, low sodium/PAH healthy diet, fl uid restriction if 
appropriate, and notifying their healthcare provider in the 
event of progressive symptoms are all critical areas of 
opportunity for improved outcome. Along these lines, the 
PHC often provides technical training with respect to home 
vital sign monitoring including proper self-assessment by 
home blood pressure cuff, weight scale, and pulse oximetry 
as well as use of telemonitoring [ 2 ], each of which are vital 
to keep a continuous record of clinical status between clinic 
visits.   

    Medication Education 

 Once a diagnosis of PAH is established, a treatment plan in 
which oral, inhaled, subcutaneous, and/or intravenous thera-
pies is considered. The provider, patient, family, and PHC 
are often involved in this decision making process owing to 
the complexity and unique safety profi le of many PAH- 
specifi c therapies. 

    Endothelin Receptor Antagonists 

 There are three U.S. Food and Drug Administration (FDA) 
approved medications in this class including bosentan 
(Tracleer), ambrisentan (Letairis), and macitentan (Opsumit). 
All ERAs are considered to be teratogenic based on animal 
studies. Importantly, women of child-bearing potential 
(WCBP) taking an ERA must be taught about pregnancy 
avoidance and acceptable forms of birth control. A negative 
pregnancy test is required prior to starting therapy, monthly 
while on therapy and 1 month after discontinuation of ther-
apy. Patients should use two reliable forms of birth control 
while on therapy and up to 1 month after discontinuing ther-
apy. Should pregnancy be suspected while on therapy, 
patients must contact their PH provider immediately. 

 Bosentan (Tracleer) was approved by the FDA in 2001 
and was the fi rst available oral therapy for the treatment of 
PAH. Because of the risks of hepatotoxicity and teratogenic-
ity, bosentan is available only through the restricted Tracleer 
Access Program (T.A.P.), which is a component of the 
Tracleer Risk Evaluation and Mitigation Strategy (REMS). 
Tracleer REMS requires the prescribers, patients, and phar-
macies must enroll in the program. Patients must be coun-
seled that co-administration of cyclosporine A and glyburide 
are contraindicated with bosentan. Other drug-drug interac-
tions can occur with ritonavir, ketaconozole, sildenafi l, 
rifampin, tacromilus, simvastatin and other statins, requiring 
close surveillance of patients’ medication regimens. 

  Fig. 21.1    The pulmonary 
hypertension clinical patient care 
continuum. The Pulmonary 
Hypertension Clinical ( PHC ) 
care coordinator plays a pivotal 
role in coordinating each element 
of the treatment plan 
individualized to each patient. 
 HCP  health care provider,  F / U  
follow up       
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Providing a list of potential drug-drug interactions to patients 
may be useful. The recommended starting dose of bosentan 
is 62.5 mg twice daily with a maximum approved dosage of 
125 mg twice daily. It carries a black box warning for liver 
injury, therefore any patient on this medication will require 
education about monthly liver function testing (liver amino-
transferases [ALT and AST] [ 3 ]. Dependent upon results of 
liver function tests, dose reduction or discontinuation may be 
necessary. A decrease in hemoglobin concentration has been 
associated with the use of bosentan; therefore, monitoring 
hemoglobin is recommended prior to starting, after 1 and 3 
months, and quarterly thereafter [ 4 ]. 

 The second ERA to gain approval through the FDA for 
PAH was ambrisentan (Letairis) in 2007. Because of the risk 
of embryo-fetal toxicity, females can only receive ambrisen-
tan through a restricted program called the Letairis REMS 
program. Because co-administration of ambrisentan with 
cyclosporine has been shown to increase ambrisentan expo-
sure in healthy volunteers; the ambrisentan dosage should be 
limited to 5 mg once daily when administered together. 
Ambrisentan is supplied as a 5 mg or 10 mg tablet. The rec-
ommended starting dose is 5 mg daily, and if tolerated, up- 
titration to 10 mg daily can be considered. WCBP require a 
negative pregnancy test prior to therapy initiation, monthly 
pregnancy tests while on therapy and 1 month after discon-
tinuation of therapy. Providers must obtain and review preg-
nancy tests monthly. Though elevations of liver function 
tests have been reported with ambrisentan, there was no sta-
tistical difference between groups in clinical trials. Thus, 
hepatic function monitoring is not required. Decreases to 
hemoglobin concentration and hematocrit can be associated 
with the use of ambrisentan, and, therefore, hemoglobin 
should be assessed prior to initiation of ambrisentan, at 1 
month, and periodically thereafter [ 5 ]. 

 Macitentan (Opsumit) is the most recent ERA to gain FDA 
approval in 2013. For all females, macitentan is available only 
through a restricted program called the Opsumit REMS 
Program because of the risk of embryo-fetal toxicity. The rec-
ommended dosage is 10 mg daily. For WCBP, providers must 
obtain and review pregnancy tests prior to starting therapy, 
monthly while on therapy and 1 month after discontinuation of 
therapy. It is recommended that liver function testing occur 
prior to starting macitentan and be repeated periodically at the 
discretion of the treating physician. Decreases in hemoglobin 
concentrations have occurred in patients taking macitentan. 
Hemoglobin should be assessed at baseline and repeated dur-
ing treatment as clinically indicated [ 6 ]. Concomitant use of 
macitentan with strong CYP3A4 inducers, such as rifampin, 
should be avoided as they signifi cantly reduce macitentan lev-
els. Conversely, co-administration of strong CYP3A4 inhibi-
tors like ketoconazole signifi cantly increase macitentan 
exposure and should be avoided. 

 The most common side effects of the ERA class are 
edema and nasal congestion. Edema can often be managed 
with diuresis though the medication may ultimately need to 
be discontinued if it persists. Clinicians should pay close 
attention to educating patients about the potential to develop 
edema or experience worsening edema with the initiation of 
ERA therapy. Increased dyspnea and general sense of mal-
aise may occur. These symptoms should trigger patients to 
contact their PH specialist offi ce immediately. Tracking 
daily weights during ERA initiation is helpful to monitor for 
potential edema. Nasal congestion is also commonly associ-
ated with ERA treatment. Saline rinses can help to reduce 
tissue swelling in the nasal passages [ 7 ]. Nasal deconges-
tants can potentially worsen the condition and must be 
avoided in this patient population. Steroid-based nasal sprays 
can help reduce swelling in some patients. For severe nasal 
congestion, consider referral to an otolaryngologist for other 
potential interventions. While some patients experience a 
degree of relief with these measures, intervention is typically 
temporary or ineffective. Dependent on the severity of the 
nasal congestion, therapy may need to be discontinued.  

    Phosphodiesterase-Type 5 Inhibitor (PDE-5i) 
Therapies 

 The PDE-5i drug class includes two different oral com-
pounds, sildenafi l (Revatio) and tadalafi l (Adcirca). These 
medications are the least expensive PAH specifi c treatments. 
Sudden decrease or loss of hearing and vision has been 
reported in people taking PDE-5i. Patients are advised to 
seek a baseline eye examination prior to initiating therapy 
and periodically while on treatment. The most common side 
effects reported with the PDE5 inhibitors include headache, 
dyspepsia, epistaxis, diarrhea, and fl ushing. Epistaxis can be 
severe enough to require intervention such as nasal packing. 
Myalgia, which can be quite severe, is also reported, more 
often by patients on tadalafi l versus sildenafi l. Over the 
counter medications for headache, GI upset and myalgia 
may prove helpful. After initial exposure of this medication 
class, side effects generally subside within 1–2 weeks and 
can be managed successfully through this period. Importantly, 
patients are educated not to take PDE5 inhibitors in conjunc-
tion with nitrates of any form, or α-receptor antagonists due 
to the risk of systemic hypotension. 

 Sildenafi l for pulmonary hypertension is supplied in a 
20 mg tablet. The recommended dosage is 20 mg three times 
a day. There is clinical experience and data demonstrating 
dose related improvement with higher doses of sildenafi l [ 8 ]. 
Because of the need for three times daily dosing, ongoing 
patient counseling should occur to assure continued medica-
tion compliance, particularly with the middle day dose. 
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 Concomitant use of sildenafi l with ritonavir and other 
potent CYP3A inhibitors is not recommended due to an 
increased potential for sildenafi l-associated adverse events. 
Bosentan signifi cantly decreases the plasma concentration of 
sildenafi l when co-administered to patients with pulmonary 
hypertension [ 9 ]. Considerations for dose adjustment of 
sildenafi l should be made if using these two medications in 
combination. When appropriate, clinicians should be certain 
patients understand not to use PDE5 inhibitors prescribed for 
erectile dysfunction in conjunction with those prescribed for 
PAH. 

 Tadalafi l is supplied in a 20 mg tablet with recommended 
dosage of 40 mg once daily, which is helpful for improving 
medication compliance. To potentially improve tolerance 
throughout the day with tadalafi l, consider dosing before 
bedtime for patients with signifi cant headache. Dose adjust-
ments may be required with co-administration of ritonavir. 
Clinicians should avoid use of CYP3A inhibitors and induc-
ers, including ketoconazole, itraconazole, and rifampin.  

    Soluble Guanylate Cyclase Stimulator 

 Riociguat, a soluble guanylate cyclase (sGC) stimulator, was 
the fi rst therapy approved to treat inoperable or persistent 
chronic thromboembolic pulmonary hypertension (CTEPH) 
(WHO Group 4). It is also approved to treat PAH WHO 
Group 1 patients. Due to teratogenicity effects, riociguat is 
only available through a restricted REMS program for female 
patients. WCBP must be taught about pregnancy avoidance 
and acceptable forms of birth control. A negative pregnancy 
test is required prior to starting therapy, monthly while on 
therapy and 1 month after discontinuation of therapy. 

 The recommended starting dose of riociguat is 1 mg three 
times daily, however for patients that may not tolerate the 
hypotensive effect of the drug, consider starting at 0.5 mg 
three times daily. Up titration of drug occurs by 0.5 mg dos-
ages at intervals no sooner than 2 weeks as tolerated to a 
maximum dosage of 2.5 mg three times a day. Riociguat 
should not be taken in conjunction with nitrates in any form 
or PDE inhibitors due to risk of hypotension [ 10 ]. 

 Precaution should be taken with concomitant use of rito-
navir and ketoconazole, which can be associated with 
increased circulating levels of bioactive riociguat, resulting 
in systemic hypotension. 

 The most common reported side effects of riociguat are 
headache, GI upset, dizziness, nausea, hypotension, vomit-
ing, and anemia. Though not mandated, some practices mon-
itor for anemia at baseline and repeat during treatment as 
clinically indicated. Other less common side effects include 
hemoptysis, epistaxis, peripheral edema, and palpitations 
[ 10 ]. Patients should be counseled to report any sign of 
bleeding immediately. As hypotension is a more common 

side effect of riociguat, home monitoring and periodic 
assessment by a SP nurse of vital signs and is advisable 
between clinic visits. There is no additional cost to the patient 
for this service.  

    Prostacyclin Analogues 

 The prostacyclin medications are more complex and histori-
cally have only been available in non-oral forms that include 
inhaled, subcutaneous and intravenous. Recently an oral for-
mulation of treprostinil as monotherapy, marketed as 
Orenitram, was approved by the FDA. 

 PH program staff submits a referral and clinical documen-
tation for all prostacyclin medications to an SP, who starts an 
insurance verifi cation process. The PH coordinator initiates 
education, which is supplemented by SP cardiopulmonary 
nurse specialists. Patients placed on prostacyclin therapy 
require in-depth and extensive continuing education and close 
monitoring. Clinicians prescribing these medications must 
have adequate expert staff to support these therapies. 

    Inhaled and Oral Formulations 
 There are 2 inhaled prostacyclins, iloprost (Ventavis®), and 
treprostinil (Tyvaso®); each with a unique administration 
device [ 11 ,  12 ]. Patients are taught how to install medication 
into the device, operate the device and clean the components. 
Thorough education by health care providers trained to use 
the device is essential for maximum effi cacy. Side effects of 
both inhaled prostacyclins are similar and are managed with 
the same regimens. Cough is the most common side effect 
and cause of discontinuation of therapy with inhaled prosta-
cyclins. The PHC and SP nurse must take care to educate the 
patient on cough management, such as use of prescribed pre-
treatment bronchodilators [ 13 ]. 

 Iloprost is delivered via the I-neb Adaptive Aerosol 
Delivery (AAD) System. The I-Neb incorporates AAD tech-
nology, which adjusts to the individual patient’s breathing 
pattern to deliver iloprost, at a dose of either 2.5 mcg or 5.0 
mcg six to nine times daily, using a single glass ampule of 
medication per treatment session. Patients are trained to per-
form treatments independently at home. Treatment times 
should take about 4–10 min. Improper technique or equip-
ment issues can affect treatment times and effi cacy. Patients 
are instructed to call their SP if this occurs. 

 Side effects of iloprost include fl ushing, coughing, and 
headache [ 11 ]. Technology exists to download information 
from the I-neb device to assess treatment compliance. 
Because patients must take a minimum of 6 treatments daily 
to provide benefi t, it’s important to assure adequate dosing 
adherence. 

 Inhaled treprostinil is delivered via an Optineb device, 
dosed four times daily. Patients are trained to deliver 
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 treatments independently at home. The medication, supplied 
as a liquid in plastic ampules, is inserted into the Optineb 
device once daily. The dosage of inhaled treprostinil is deter-
mined by the number of breaths patients take per treatment 
period. Typically patients get initiated on three breaths 
(18 mcg) four times daily. Depending on patient tolerance, 
the dosage is uptitrated by increasing the number of breaths 
at desired intervals. The recommended effi cacious dose is 
9 breaths (54 mcg) four times daily; treatment duration is 
2–3 min. Most common reported side effects of inhaled 
treprostinil include coughing, headache, throat irritation and 
pain, and facial fl ushing [ 14 ]. Over the counter medication 
such as acetaminophen can be tried for headache complaints, 
and short acting β-agonists have been shown helpful in con-
trolling cough associated with the treatments. 

 Oral treprostinil (Orenitram), approved as monotherapy 
in treatment-naive patients, is supplied as extended release 
tablets with the following four strengths: 0.125 mg, 0.25 mg, 
1 mg, and 2.5 mg. A maximum dose is determined by toler-
ability and clinical response. Patients can be dosed either 
twice daily or three times daily. Abrupt discontinuation or 
sudden dose reductions may result in worsening PH symp-
toms. Most common adverse effects include headache, nau-
sea, diarrhea, extremity pain, and fl ushing [ 15 ]. Oral 
treprostinil inhibits platelet aggregation thereby increasing 
the risk of bleeding. Its use is contraindicated in hepatically 
impaired patients, and patients should be counseled to take 
the medication with food and refrain from drinking alcohol. 

 Over the counter and prescriptive regimens should be 
used as needed to alleviate side effects. Downward dose 
adjustment of oral treprostinil is necessary if co- administered 
with the CYP2C8 enzyme inhibitor and lipid lowering ther-
apy gemfi brozil.  

    Subcutaneous and Intravenous Formulations 
 Currently there are three IV and one SQ prostacyclin formu-
lations available. Each has unique administration systems 
and pharmacologic action that will help guide clinician 
selection. 

 Infused prostacylin therapy requires extensive training by 
the PH coordinator and the SP nurse. Teaching includes mix-
ing and storage of medication, pump operation, emergency 
procedures, aseptic technique, care of the central venous 
catheter (CVC) and central line dressing for IV formulations, 
signs of infection, up-titration schedule, side effect manage-
ment and when to seek immediate medical assistance. 
Patients often experience signifi cant side effects and may 
face various challenges with central line complications 
including infection or need for a replacement central line. 

 The most common side effects of infused prostacyclins 
therapy include fl ushing, headache, nausea, diarrhea, vomiting, 
hypotension, jaw pain, musculoskeletal pain (especially in feet 
and legs) and site pain with subcutaneous delivery. 

Pharmacologic treatment with ondansetron and loperamide for 
the gastrointestinal effects may prove helpful. Gabapentin may 
be used to provide relief of commonly reported leg pain. Due 
to prostacyclin antiplatelet effects, patients should be moni-
tored closely for thrombocytopenia and hypotension [ 16 ] and 
be counseled regarding the potential increase in bleeding risk. 

 In addition to patients receiving intensive training on 
managing the continuous infusion therapy at home, focus is 
also given to maintaining the CVC and subcutaneous site to 
avoid infection. Ongoing education on sterile technique and 
catheter and site care requires a team approach both from the 
PH specialist and SP nurses. Clinicians should have estab-
lished protocols well understood by patients in the event a 
CVC site is infected or suspect. A plan is required in the 
event of interrupted drug therapy, as patients must seek 
immediate medical attention either via their PH Center or 
local emergency department. It is also reasonable to contact 
the patient’s local emergency medical service (EMS) pro-
vider to notify them of the protocol for implementing prosta-
cyclin therapy through a peripheral intravenous catheter 
under emergency conditions, particularly for patients living 
in rural areas. In the event of local site infection, oral antibi-
otics are often successful; however, in the event that an infec-
tion involves the CVC directly then line removal and 
parenteral antibiotics may be required. 

 Treprostinil administered subcutaneously is delivered via 
a small pump platform and is the only infused prostacyclin 
that does not require a central line. This form of prostacyclin 
delivery is initiated frequently in the outpatient setting, 
although patients often require extensive up-front training 
and education by both PHC and SP personnel. The possibil-
ity of side effects, including site pain, are communicated at 
the beginning of therapy and patients are taught strategies for 
managing these. In fact, infusion site pain is the most com-
monly reported adverse event with subcutaneous treprostinil 
and typically peaks in intensity 2–5 days after starting a new 
infusion site. Topical therapies like pluronic lecithin organo-
gel (PLO gel) along with ice or heat packs, and acetamino-
phen, as needed, are often considered fi rst line regimens. 
Step up regimens often include gabapentin, lidocaine 
patches, and tramadol if pain cannot be controlled otherwise. 
The use of medications such as histamine receptor antago-
nists and the use of a dry catheter pre-placement method has 
shown to be effective in improving site pain [ 17 ]. Patients are 
encouraged to maintain their SQ sites as long as possible to 
reduce site pain. Ongoing assessment should be performed 
to ensure the site is intact and drug is being absorbed, espe-
cially with those sites that have been in place for longer 
periods. 

 Epoprostenol, marketed as Flolan, or Veletri, is delivered 
intravenously. Both Flolan and Veletri are comprised of the 
same compound with different formulations and stability. 
Flolan is mixed daily and requires the use of ice packs changed 
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twice a day to maintain stability. Veletri is stable at room tem-
perature thus no ice packs are required and multiple cassettes 
can be mixed up to 7 days in advance of use when kept refrig-
erated. Patients initiated on epoprostenol require placement of 
a CVC, most commonly a  single -lumen Hickman line. The 
half-life of epoprostenol is approximately 6 min [ 18 ]. This 
short half-life requires patients to be both vigilant and thor-
oughly educated on the infusion in order for it to be main-
tained safely at home. Abrupt withdrawal or reduction of dose 
may result in life threatening rebound pulmonary hyperten-
sion. Patients are typically initiated on a low dose and upti-
trated as tolerated based on side effects and response to 
treatment. Generally a chronic stable dose is achieved and 
only small adjustments may be occasionally required. 

 Treprostinil, marketed as Remodulin, can be delivered 
subcutaneously or intravenously and has a half life of 
approximately 4 h [ 19 ]. This is a potential safety advantage 
for patients who do not live in close proximity of their PH 
center or in the case of an emergency. Starting dose and titra-
tion is similar to epoprostenol though chronic effi cacious 
doses are generally two or more times that of epoprostenol 
[ 20 ,  21 ]. The IV formulation is mixed every other day. There 
is no mixing required for SQ Remodulin and the medication 
syringe is most often changed every 3 days. Dose adjustment 
may be necessary if inhibitors or inducers of CYP2C8 are 
co-administered with treprostinil. 

 The PHC will communicate with patients frequently 
between visits to monitor PH symptoms, medication side 
effects and determine how well the patient is tolerating dose 
increases. This information is communicated with the health-
care provider to determine any adjustments necessary to the 
titration schedule and the need for any medications to treat 
site pain or adverse medication effects.    

    Supportive Care 

 In addition to medication education, most patients will also 
require ongoing educational support regarding diet, exercise, 
pulmonary and cardiac rehabilitation, oxygen therapy, dis-
ability and palliative care or other end of life challenges, as 
indicated. 

    Anticogulation 

 In addition to education around specifi c PAH medical thera-
pies, some patients will require anticoagulation, especially 
those patients with chronic thromboembolic pulmonary 
hypertension (CTEPH). In most cases, warfarin will be the 
anticoagulant of choice. However, newer factor Xa inhibitors 
are used more increasingly, although data remains lacking in 
regards to the effi cacy of this drug class in the PAH popula-

tion. The PHC staff are well positioned to educate patients of 
importance of regular INR monitoring, and the potential for 
drug-drug and drug-food interactions.  

    Dietary Guidance 

 Most patients will be placed on a low sodium diet and often 
a fl uid restriction if they have evidence of right ventricular 
failure and fl uid retention. The PHC generally is responsible 
for this education, possibly in conjunction with a dietician, 
and includes instruction on measuring daily sodium intake 
and preparing low sodium meals. Patients are taught the 
importance of daily weights and immediately notifying the 
PH center of weight gain of >2 lbs. in 1 day or >5 lbs. in 1 
week. Ongoing contact with patients regarding early aware-
ness and management of fl uid retention is critical in main-
taining appropriate volume status.  

    Oxygen and Exercise Therapy 

 Some PAH patients will require oxygen therapy. The PHC 
works with the patient and oxygen supplier to obtain the most 
appropriate oxygen device for the patient, both at rest and 
with exertion. Extensive education will be required including 
the importance of preventing hypoxia and traveling with oxy-
gen [ 22 ]. Pulmonary or cardiac rehabilitation may be ordered 
by the PH provider, but patients who cannot participate in 
medically monitored exercise programs need to be counseled 
about the benefi t of exercise and their restrictions. The PHC 
often provides general guidelines for exercise including the 
need to stop or slow down if they experience chest pain, 
excessive dyspnea, or light- headedness [ 23 ].  

    Change in PAH Patient Status 

 The PH coordinator is also responsible for teaching patients 
about early recognition of changes in their status and when 
to seek emergency medical care. Some patients with signifi -
cant activity intolerance and advanced disease may need to 
obtain temporary or permanent disability. If this is deemed 
appropriate by the treating physician and established guide-
lines, the PHC, preferably in conjunction with a social 
worker, will teach the patient how to begin the process and 
assist with completing disability forms.  

    Other Considerations 

 As a clinician, frustration can occur when the therapy that 
may be the most benefi cial to a patient is not practical or 
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available due to social or physical limitations. This typically 
comes into play when a prostanoid infusion is being consid-
ered, but can also be relevant with oral or inhaled treatments. 
Issues that may impede starting a therapy can include lack of 
support, age, drug dependency, history of non-compliance, 
or lack of dexterity from an underlying condition like sys-
temic sclerosis. SP nurses can provide valuable insight into a 
patient’s ability to handle a specifi c therapy through a home 
assessment and pre teaching on a therapy. 

 Caring for this patient population requires a tremendous 
amount of monitoring and follow up. Adopting a team 
approach inclusive of physicians, nurses, pharmacists, respi-
ratory therapists, and other specialized providers such as 
social workers and SP professionals is necessary to make 
certain the patient’s needs are being fully met. Establishing 
early in the care process a clear access route by which 
patients may contact their health care provider, PHC, and SP 
is critical to minimize the probability of avoidable problems. 
Finally, it is imperative that patients have a true understand-
ing of their disease, are aware of all available options, and 
understand the implications associated with the various 
therapies.   

    Practical Issues for Inpatient and Outpatient 
Care of PAH Patients 

 In the United States, hospitalization rates for pulmonary 
hypertension (PH) have increased over the past decade [ 24 ]. 
This has occurred despite increased access to new PAH- 
specifi c medications and advances in medical therapy dem-
onstrating improved survival in PAH patients [ 25 ]. Multiple 
studies have shown that even a single hospitalization is a pre-
dictor of mortality and readmission in this population [ 26 , 
 27 ]. This section will discuss factors to consider to improve 
the safety of the inpatient environment for PAH patients and 
for a smooth transition to post-hospital care with the goal of 
reducing potentially avoidable hospitalizations. 

 Even highly experienced PH centers struggle to provide a 
safe inpatient environment for PAH patients and this is par-
ticularly true for patients receiving parenteral prostacyclins 
[ 28 ]. Furthermore, common occurrences such as systemic 
hypotension and atrial arrhythmias are managed very differ-
ently in PAH patients than in patients with other co-morbid 
conditions. PH physicians and team members should main-
tain close involvement in the care of their hospitalized 
patients regardless of where the patient is hospitalized. 
Programs should have a low threshold to transfer PAH 
patients that are hospitalized outside of their main institu-
tion. Patients and their caregivers must be educated and 
advised to be diligent in advocating for themselves to make 
sure they are receiving all the medications prescribed by the 
PAH provider and stay in contact with that provider during 

any emergency room visit or hospitalization, even at their 
own center. 

 PH programs must employ a variety of strategies to main-
tain safety during hospitalizations. Strong consideration 
should be given to sequestering patients on a limited number 
of hospital units. The medical unit staff, both nursing and 
other allied health care professionals, should receive specifi c 
training in the disease state and administration of PAH medi-
cations with particular attention to the complexities charac-
terizing infused prostacyclins. The program should have 
written policies and procedures for the administration of 
infused prostacyclins, and these policies should document 
the process for dose verifi cation, schedule for cassette or 
syringe changes, type of infusion pumps utilized, manage-
ment of drug interruption events and contact information for 
PH program staff and resources. Careful attention should 
also be given to training hospital transportation services and 
rapid response teams familiar with acute right ventricular 
heart failure and associated hemodynamic instability. 

 Initiating new PAH-specifi c medications in the hospital 
ahead of obtaining insurance approval can result in signifi -
cant interruption to medical therapy after discharge. 
Excepting urgent cases, careful consideration should be 
given to delaying initiation of PAH specifi c therapy until 
insurance authorization is obtained. Equally important is 
confi rmation of a long term, affordable co-pay with the phar-
macy that will provide the therapy and the ability to obtain 
the medication immediately at discharge from either a mail 
order or local pharmacy. Even with insurance approval, the 
patient’s co-pay cost may be prohibitive. Patients will then 
need to apply to outside programs for co-pay assistance, 
which involves a process that may require weeks to 
complete. 

 If a decision is made for the institution to dispense a 
medication through samples or institutional supply, this 
should be discussed with the patient’s PH outpatient team 
to expedite authorization and co-pay assistance before the 
free supply is exhausted. In cases where insurance approval 
is denied, caution should be used for patients who express 
interest in paying out of pocket for medications, which 
occurs most commonly for PDE-5 inhibitor therapy. 
Patients need to be prepared to cover the cost indefi nitely 
in the event that the medication is deemed benefi cial 
despite insurance coverage denial. Providers should make 
every attempt to continue to appeal insurance denials at all 
levels until they have exhausted all options. Patients who 
have insurance through their employers but are denied 
approval for certain medications may advocate for cover-
age directly from within their local institutional Human 
Resources department. 

 Whatever the reason for hospitalization, thoughtful dis-
charge assessment and planning can prevent re-admission. 
However, the scope and timing of follow-up will vary 
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depending on the admitting diagnosis and condition of the 
patient upon discharge. For patients admitted with condi-
tions other than sequela of PH or PAH treatment initiation, 
for example surgery, consideration should be given to trans-
fer to the PH service prior to hospital discharge. Since 
patients frequently cannot be transferred to rehabilitation 
centers or skilled nursing facilities due to the expense and 
complexity of their PAH medications, they may require 
extended hospitalization. 

 The decision about discharge timing is made in conjunc-
tion with the PH team. Careful hand-off between the inpa-
tient and outpatient teams is crucial to document timing of 
follow-up clinic appointments and designation of responsi-
bility for monitoring the patient, laboratory tests and adverse 
events. When patients are admitted outside of the PH center, 
the discharge summary and testing should be reviewed and 
consideration should be given to having the patient return to 
PH clinic shortly after discharge. 

 In this population, the majority of hospital admissions are 
for worsening PH symptoms and management of right heart 
failure (RHF). While hospitalized, close attention should be 
given to recording accurate daily weights. The admission 
and discharge weights should be documented in the dis-
charge summary for easy review and comparison in the out-
patient setting. Patients should be advised to weigh 
themselves on their home scale immediately upon returning 
home and record daily weights thereafter. 

 On admission, careful assessment should be made of the 
patients adherence to both the prescribed outpatient diuretic 
and PAH regimen and sodium and fl uid restriction recom-
mendations. This can be done verbally with the patient and 
caregiver if present, but should be verifi ed with pharmacy 
records. The goal is to determine if the patient is failing cur-
rent medical therapy or failing to take it as directed. The 
answer to that question will guide the future treatment plan. 
If there is a perceived knowledge defi cit about the impor-
tance of sodium in heart failure management, a nutrition con-
sult may be helpful. 

    Managing Oxygen Therapy 

 The use of supplemental oxygen to maintain a 
PaO 2  > 60 mmHg remains part of the supportive care recom-
mendations for treatment of PAH [ 29 ]. Resting, exertional 
and nocturnal hypoxemia should be assessed and docu-
mented as part of a comprehensive evaluation. Patients need 
to understand hypoxemia may be present even in the absence 
of dyspnea. Signifi cant time should be devoted to selecting 
the appropriate oxygen delivery system, either stationary 
and/or portable to meet the patient’s current medical needs 
and capacity, and maintain clinical status. There are numer-
ous portable oxygen concentrators (POCs) now available 

that vary in fl owrate range, ability to deliver continuous vs. 
intermittent fl ow, size and weight. Generally, POC units 
capable of providing higher fl owrates are heavier in weight. 
These devices may be insuffi cient to meet patient demand 
and other portable systems will need to be considered. 
Careful testing should be performed on the chosen system to 
ensure patients’ needs are met prior to purchase or rental.  

    Access to Pulmonary and Cardiac 
Rehabilitation for the PAH Patient 

 Patients who have had prolonged hospitalizations with sig-
nifi cant deconditioning may benefi t from transfer to inpatient 
rehabilitation programs. However, inpatient rehabilitation 
programs may have limited experience caring for PH patients, 
inability to manage the complex medical regimen and may 
not be able to obtain PAH specifi c medications. The PH pro-
vider must determine if inpatient rehabilitation is a safe option 
for the patient, or they will be better cared for with home 
physical therapy and the eventual goal of enrolling in an out-
patient rehabilitation program. SP nurses can be employed to 
assess and monitor the patient at home. 

 For patients who have not had an acute event requiring 
hospitalization, there is increasing evidence that formal exer-
cise training is safe and improves symptoms and quality of 
life in patients with PH [ 29 ]. Generally, PH patients should 
be referred to a formal pulmonary or cardiac rehabilitation 
program to participate in safe medically monitored exercise. 
In practice, it can be challenging to fi nd outpatient exercise 
programs for PH patients. One of the most important quali-
ties of an exercise program is close proximity to the patient’s 
home since they typically will need to attend the program 3 
days a week for a minimum of 12 weeks, ideally followed by 
a long term maintenance program. This can present a chal-
lenge to the PH provider, since many patients live outside of 
their primary facilities catchment area. In these situations, 
the patient, PH team, and primary physician identifi es a suit-
able local program. The American Association of 
Cardiovascular and Pulmonary Rehabilitation (AACVPR) 
provides a searchable online directory to assist in locating 
programs throughout the U.S. 

 While Medicare does not currently cover pulmonary or 
cardiac rehabilitation for a diagnosis of PAH or right heart 
failure, some private insurers may. Medicaid coverage var-
ies from state to state. Pulmonary or cardiac rehabilitation 
may be covered by Medicare and private insurers for co- 
morbidities other than PAH. Ordering pulmonary therapy 
or pulmonary physical therapy may provide the same reha-
bilitation program and be covered by Medicare. Careful 
attention should be given to ordering therapy and coding 
orders accurately to optimize insurance coverage. The 
diagnosis codes used to order treatment should include the 

A. Poms et al.



335

medical diagnosis and more importantly, the functional 
abnormality that therapy will improve such as dyspnea, 
abnormal breathing pattern, generalized weakness or diffi -
culty walking. The prescription should be written to indi-
cate the functional abnormality. Ahead of sending a 
physician order for enrollment in rehabilitation, it is helpful 
to have a discussion with the program about the potential 
for insurance coverage. Programs less familiar with PAH 
will likely need assistance from the PH team to properly 
code the therapy. Denials for coverage should be reviewed 
to ensure that appropriate orders and codes were submitted 
originally. 

 Once insurance approval has been obtained, rehabilitation 
program-specifi c orders need to be carefully reviewed and 
adjusted. For example, many standard rehabilitation orders 
include administration of nitroglycerin for chest pain. This 
order may need to be deactivated for PAH patients and is 
contraindicated for patients actively received sildenafi l, 
tadalafi l or riociguat. Should standard rehabilitation include 
bending, lifting weights or working with high resistance 
bands, revisions may be required since these activities are 
generally avoided in PAH patients. It is also necessary to 
adjust the rehabilitation program standard vital sign param-
eters and provide specifi c instructions for oxygen require-
ments during exercise. The rehabilitation program should 
provide frequent updates to the PH program including atten-
dance and progress data. Careful attention should be given to 
reviewing electrocardiogram tracings to ensure that the 
patient is not experiencing or has converted to a dysrhyth-
mia. The PH program should document enrollment and com-
pletion dates of rehabilitation programs in the primary 
medical record. If available, patients should be encouraged 
to enroll in ongoing maintenance programs at the completion 
of the initial program. If this is not possible, the treating PH 
team should request a safe home exercise regimen be pre-
scribed for the patient upon discharge.  

    Palliative and Hospice Care 

 There has been a signifi cant increase in the number and use 
of palliative care programs in U.S. hospitals over the past 10 
years [ 30 ]. The World Health Organization defi nes palliative 
care as “an approach that improves the quality of life of 
patients and their families facing the problems associated 
with life-threatening illness, through the prevention, identifi -
cation and relief of suffering” [ 31 ]. The American College of 
Chest Physicians (AACP) Policy Statement on palliative 
care indicates that all patients with advanced lung disease 
should have access to palliative care services and they should 
be provided concurrently with life-prolonging care [ 32 ]. It is 
appropriate to use primary, secondary and tertiary palliative 
care services for symptomatic PAH patients. 

 When patients receiving maximum medical therapy con-
tinue to struggle with right heart failure and lung transplanta-
tion is not an option, it is appropriate to discuss referral for 
hospice care. The Johns Hopkins Hospital Palliative Care 
Service suggests that rather than try to predict a patients’ sur-
vival, providers should ask themselves, “Would you be sur-
prised if this patient died in the next 6 months?” If the answer 
is ‘no’, then discussion with the patient and referral to pallia-
tive care and or hospice services is appropriate. 

 Unfortunately, the ability of PAH patients to access inpa-
tient and outpatient hospice services is variable in clinical 
practice. Admission to outpatient hospice is most often 
declined due to the exceedingly high cost and complexity of 
PH specifi c medications. Hospice programs are reimbursed 
at a daily rate that does not account for the administration of 
expensive medications. Regrettably, PH patients are often 
asked to choose between continuing PH medications and 
enrollment in hospice services. Nonetheless, the PH staff 
should aggressively investigate options for allowing PH 
patients to enroll in formal hospice programs near the end of 
life. The staff should work with the patient, caregivers, hos-
pice program, SP and medication manufacturer to make 
every attempt to provide the patient with the support of hos-
pice services. To guide these discussions, it is helpful to ask 
the following questions;

    (i)    Is the patient willing to discontinue PH medications 
now or ever?   

   (ii)    Are there family or other close personal contact(s) that 
are willing and able to care for the patient at home?   

   (iii)    Is the SP able to work with the health insurance com-
pany to provide fi nancial coverage for PH medications? 
If the hospice program cannot provide coverage for PH 
medications, will the manufacturer consider that denial 
as uninsured or underinsured, and allow the patient to 
receive the medications through their patient assistance 
program?   

   (iv)    Are creative ways available to provide the patient with 
PH medications?   

   (v)    What will happen if the patient changes a decision 
about enrollment in hospice?     

 Unfortunately, sometimes patients may get the impres-
sion that they will no longer be able to visit or call their PH 
physician and coordinator once they enroll in hospice. It is 
helpful to have a proactive discussion about this with the 
hospice program and the patient. Patients are advised that 
while goals of care have changed, the close, long-term rela-
tionship with their PH team is unchanged. 

 Patients dying from refractory right heart failure develop 
signifi cant ascites frequently despite high dose diuretic ther-
apy. Abdominal ascites causes pain and can limit the patient’s 
ability to eat, which, in turn, may exacerbate distress for the 
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patient and their family. Palliative large volume paracentesis is 
an important option to maintain comfort. The PH program can 
assist with arranging routine, regular paracentesis at a facility 
close to the patient’s home for comfort and convenience.   

    Access to PAH Medication 

 Ensuring access to PAH-specifi c medications is an essential 
aspect of supportive care for the PAH patient. These medica-
tions are expensive and generic forms are only starting to 
become available though still costly. Cost of and access to 
therapy are important determinants of adherence. In a survey 
conducted in Minnesota, Schomer et al. found that 26 % of 
adult consumers, compared to 5 % of physicians, reported 
that total drug costs were most important, compared to 63 % 
vs. 86 % for out-of-pocket costs. Financial hardship in pur-
chasing prescription drugs was reported by 27 % of consum-
ers [ 33 ]. Studies of the effects of the Medicare Part D 
coverage gap on medication use and adherence have been 
conducted in diabetes [ 34 ], hypertension and hyperlipidemia 
[ 35 ], and heart failure with diabetes [ 36 ]. All found a reduc-
tion in medication use and adherence for groups without sup-
port through the gap, compared to those with coverage 
through the gap. The high cost and lack of affordable generic 
alternatives makes PAH patients especially vulnerable to 
lapses in therapy.  

    Navigating Health Insurance 

 Private, commercial, and public (government) insurance 
usually includes prescription drug coverage. Health plans 
often contract with a pharmacy benefi t manager (PBM) to 
manage their members’ pharmacy claims. The PBM will 
contract with specifi c local and specialty pharmacies or may 
have their own dedicated specialty pharmacy. Using a differ-
ent specialty pharmacy may result in higher co-pays, or may 
not be covered at all. 

 Public insurance includes Medicare (federally based) and 
Medicaid (state based). Original Medicare for persons over 
age 65 or disabled includes Part A for inpatient services and 
Part B for outpatient services and durable medical equip-
ment. It covers 80 % of the cost of services with the remain-
ing 20 % covered by the patient out of pocket, or by a 
supplemental plan, also known as a Medigap policy. 
Medicare Advantage Plans (otherwise known as Part C) are 
private managed care plans that replace Part A and B. In 
exchange for a limited provider network and managed care 
model, supplemental insurance is not needed,. A primary 
care provider (PCP) acts as a gatekeeper, and prior authoriza-
tions are required for specialty care, tests and procedures. 
Medicare Advantage Plans may also include Part D 

 (prescription drug coverage) (MA-PD). Medicaid is admin-
istered by the states (partially funded by the federal govern-
ment) to provide health insurance to low income and/or 
disabled persons. It may act as the sole payor, or function as 
a secondary insurance to Medicare. Persons with both 
Medicare and Medicaid are termed “dual eligibles”. Since 
Medicaid is administered by each state, coverage varies 
widely from state to state and even county by county within 
each state. A growing trend in Medicaid is to implement 
managed care, similar to the Medicare Advantage Plan 
model. Private health plans contract with Medicaid to pro-
vide health insurance coverage for their members. In some 
states, it’s possible to fi le a managed care exemption so 
patients with complex health problems can remain with tra-
ditional Medicaid and not be limited to the restricted net-
work of providers of a Health Maintenance Organization 
(HMO). 

 The Patient Protection and Affordable Care Act (ACA) 
resulted in signifi cant changes that impact PAH patients. 
Components of the ACA that are especially relevant to PAH 
patients include making insurance more affordable through 
subsidies for low income persons, expanding Medicaid to 
those within 138 % of the federal poverty level (19 states 
have declined to expand Medicaid as of February 2014), 
eliminating pre-existing condition exclusions and higher 
rates, eliminating annual and life-time caps on benefi ts and 
the gradual closing of the Part D coverage gap or “donut 
hole” by 2020. 

    Prescription Drug Coverage 

 Medicare Part D covers prescription drugs, all administered 
through private insurance plans or PBMs. These plans can be 
purchased along with Original Medicare or a Medigap plan. 
A monthly premium is paid for the coverage. The annual 
deductible can vary from zero to a maximum of $310 for 
2014 [ 37 ]. After the deductible is met, the plan pays a portion 
of the cost and the patient has co-insurance which is a per-
centage of the drug cost. In 2009, the median co-insurance 
was 30 % for specialty tier drugs [ 38 ]. A coverage gap, 
known as the donut hole begins when total drug spending (by 
the patient and the plan) reaches a set amount ($2850 in 
2014, $2960 in 2015). In the coverage gap the patient is 
responsible for a higher percentage of the cost of their medi-
cations until they have reached the maximum out of pocket 
cost. In 2014, this cost is 47.5 % of the plan’s cost of brand- 
name drugs, decreasing to 45 % in 2015 due to the ACA. In 
addition to the percentage the patient pays, the manufactur-
er’s discount payment of 50 % also counts toward the out-of- 
pocket costs, making it easier for the patient to get through 
the donut hole [ 39 ]. Once a set out-of-pocket maximum has 
been reached, catastrophic coverage automatically begins 
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and the patient’s contribution drops to 5 % of the drug cost. 
In 2014 the out-of-pocket maximum is $4550, in 2015 it will 
be $4700 [ 40 ]. Dual eligibles are automatically assigned a 
Medicare Part D plan and Medicaid covers the monthly pre-
mium for the Part D plan. Because they qualify for Medicaid, 
dual eligibles are not subject to deductibles or the coverage 
gap and co-pays are low for almost all prescriptions. Patients 
may be eligible for Extra Help with their prescription drug 
costs. Letters are sent out in May by the Social Security 
Administration (SSA) to alert patients that they may be eli-
gible and should apply for Low Income Support (LIS) or the 
Medicare Savings Program (MSP), components of Extra 
Help. Patients can apply on-line (  http://www.socialsecurity.
gov    ) or at their local Medicaid offi ce [ 41 ].  

    Disability 

 Most Americans have employer-based insurance or buy pri-
vate individual plans if they are self-employed. Due to limi-
tations from their disease, many PAH patients are unable to 
work and lose employer-based insurance coverage. They can 
continue this insurance through the Consolidated Omnibus 
Budget Reconciliation Act (COBRA); however, it is quite 
expensive. Patients must pay their premium in addition to the 
employer contribution. Due to reduced work hours or having 
to stop working altogether, this is generally unaffordable for 
most. Under the ACA, patients have the ability to buy insur-
ance on state exchanges or the federal exchange and cannot 
be denied coverage due to a pre-existing condition. 

 When patients are no longer able to work due to their 
medical condition, they should apply for Social Security 
Disability (SSD) through the SSA [ 42 ]. Negotiating the dis-
ability process can be long and complicated for patients. 
There are several resources to assist patients, some specifi c 
to PAH (Table  21.1 ). Applicants must satisfy a work history 
requirement and a disability requirement. In order to collect 
SSD, one must have worked and paid Social Security payroll 
taxes (FICA). The benefi t amount received is proportional to 
the amount paid into FICA. Social Security only pays for 
total disability, which is a complete inability to work, even 
with accommodations, and the disability is expected to last at 
least 1 year or to be fatal. At this point in time, the guidelines 
in the Blue Book (a manual that lists medical conditions that 
automatically qualify for disability) reference 3.09 Cor pul-
monale secondary to chronic pulmonary vascular hyperten-
sion under the Respiratory Listing [ 43 ]. The qualifying 
evidence includes documentation of chronic and irreversible 
right ventricular overload or failure, electrocardiogram and 
imaging test results. In addition, mean PAP >40 mmHg or 
arterial hypoxemia (two arterial blood gas studies performed 
on room air, at rest and at least 3 weeks apart within 6 
months) must be documented. For example, at less than 3000 
ft above sea level, pCO2 must be ≥40 mmHg and 
pO2 ≤ 55 mmHg. The Scientifi c Leadership Council of the 
Pulmonary Hypertension Association is advocating for poli-
cies that are more accurate and complete for PAH patients to 
meet the disability requirement. It may take 3–5 months to 
process disability claims and it is not unusual for the fi rst 
disability claim to be denied. Patients should plan to appeal 

     Table 21.1    Disability and medicare resources   

 Agency or organization  Description  Contact information 

 Social Security Administration  SSD 
 SSI 

   http://www.socialsecurity.gov     
 800 772-1213 
 Local social security offi ce 

 Medicare  Offi cial government site 
 Information about Medicare, choosing plans and 
enrolling 

   http://www.Medicare.gov     
 800 633-4227 

 PSI-A.C.C.E.S.S. 
 Advocating for chronic conditions, 
entitlements and social services 

 Direct representation and guidance for disability 
applications 

   http://www.patientservicesinc.org/For-Patients/
ACCESS     
 888 700-7010 
 Legal support hotline 877 851-9065 

 Advocacy for patients with chronic 
conditions 

 Education, advice and advocacy relating to 
health insurance, disability and legal rights 

   http://www.AdvocacyforPatients.org     
 860 674-1370 
 Patient_Advocate@sbcglobal.net 

 Caring voice coalition  Insurance and disability counseling, patient 
support services, public advocacy and some 
legal assistance 

   http://www.CaringVoice.org     
 888 267-1440 

 Pulmonary hypertension association  Educational resources and patient advocacy    http://www.PHAssociation.org/Insurance     
 Insurance Program 301 565-3005, x773 
 Insurance@PHAssociation.org 

 Medicare rights center  Free counseling and educational programs 
 Assistance in English and Spanish 

   http://www.MedicareRights.org     
 800 333-4114 
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the initial denial. The specifi c PH resources for disability 
(Table  21.1 ) may be particularly helpful at this point.

   Once permanent disability has been granted, Social 
Security Disability Income (SSDI) payments commence and 
the 2 year waiting period begins for Medicare benefi ts. 
Concurrently, patients are considered for Supplemental 
Security Income (SSI). This program provides low-income, 
disabled people with a very modest amount of money to 
meet basic needs. The program is funded by general tax rev-
enue and not Social Security taxes. It is need-based and has 
no work history requirements. In most states, SSI automati-
cally includes Medicaid and other government assistance 
programs, such as food stamps. In this case, Medicaid would 
act as the primary insurance during the 2 year waiting period 
for Medicare. Once the patient is eligible for Medicare, 
Medicaid becomes secondary and Medicare Part D takes 
over for prescription drug coverage.  

    PAH Medication Authorization and Referral 
Process 

 Parenteral prostanoids are covered under major medical 
plans; for example, Medicare Part B (at 80 %) and a second-
ary insurance (remaining 20 %). Coverage of inhaled pros-
tanoids may vary depending on the plan. Oral medications 
are covered under the prescription drug plan. Some oral 
medications are available at local pharmacies (sildenafi l and 
tadalafi l) but the remainder are dispensed by SP’s. Due to 
REMS requirements and the complexity of some therapies, 
the distribution may be restricted to a limited number of 
SP’s. Patients on more than one PAH specifi c medication 
may need to interface with two or more pharmacies. For 
example, the PBM contracts with one SP for oral medica-
tions and the health plan contracts with a different SP for 
parenteral therapy. Not all local pharmacies stock expensive 
medications that are rarely dispensed; refi lls must be ordered 
well in advance to prevent interruption of therapy. To avoid 
potential lapses in therapy, it may be best to have all PAH 
medications dispensed by a SP. Required medication- specifi c 
referral forms are completed for most PAH medications and 
then submitted to the SP. Enrollment forms are mandated for 
medications with REMS requirements, and are sent to the 
specifi c program for each drug. These forms include both 
patient and prescriber information, insurance information, 
statement of medical necessity, diagnosis and the prescrip-
tion. In addition, parenteral prostanoids require clinical doc-
umentation for evidence of medical necessity. Regardless of 
the current insurance, the standard of documentation must 
meet Medicare guidelines. If the patient becomes Medicare 
eligible in the future, this assures that all the needed clinical 
documentation is obtained before initiation of therapy. 
This documentation includes: (1) history and physical 
 documenting signs and symptoms of PAH, progression of 

disease and need for the requested therapy, (2) echocardio-
gram, (3) right heart catheterization, (4) calcium channel 
blocker statement (result of vasoreactivity testing during 
RHC or why this treatment is contraindicated), (5) ventila-
tion/perfusion lung scan (preferred) or CT pulmonary angio-
gram to rule out CTEPH, (6) Antinuclear antibody test 
(ANA) for connective tissue disease screening. The SP will 
then submit the documentation to obtain insurance authori-
zation for the therapy. However, in the case of managed care 
plans, the prescriber’s offi ce usually has to submit for autho-
rization from the health plan or the medical group. In some 
cases, there is prolonged deliberation over who is “at-risk” to 
cover the therapy, the health plan or the medical group. Once 
the referral has “cleared”, the SP notifi es the patient and pro-
vides a benefi ts explanation, including responsibility for any 
co-pays or deductibles. Simultaneously, the prescriber offi ce 
will be contacted so initiation of therapy can be scheduled. 
Close contact is needed with the SP at each step in the pro-
cess. Submitting all required documentation with the referral 
will expedite clearance. Patients who have co-morbid lung or 
heart disease will require additional specifi c statements sub-
mitted outlining evidence that these conditions are not the 
primary cause of the PAH. Examples of such co-morbid con-
ditions are obstructive sleep apnea, chronic obstructive lung 
disease, interstitial lung disease, sarcoidosis, left ventricular 
diastolic dysfunction and valvular heart disease. 

    PAH Patient Home Assessment and Therapy 
Demonstration 

 Oral PAH medications are covered under the prescription 
drug benefi t, be it private, commercial, Medicaid or Medicare 
Part D and may be managed by a PBM. The prior authoriza-
tion (PA) process allows the PBM to control cost and access 
to these expensive medications. The PBM contends that it 
ensures effi cacy and patient safety. Most PAH medications 
require a PA, a very time consuming activity that places sig-
nifi cant burden on staff. Annual or more frequent re- 
authorizations are often mandated and can result in 
medication interruption if not planned for ahead of time. A 
2010 American Medical Association survey found that phy-
sicians spend an average of 20 h per week on prior authoriza-
tions [ 44 ]. Prior authorizations have become more common 
in Part D plans. In 2013, brand-name drugs required prior 
authorizations 21 % of time compared to 8 % in 2006 [ 44 ]. 
Given the complexity of the PA process, having a limited 
number of profi cient staff will allow for a more effi cient sys-
tem. Mistakes can easily result in time consuming denials 
and appeals. Emerging sophisticated electronic medical 
record systems may be designed to alert involved parties to 
key components (such as WHO Group or Functional Class) 
that are necessary to satisfy PA requirements for a specifi c 
medication. Prescription drug plans and PBMs have set 
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 formularies that specify preferred medications in a class and 
may designate step therapy where one medication (often the 
least expensive) must be tried fi rst before another medication 
can be used or added. Medications are placed in Tiers, which 
determine the amount of the co-pay (a set amount, such as 
$5–10) or co-insurance (a percentage, such as 25–50 %). 
Tier 1 is typically for generics with the lowest co-pay. 
Expensive, specialty medications (PAH therapies) mostly 
fall in the highest category, Tier 4, often with a co-insurance 
(20–50 %). In a literature review, Eaddy, et al. found that 18 
out of 24 studies conducted between 1975 and 2008 found 
that increasing patient cost sharing had a statistically signifi -
cant adverse effect on medication adherence [ 45 ]. In some 
cases, it is possible to request a Tier exception or adjustment 
if the patient’s share of cost is unacceptable, especially for a 
life-sustaining medication for which there is no generic 
alternative. If the PA request is denied, the provider should 
appeal the denial. Some plans may be quick to deny an 
expensive medication on the initial request, but the denial 
may be overturned on appeal (also called redetermination) 
with little or no additional evidence. It is essential to obtain 
the complete denial letter and respond directly to the reason 
for denial. Table  21.2  lists the types of appeals that may be 
submitted. The denial letter must explain the appeal process 
and give directions about how to fi le the appeal. An expe-
dited appeal must be adjudicated within 72 h and can be 
requested for urgent, life sustaining requests. A standard 
appeal must be adjudicated in 7 days. Successful appeals 
provide medical evidence to support the claim that the 
requested medication is preferred for a specifi c patient based 
on the patient’s clinical condition, the properties of the medi-
cation (including potential side effects or drug-drug interac-
tions) and evidence from the medical literature, including 
clinical trials.

   If the appeal is denied, the next step may be to request an 
expedited independent (or outside) review. Maximus Federal 

Services is the Independent Review Entity (IRE) for all 
Medicare Part D appeals. If this fails, there are still mecha-
nisms for further appeals that will be detailed in the denial 
letter. An alternate strategy after the denial of the fi rst appeal 
is to request a peer-to-peer review with the medical director 
of the PBM or health plan and the prescriber. This may be 
diffi cult to arrange and coordinate, but it is often very effec-
tive since the PH specialist is speaking directly to a decision 
maker. 

 Even when successful with prior authorizations, patients’ 
may face fi nancial hardship in paying for their medications 
and medical care. Each PAH pharmaceutical company has 
patient assistance programs designed for uninsured and 
underinsured patients covered by private or commercial 
insurance. Table  21.3  lists the current pharmaceutical com-
pany patient assistance programs. If the patient is covered by 
government insurance, foundations can provide fi nancial 
assistance based on need. In addition to co-pay assistance or 
coverage through the “donut hole”, they may be able to pro-
vide assistance with premiums or refer patients to other 
assistance agencies. Caring Voice Coalition, in addition to 
providing insurance and disability counseling, provides co- 
pay and premium assistance as well as assistance with ther-
apy appeals. Patient Services, Inc. (  http://www.
patientservices.org    , 800 366-7741) provides fi nancial assis-
tance with premiums and co-pays for selected PAH medica-
tions. Chronic Disease Fund (  http://www.cdfund.org    ; 877 
968-7233) is another foundation that can assist underinsured 
patients with expensive therapies. Specialty pharmacies have 
patient assistance programs for parenteral therapy and should 
refer patients with fi nancial needs related to other PAH thera-
pies to the appropriate agencies (see Table  21.1 ).  

 Home assessment and therapy demonstration/pre- 
teaching visits by SP nursing are available to introduce the 
therapy, delivery system, and required daily routines. This 
visit can occur while the insurance clearance is in process. 

   Table 21.2    Medication appeal options   

 Type of appeal  Reason for denial  Response 

 Formulary exception  Requested medication is “non-formulary”. Common for 
newly approved medications that have not yet been 
reviewed by the PBM for addition to their formulary 

 Present evidence why the requested medication is 
preferred either based on the characteristics of the 
medication, the patient’s clinical condition or both 

 Plan exception  Requested medication is “not a covered benefi t”. This is 
an exclusion written into the plan 

 Review the Explanation of Benefi ts (EOB) 
 Appeal is directed to the plan’s administrators, for 
example, a Board of Trustees 

 Step edit  Plan has a requirement for step therapy. Another 
medication must be tried and failed before the requested 
medication can be authorized 

 Present evidence why the requested medication is 
preferred either based on the characteristics of the 
medication, the patient’s clinical condition or both 

 Quantity override  The requested dose or quantity of pills exceeds the plan 
limit 

 Present evidence that the requested dose is safe and 
effi cacious from the literature or has been effective for this 
particular patient 

 Medical necessity  The request does not meet the plan’s criteria for medical 
necessity. For example, the diagnosis is contested 
(non-WHO Group I) or disease is not considered severe 
enough (Functional Class) 

 Present diagnostic testing that supports the diagnosis and 
descriptions of patient symptoms, especially activity 
intolerance 
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The home assessment by the SP nurse can identify any con-
cerns regarding the home environment or caregiver support 
system, which may infl uence the prescriber’s determination 
of the most appropriate therapy. Depending on the needs of 
the PH provider and staff, the SP is available to augment 
patient education, specifi cally, teaching therapy administra-
tion to the patient and family in the hospital, clinic or home 
setting. The PH team should receive regular reports about the 
patient’s progress, be notifi ed of any problems or adverse 
events and informed when the patient/family is profi cient 
and home visits are no longer required. Patients on chronic 
therapy have monthly phone contact with the SP to reorder 
medication and supplies and monitor dosing and adverse 
events. Any noted discrepancies from the prescribed plan 
will immediately be reported to the PH team. Additional 
home visits can be made as deemed necessary. The PH team 
can also develop specifi c patient protocols for the SP to 
implement and follow.  

     Pulmonary Hypertension Patient, Family 
and Caregiver Support Networks 

 A family caregiver is broadly defi ned as a friend or relative 
who provides unpaid assistance to a person with a chronic or 
disabling condition. In 2009, nearly 66 million Americans 
(three in 10 U.S. households) reported at least one person 
providing unpaid care as a family caregiver [ 46 ]. 

 Chronic illness can affect relationships in a multitude of 
ways. Feelings of shock, anger, fear, and denial can be normal 
common responses to receiving a devastating medical diag-
nosis. The challenge lies in fi nding ways to address the illness 
as a team to limit resentment, frustration and isolation. 

 Discussing chronic illness is diffi cult and, at times, distress-
ing. Ongoing honest dialogue is necessary for effective com-
munication. Having a united front to approach and manage the 
acute and chronic life changes is paramount. It is important to 

direct feelings of frustration to the disease, not toward the 
patient or caregiver. Avoiding blame and guilt allows for inter-
actions that lead to healthier relationships and lifestyles. 

 The unpredictability and uncertainty of chronic illness 
can lead to signifi cant anxiety and fear for both the patient 
and their caregivers. Focusing on what is within their control 
can help strengthen, and even, improve the relationship. 
Living with a chronic condition may alter the relationship 
between partners in many ways:

•    It may be diffi cult to share uncomfortable feelings and 
fears  

•   Changes can occur in the roles and responsibilities of the 
relationship  

•   Plans and expectations for the future are disrupted  
•   There may be changing sexual feelings and responses 

[ 47 ]    

 Chronic illness often places fi nancial stress on the family 
ranging from bitterness to fear of the unknown. Caretakers may 
fi nd themselves as the primary or sole fi nancial earner if the 
patient has to reduce work hours or stop working altogether. 

 The balance of work and responsibilities can change dra-
matically when a person is no longer able to function at base-
line. They may experience loss of identity, making it diffi cult 
to fi gure out where they fi t into the current family structure. 
It’s important for all family members, especially the patient, 
to feel they are in some way contributing to the household 
and relationships. 

 PAH is a progressive chronic disease that places a signifi -
cant burden on patients and their caregivers. Distressing and 
debilitating symptoms for patients, including exertional dys-
pnea, fatigue, chest pain/discomfort, and feeling dizzy or 
lightheaded are common, causing physical and psychologi-
cal harm [ 48 ]. The disabling nature of the disease can impact 
patients’ relationships with family and friends, their ability 
to work and exercise, and their fi nancial security [ 49 ]. Data 

   Table 21.3    Pharmaceutical company patient assistance programs   

 Pharmaceutical company  Medications  Name of program  Contact info 

 Actelion Pharmaceutics US, 
Inc. 

 Tracleer (bosentan) 
 Opsumit (macitentan) 
 Veletri (RTS epoprostenol) 
 Ventavis (iloprost) 

 PAH Pathways    http://www.pahpathways.com     
 866 228-3546 

 Bayer HealthCare, LLC  Adempas (riociguat)  Aim Patient Support    http://www.Adempas-US.com     
 855 423-3672 

 Gilead Sciences, Inc.  Letairis (ambrisentan)  LEAP-Letairis Education and 
Access Program 

   http://www.letairis.com     
 866 664-5327 

 Pfi zer, Inc.  Revatio (sildenafi l)  RSVP Program- Reimbursement 
Solutions, Verifi cation and Payment 
Program 

 888 327-RSVP 

 United Therapeutics 
 Corporation 

 Orenitram (oral treprostinil) 
 Remodulin (treprostinil) 
 Tyvaso (inhaled treprostinil) 

 UT Assist  877 864-8437 
 87-UNITHER 
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from the multicenter US-based REVEAL Registry showed 
that clinical depression, defi ned as patients with the comor-
bid condition clinical depression and/or patients with the 
reported use of selective serotonin reuptake inhibitors as a 
concomitant medication, was present in 25.5 % of PAH 
patients [ 50 ]. 

    Patient Support and Networks for PH 

 The PHA is a non-profi t support, education, advocacy and 
awareness organization for patients and caregivers dealing 
with PAH. Their mission is to “fi nd ways to prevent and cure 
pulmonary hypertension, and to provide hope for the pulmo-
nary hypertension community through support, education, 
research, advocacy and awareness” [ 51 ]. It also serves as the 
accreditation body for the pulmonary hypertension compre-
hensive care (PHCC) initiative, a program established to cre-
dential centers with special expertise in pulmonary 
hypertension for achieving the overall goal of improving 
quality of care and outcomes for patients. 

 PHA provides comprehensive services and resources for 
patients, caregivers, families and friends. Some of these ser-
vices include:

•    Materials and e-courses for newly diagnosed patients  
•   The PAH Survival Guide  
•   Medical Education Programs (live and online)  
•   Connecting patients with in person, email and telephone sup-

port groups, chat rooms, message boards and a listserve.  
•   Patient and Caregiver mentoring programs created to con-

nect via email.  
•   Age specifi c programs for children and young adults  
•   Advocacy Action Center [ 52 ]     

    Role of the Caregiver 

 PAH caregivers play a signifi cant role in patients’ medical 
care and self-management. They often serve as the ears, eyes 
and sometimes voice of the patient. First and foremost is the 
need to understand and be educated about the disease state. 
This can be accomplished in a variety of ways starting with 
the patient’s health care providers, through patient organiza-
tions and associations, and attendance at local educational 
forums and support groups. It’s important to understand and 
recognize the signs and symptoms of both the illness and its 
treatment in order to optimize patient care and compliance. 

 Family members and friends are best situated to monitor 
and understand how a patient’s illness affects their daily life. 
Subtle changes in activities of daily living or symptoms are 
often noticed by caretakers before the patient recognizes 

them. Discussing these changes and, when appropriate, noti-
fying the health care team in a timely fashion is critically 
important to the patient’s health. 

 Helping track medication schedules, supplies, appoint-
ments and maintaining diaries will contribute to improved 
compliance with the prescribed medical regimen. Whenever 
possible, a family member or friend should accompany the 
patient to doctor visits to provide relevant information and 
partake in discussions with physicians and other health care 
providers. Often the patient alone will not be able to absorb 
the detailed information presented by the medical team, 
hence the need for a “second set of ears”. Formulating ques-
tions in advance of appointments will allow for more effi -
cient use of time with the medical team.  

    Effects of Living with Chronically Ill Patients 
on Caregivers 

 Serving as a caregiver can adversely affect emotional and 
physical health. Uninterrupted feelings of responsibility for a 
loved one’s care and welfare may be burdensome. It may be 
diffi cult to share concerns with loved ones, leading to frus-
tration and emotional isolation. Taking on more of the house-
hold and fi nancial responsibilities may lead to a reduction in 
social and recreational activities. Ongoing levels of stress 
and a tendency to neglect self care leads to physical and 
mental exhaustion for caregivers. 

 A study commissioned by PHA Canada in late 2013 con-
ducted online by pollster Harris, found 60 % of PAH patients 
reported they were either no longer able to work at all or 
partially stopped working due to their PAH. Close to 40 % of 
caregivers were forced to make employment changes to care 
for someone with PAH. Financial stability of those affected 
by PAH, many of whom were in their prime earning years, 
was of major concern to the surveyed participants [ 53 ]. 
Caregiver career advancement and plans may stagnate as a 
result of their changing lifestyle. 

 Studies consistently report higher levels of depressive 
symptoms and mental health problems among caregivers 
than among their non-caregiving peers [ 54 – 58 ]. Estimates 
show that between 40 and 70 % of caregivers have clinically 
signifi cant symptoms of depression, with approximately one 
quarter to one half of these caregivers meeting the diagnostic 
criteria for major depression [ 59 ]. 

 Of those surveyed by PHA Canada, more than 61 % of 
caregivers surveyed admitted that PAH led directly to social 
isolation and issues in relationships. Most respondents attrib-
uted these diffi culties to the “invisibility” of PAH. Because 
there is a palpable lack of awareness about the disease, the 
ignorance lead to misunderstandings among friends, cowork-
ers, and the overall public, all of which leads to a sense of 
social isolation [ 53 ]. These fi ndings were supported further 
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by Hwang and colleagues, who found that caregivers of PAH 
patients lack suffi cient emotional support or information to 
meet the demands of caregiving [ 60 ]. Alternatively, caregiv-
ing can lead to positive outcomes. Existing relationships may 
be enriched and new ones developed. Providing care for a 
family member or loved one can offer personal fulfi llment 
and a sense of accomplishment.  

    Caring for the Caregiver 

 In order to maintain and adequately manage the additional 
responsibilities of caring for a chronically ill family member, 
it is vitally important for caretakers to pay close attention to 
themselves. Without adequate sleep, good nutrition and reg-
ular exercise, caretakers are subject to physical and/or men-
tal stress and illness. Leisure time, hobbies and interests and 
social support will better enable the caregiver to manage the 
stress in their lives. 

 Equally important is for caregivers to fi nd and attend a 
support group that meets their individual needs. Research 
demonstrated that caregivers who actively participate in a 
support group are much better equipped to handle thoughts, 
feelings, and situations they encounter while caring for their 
loved ones. They are less likely to have negative feelings 
about their family member, such as anger and resentment, 
which can undermine the relationship between them, as well 
as affect the care they are able to offer [ 61 ]. 

 Attending patient led support groups often provide fel-
lowship for caregivers. There are more than 200 support 
groups alone listed on PHA’s website. These meetings often 
host expert medical professionals and provide a forum for 
discussion on all PH related topics. Living with chronic ill-
ness presents many obstacles and challenges to both patients 
and caregivers. With adequate resources and coping strate-
gies, families and support persons can lead fulfi lling and 
gratifying lives.      
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      Special Considerations 
for the Pulmonary Hypertension Patient       

     Kristina     T.     Kudelko      ,     Roham     T.     Zamanian     , 
and     Vinicio     A.     De     Jesus Perez    

            Exercise and Pulmonary Hypertension 

    Basics of Exercise Adaptation 
and Maladaptation 

 Normally, during exercise, cardiac output (CO) is expected 
to increase in order to augment oxygen delivery to peripheral 
muscles. The pulmonary vasculature accommodates this 
increase in pulmonary fl ow by recruiting more vascular 
units. Consequently, pulmonary arterial pressure (PAP) only 
mildly increases despite considerable increases in CO, and 
pulmonary vascular resistance (PVR) decreases during exer-
cise. In patients with pulmonary hypertension (PH), the abil-
ity to recruit functional pulmonary vascular units is impaired. 
Hence, the mandatory increase in CO is less tolerated by the 
pulmonary vasculature, and PAP signifi cantly increases, 
leading to an abrupt rise in PVR [ 1 ]. 

 Furthermore, ventilation-perfusion mismatching is also 
thought to play a key role in exercise limitations in PH 
patients [ 2 ]. There is a relative hypoperfusion of well- 
ventilated lung units due to impaired pulmonary fl ow. “Dead 
space” ventilation is increased, leading to an increase in min-
ute ventilation (VE) out of proportion to carbon dioxide out-
put (VCO 2 ). This elevation in VE/VCO 2 , a surrogate for 
ventilatory effi ciency, as measured by cardiopulmonary 

exercise testing (CPET) has been well-described in the con-
gestive heart failure literature [ 3 ,  4 ] and has been shown to 
have prognostic signifi cance [ 5 ]. Reports have confi rmed a 
similar elevation in chronic PH patients [ 2 ,  6 ]. Moreover, a 
reduced ventilatory effi ciency (i.e. a high VE/VCO 2 ), along-
side a depressed peak maximal oxygen consumption (VO 2 ), 
a surrogate for work capacity, depressed peak oxygen pulse 
(VO 2 /heart rate [HR]), a surrogate for stroke volume, and 
early anaerobic threshold (AT) has been shown to correlate 
with severity of disease [ 2 ].  

    Exercise as Adjunct Therapy in PH 

 Exercise has been traditionally considered dangerous in PH 
patients for fear that these various impairments can lead to 
acute right ventricular compromise during exercise [ 1 ]. 
Importantly, PH patients can experience extreme dyspnea, 
dizziness, fatigue and even syncope during exercise, particu-
larly during sudden, rigorous activity in an unsupervised set-
ting. Walk distances as evaluated by the standardized 6 min 
walk test (SMWT), which have been shown to correlate with 
mortality [ 6 ], are signifi cantly reduced. Quality of life (QOL) 
questionnaires address many aspects of physical capacity 
and perception. Scores on such questionnaires are substan-
tially lower in PH patients and reliably track with mortality 
and time to clinical worsening [ 7 ]. Therefore, many experts 
have historically placed limitations on physical activity in 
PH patients. However, newer data have shed light on the 
potential benefi ts of low intensity, supervised, endurance- 
building exercise in a pulmonary rehabilitation setting in 
patients with PH [ 8 – 15 ]. 

    Intensive Regimen 
 In a landmark study by Mereles et al. [ 11 ], 30 patients on 
stable pulmonary vascular-specifi c therapy for the treatment 
of pulmonary arterial hypertension (PAH) or chronic throm-
boembolic PH (CTEPH) were randomized to either an exer-
cise and respiratory training program plus pulmonary 
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education and non-intensive physical therapy (e.g. massage) 
versus pulmonary education and therapy alone. The fi rst 
3 weeks of the exercise program consisted of daily bike 
training, walking for 60 min 5 days/week, 30 min of isomet-
ric weight lifting (e.g., dumbbell use), and respiratory train-
ing sessions, which, collectively, required an inpatient 
hospital stay. A slightly less intensive exercise program was 
continued in the outpatient setting for another 12 weeks. 
Primary outcome measures were change in 6-min walk dis-
tance (SMWD) and QOL scores, which are a valid proxy 
marker of mortality [ 6 ,  7 ]. Patients were predominantly 
World Health Organization (WHO) functional class III 
(N = 22/30). At the end of 15 weeks, the intervention group 
demonstrated an increase from baseline in SMWD by +96 m 
compared to a decline of 15 m in the control group 
(p < 0.0001). Furthermore, many QOL dimensions improved 
signifi cantly in the intervention group, particularly for physi-
cal functioning and vitality. Notably, patients tolerated the 
program well: although mild dizziness and reversible oxygen 
desaturation during exercise were noted, no major adverse 
events were reported. 

 Other studies have followed, implementing the Mereles 
et al. 15-week intervention protocol and fi nding similarly 
positive results [ 9 ,  10 ,  13 ]. One such study included WHO 
functional class IV patients in an effort to assess exercise 
safety in severe PH [ 10 ]. Notably, this study accepted WHO 
Group II (secondary to left heart disease) and III (secondary 
to lung disease) patients in addition to WHO Group I (PAH) 
and IV (CTEPH) patients. Twenty-fi ve out of 183 patients 
(13.6 %) experienced adverse events. However, only one 
syncopal event and two self-limited episodes of supraven-
tricular tachycardia seemed directly attributable to the inpa-
tient exercise program. Furthermore, the 18 WHO functional 
class IV patients experienced a mean increase in SMWD of 
+ 63 m at the end of 15 weeks (p < 0.01) and 22 % were 
reclassifi ed as WHO functional class III at the end of 3 weeks 
(p < 0.001). CPET parameters including peak VO 2 , oxygen 
pulse, and maximal workload all signifi cantly improved by 
the end of the study. These data support exercise training as 
effi cacious in PH, even in severe disease, though not without 
risk. Hence, training should be closely monitored, preferably 
by a trained cardiopulmonary rehabilitation staff in a center 
equipped to handle emergencies, and tailored to each indi-
vidual patient’s abilities and limitations. 

 The effects of exercise training on survival was the focus 
of another similarly designed study [ 13 ] in which 58 PH 
patients of WHO Groups I-IV and WHO functional classes 
II-IV completed a 15-week training program and were then 
followed prospectively for 24 months. Overall, 2/58 patients 
in the training group died during the observation period, only 
one from right heart failure. The probability of survival by 
Kaplan-Meier analysis was 100 % at 1 year and 95 % at 
2 years. This study was limited by the lack of a control group 

but the authors concluded that low-dose, monitored exercise 
training is unlikely to worsen clinical outcome and may in 
fact serve as a powerful adjunct therapy. Secondary outcome 
measure results were similarly impressive: SMWD increased 
by +84 m (p < 0.001), mean WHO functional class improved 
from 2.9 to 2.6 (p < 0.01) and mean peak volume of oxygen 
consumption (VO 2 ) and workload capacity increased signifi -
cantly by the end of 15 weeks. 

 In another investigation targeting connective tissue 
disease- associated PAH [ 16 ], a particularly progressive type 
of PAH with a 1-year mortality rate at least twice that of 
idiopathic PAH, structured exercise training for 15 weeks 
improved QOL scores, CPET parameters, and SMWD by 
+71 m (p = 0.003) at the end of 15 weeks [ 9 ]. Of specifi c 
interest, this study also examined the potential effects of 
exercise on survival. Overall and PAH-related survival rates 
were 100 % after 1 and 2 years and 73 % and 80 % after 
3 years, respectively. These rates are substantially better than 
the quoted 1-year mortality rates of 12.5–17.0 % in CTD- 
APAH patients on PAH-specifi c therapy [ 16 ] and the 3-year 
mortality rate of 60 % of systemic sclerosis patients on ther-
apy [ 17 ]. These authors acknowledged that their sample size 
was rather small and that they may have selected highly 
motivated and compliant patients. Nevertheless, given that 
parameters like resting heart rate and oxygen consumption 
signifi cantly improved, they hypothesized that exercise ther-
apy may have augmented right ventricular reserve.  

    Conventional Regime 
 An intensive 15-week protocol like the Mereles et al. proto-
col [ 11 ] may not be available to many PH patients. This lack 
of applicability drove other research groups to explore the 
potential benefi ts of a more conventional, strictly outpatient 
program [ 12 ,  14 ,  15 ]. A 12-week program consisting of 
6 weeks interval training with treadmill walking, cycling and 
step climbing, followed by 6 weeks of additional aerobic 
exercise and resistance training in WHO Group I and IV PH 
patients did demonstrate a signifi cant benefi t [ 14 ]. Eleven 
PH patients randomized to the exercise arm increased their 
SMWD by +32 m compared to the 11 control PH patients 
whose SMWD decreased by 26 m (p < 0.003). Moreover, 
peak VO 2  increased in the rehabilitation group by 1.1 ml/
kg*min versus a decline in the control group by −0.51 ml/
kg*min (p = 0.02). No adverse events occurred during the 
exercise training sessions. 

 In another report, 23 women with WHO Group I pulmo-
nary hypertension (i.e., pulmonary arterial hypertension) 
were randomized to a combined education/exercise com-
bined (EXE) group or an education alone group (EDU) [ 15 ]. 
Patients in the EXE group participated in a 3×/week program 
for 10 weeks of intensive (70–80 % heart rate reserve) tread-
mill walking in addition to a weekly 60 min educational lec-
ture series on various cardiopulmonary topics. Ninety 
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percent of the EXE group demonstrated an increase in 
SMWD of at least 10 m, with 60 % achieving a ≥40 m 
increase. By contrast, no signifi cant increase was found in 
the EDU group (p < 0.008), while QOL scores and CPET 
parameters including peak work rate and time to exercise 
intolerance were also signifi cantly improved only in the EXE 
group. A study using similar methods analyzed the effects of 
the EXE versus EDU regimen on fatigue severity indices 
[ 12 ]. After the 10-week intervention, the EXE group reported 
participation in higher levels of physical activity (p < 0.05) 
and a substantial decline in fatigue severity (p = 0.03). In that 
study, SMWD also improved in the EXE group by +53 m as 
compared to no signifi cant change observed in the EDU 
group (p = 0.003).   

    Muscle Dysfunction in PH 

 Defi cits in muscle function are thought to signifi cantly con-
tribute to exercise limitations in PH patients. In the Mereles 
et al. study [ 11 ], hemodynamics by transthoracic echocar-
diogram (TTE) at rest did not change signifi cantly within the 
groups while other exercise parameters including peak VO 2  
and VO 2  at the anaerobic threshold (AT) improved signifi -
cantly within the intervention group. This suggested that 
exercise training has positive effects on components other 
than cardiopulmonary hemodynamics per se, such as gas 
exchange effi ciency, metabolism in skeletal muscle cells, 
and prevention of muscle atrophy [ 11 ]. 

 Both respiratory and peripheral muscle weakness has 
been described in the PH literature [ 8 ,  18 – 22 ]. Mouth occlu-
sion pressures (maximal inspiratory or [PImax] and expira-
tory pressures or [PEmax]) are surrogates for respiratory 
muscle strength, and are signifi cantly impaired in idiopathic 
PAH patients independent of hemodynamics assessed by 
right heart catheterization (RHC) [ 18 ,  21 ]. Twitch mouth 
(TwPmo) and transdiaphragmatic pressures, measures of 
non-volitional respiratory strength, were also signifi cantly 
depressed by up to 34 % in PAH and CTEPH patients com-
pared with well-matched healthy controls [ 18 ]. The exact 
mechanisms of respiratory muscle weakness are unknown. 
Interestingly, hypocapnia is common at rest and with exer-
tion in PH patients [ 18 ] in keeping with known higher VE 
and impaired ventilatory effi ciency or VE/VCO 2  compared 
with controls [ 2 ]. This may lead to overuse and eventual 
fatigue of respiratory muscles as marked by reduced strength. 
Alternatively, tachypnea and concomitant hypocapnia may 
be the direct result of muscle weakness. Future studies are 
needed to legitimize these hypotheses. 

 Peripheral muscle abnormalities have been evaluated by 
both invasive and non-invasive measures [ 8 ,  19 ,  20 ,  22 ]. Ten 
idiopathic PAH patients and ten controls matched for age, 
sex, and activity level were subjected to lower leg imaging 

by computed tomography (CT) and quadriceps muscle 
biopsy to assess for morphology as well as measures of voli-
tional strength (maximal voluntary contraction [MVC]) and 
non-volitional strength (quadriceps twitch or TWq) in one 
report [ 20 ]. Leg biopsy served to examine fi ber type and 
enzymatic activity, surrogates for aerobic versus anaerobic 
metabolism, as well as capillary density. Patients with IPAH 
displayed a lower proportion of Type I slow, oxidative and 
fatigue-resistant fi bers (34 % in IPAH versus 50 % in con-
trols, p = 0.05), and a higher overall proportion of Type IIx 
fast, glycolytic, fatigable fi bers (31 % in IPAH versus 21 % 
in controls), though the latter did not reach statistical signifi -
cant (p = 0.18). Enzymatic profi les were shifted toward more 
anaerobic metabolism although capillary density was similar 
to controls. MVC (p = 0.05) and TWq (p = 0.01) were dimin-
ished in IPAH patients. Interestingly, TWq correlated signifi -
cantly with exercise capacity as measured by peak VO 2  
(p = 0.04) while no muscle characteristics correlated with 
hemodynamics, suggesting that peripheral muscle dysfunc-
tion rather than hemodynamics acts as a major limitation to 
exercise in PH patients.  

    Exercise Effects on Muscle Function 

 A few groups have explored the potential infl uence of exer-
cise training on muscle function in PAH [ 8 ,  19 ,  22 ]. After a 
thrice-weekly program of cycling and quadriceps muscle 
training that lasted 12 weeks in 19 IPAH patients, exercise 
endurance time as assessed by a submaximal exercise test 
increased by 89 % (p < 0.001) while no signifi cant changes 
were recorded in CPET parameters or SMWD [ 8 ]. Quadriceps 
muscle endurance as measured in time increased markedly 
by 34 % after training (136 ± 10 to 181 ± 18 s, p = 0.001) 
while strength as measured in torque increased only mod-
estly by 13 % (94 ± 7 to 106 ± 8 Nm, p = 0.005). On muscle 
biopsy, capillary number per myocyte notably increased by 
30 % (p < 0.001) (Fig.  22.1 ). The clinical implications of 
improvements in endurance in the absence of maximal exer-
cise capacity have yet to be determined.

   Conversely, in a smaller study [ 19 ], fi ve IPAH patients 
participated in a thrice-weekly strength and endurance proto-
col for 12 weeks and displayed improvements on multiple 
measures of exercise capacity. Mean SMWD improved by 
58 m (p = 0.01), VE and VE/VCO 2  decreased by up to 20 % 
(p < 0.05), and the proportion of Type IIx fi bers decreased by 
8 % (p = 0.05). A decrease in the proportion of these glyco-
lytic, fatiguable muscle fi bers and an increase in the propor-
tion of Type I oxidative, fatigue-resistant fi bers at the end of 
this study may have contributed to a higher anaerobic thresh-
old and hence improved exercise endurance and effi ciency. 

 In a recent study, the Mereles et al. [ 11 ] 15-week exercise 
protocol was implemented in order to examine the specifi c 
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effects of exercise on respiratory muscle function [ 22 ]. Seven 
PAH patients completed the 3-week inpatient, 12-week out-
patient program with excellent compliance and no serious 
adverse events. Mean SMWD increased at the end of the 
study by 81 m (p < 0.001). Measures of volitional respiratory 
strength including PEmax (p = 0.02) were increased, along-
side a trend towards an increase in PImax. Measures of non- 
volitional respiratory strength including TwPmo and sniff 
nasal pressure also signifi cantly increased, (p < 0.04 and 
p < 0.03, respectively). Increased proteolytic activity leading 
to atrophy of diaphragm muscle fi bers as well as impaired 
fi ber force-generating capacity of these fi bers has been 
shown in both rats and humans [ 23 ]. Again, this may be in 
line with the hypothesis of increased ventilatory drive lead-
ing to muscle overuse and induction of muscle fi ber loss of 
function [ 18 ].  

    Conclusions 

 Several barriers to effi cient exercise in PH exist and are 
related to poor pulmonary vasculature reserve, impaired 
cardiac contractility, and peripheral and respiratory muscle 
dysfunction. As a result, prior consensus in the PH commu-
nity has centered on exercise avoidance owing to concern 
that rigorous physical activity in the untrained patient may 
promote cardiopulmonary dysfunction and, possibly, sud-
den cardiac death. Intense, unsupervised exercise remains 
ill- advised in the contemporary era; however, more recent 
data supports benefi cial effects of exercise in PH when 
patients are monitored, and when performed according to a 
disciplined and safe exercise regimen of both cardiac and 
strength training. Such benefi ts include improved cardiopul-
monary fi tness, quality of life, muscle strength, and even 
survival. An exercise prescription (Table  22.1 ) catered to 
each individual’s PH severity and comorbidities is, thus, 
encouraged [ 24 ].

        Management of Pregnancy in Pulmonary 
Hypertension 

    Hemodynamic Changes in Pregnancy 

 During the fi rst 2 trimesters, there is an increase in blood 
volume up to 50 % that, together with a decrease in both 
pulmonary and systemic vascular resistance, results in an 
increased cardiac output [ 25 ,  26 ]. In the pregnant patient 
with PAH, the elevated pulmonary vascular resistance com-
pounded with the increase in cardiac output results in sub-
stantially increased in pulmonary arterial pressure that may 
progressively overwhelm the right ventricle. The peri- and 
postpartum stages, in particular, are associated with right 
ventricular weakening due to increased cardiac preload from 
rapid increases in cardiac venous return mediated by uterine 
contractions during labor, shift of uteroplacental blood fl ow 
back to the systemic circulation, and withdrawal of vena 
cava compression by the gravid uterus [ 27 ,  28 ]. By contrast, 
blood  loss  associated with either vaginal (~500 ml) or cesar-
ean (~1000 ml) delivery resulting in acutely decreased pre-
load occurring in the setting of right ventricular failure may 
promote systemic hypotension and tissue hypoxia. 
Ultimately, the physician must be observant of these rapid 
and unpredictable shifts in cardiopulmonary hemodynamics 
and be prepared to rapidly intervene in order to prevent a 
catastrophic clinical outcome.  

    Incidence and Outcomes 

 Pregnancy remains one of the major triggers for the manifes-
tation of PAH in previously asymptomatic patients with an 
estimated overall incidence of 1.1 in 100,000 women [ 27 , 
 29 – 31 ]. Despite the availability of current PAH-specifi c ther-
apies, PAH remains a major cause of mortality in pregnancy 
accounting for 30–56 % of all peripartum fatalities [ 32 ,  33 ]. 

  Fig. 22.1    Capillarization is increased in quadriceps muscle in one PH patient ( a ) before and ( b ) after exercise training (Adapted from de Man 
et al.[ 8 ]; Reproduced with permission of the European Respiratory Society)       
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In addition, there is also a high risk for perinatal mortality of 
offspring born to PAH mothers given the stress on fetal 
growth and normal development due to reduced placental 
blood fl ow and oxygen delivery [ 34 ,  35 ]. Studies done prior 
to the availability of advanced PAH therapies have shown 
that elevated systemic pulmonary pressure (sPAP > 40 mmHg) 
and a higher NYHA functional class correlate positively 
with clinical deterioration and the need for an earlier delivery 
[ 36 ]. Premature delivery or termination of pregnancy may be 
necessary in some patients in the setting of clinical deteriora-
tion threatening their health and/or that of the unborn child. 
With the introduction of PAH-specifi c therapies to routine 
clinical practice, a reduction in PAH-related mortality during 
pregnancy has been observed, with one study reporting a 
mortality of rate of ~25 % vs. 50–70 % in the time period 
prior to availability of PAH-specifi c agents. In this study, use 
of advanced PAH therapies (e.g. prostanoids, ERAs) as well 
as calcium channel blockers in vasoreactive patients were 
associated with a better outcome [ 37 ]. Despite these encour-
aging observations, it is important to stress that PAH in preg-
nancy remains associated with an unacceptable rate of 
life-threatening complications and PAH patients should be 
counseled on use of available contraception methods to pre-
vent pregnancy altogether or, if pregnant, strong consider-
ation to early termination is often necessary.  

    Approach to Management of the Pregnant 
Patient with PAH 

 For the patients in whom pregnancy is pursued despite 
knowledge of the associated risks, it is imperative to estab-
lish an aggressive plan for frequent clinical monitoring by a 
multidisciplinary group that should include a PH expert, 
maternal-fetal medicine specialist, and cardiac anesthesiolo-
gist [ 38 ,  39 ]. The most frequent complications during preg-
nancy tend to occur during the second and early third 

trimester when the hemodynamic changes peak [ 33 ,  37 ]. In 
anticipation of this, visits during the fi rst trimester should 
focus on assessing the need for either initiating or adjusting 
PAH-specifi c drugs as well as conventional therapies such as 
diuretics or anticoagulants. The latter is especially important 
given that pregnancy is a prothrombotic state with a fi vefold 
risk of clotting events that could result in catastrophic out-
comes in these clinically vulnerable patients [ 40 ,  41 ]. The 
choice of anticoagulant should be the result of a carefully- 
thought process and, when possible, in line with current con-
sensus recommendations to minimize risks to the fetus, as 
some agents, such as warfarin, are associated with teratoge-
nicity and should be avoided during early pregnancy. The 
most commonly used anticoagulants in pregnancy are either 
low or high molecular weight heparins since neither of these 
compound classes can cross the placental barrier [ 42 ,  43 ]. 
Despite lack of clear evidence, the general consensus is that 
anticoagulation should be initiated early in pregnancy, con-
tinued until the beginning to labor when it should be held to 
minimize blood loss during delivery period and restarted 
postpartum to prevent clot formation.  

    PAH Therapy in Pregnant Patients 

 Consensus guideline recommendations for determining 
optimal PAH-specifi c therapy for pregnant patients are 
lacking; however, currently available drugs offer a range of 
options of that can help the clinician optimize management 
of PAH during pregnancy. There are four FDA-approved 
available drug classes for the treatment of PAH: (1) phos-
phodiesterase 5 inhibitors (PDE5-I), (2) soluble guanylate 
cyclases (sGCs), (3) endothelin receptor antagonist (ERAs) 
and (4) prostanoids [ 44 – 46 ]. There are two currently avail-
able PDE5-I: sildenafi l and tadalafi l. Both agents are orally 
active and induce vasodilatation by increasing the avail-
ability of nitric oxide (NO) in the pulmonary circulation 

   Table 22.1    Example of exercise prescription for pulmonary rehabilitation in PH patients   

 Patients must be on optimized pharmacologic therapy and supplemental oxygen as needed before program enrollment 

 The exercise prescription should be based on symptom assessment and 6MWT or CPET 

 Exercise training should include low-intensity aerobic and strength training of the upper and lower extremities, as well as stretching, range of 
motion, and fl exibility or respiratory muscle exercises 

 Low-intensity interval training can be used 

 The intensity of training can be advanced gradually to submaximal target levels, avoiding intensities leading to >70–80 % of HR reserve or 
peak HR higher than 120 

 Activities that lead to Valsalva-like maneuvers should be avoided to prevent sudden increases in intrathoracic pressure 

 Patients’ SaO 2  (arterial oxygen saturation) should be kept higher than 90 % with exercise, and SaO 2  and HR monitoring should ideally be 
monitored continuously during exercise 

 Telemetry monitoring should be considered for persons with a history of arrhythmias 

 Caution must be undertaken to avoid falls for persons on anticoagulation therapy of disruption of intravenous vasodilator therapy 

 Exercise should be stopped immediately if the patient develops dizziness, presyncope, chest pain, hypertension or hypotension 

  Adapted and Reproduced from :  Carolyn L. Rochester et al. [ 24 ], with permission from Elsevier  
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[ 47 ]. Use of these agents during pregnancy appears to be 
safe based on several published clinical reports. Riociguat, 
the only available sGC in the market, is a vasodilator that 
synergizes with NO to increase vasodilation and reduce 
pulmonary vascular resistance [ 48 ,  49 ]. Studies in animals 
have shown that Riociguat is teratogenic and, therefore, its 
use is contraindicated in pregnancy. Similarly, all available 
ERAs (bosentan, ambrisentan and macitentan) are contra-
indicated in pregnancy since use of bosentan in mice is 
associated with birth defects such as craniofacial malfor-
mations, patent ductus arteriosus and other vascular mal-
formations [ 46 ,  50 – 52 ]. The most potent of the available 
PAH specifi c drugs are the prostanoids, prostacyclin ana-
logues that induce potent pulmonary and systemic vasodi-
latation. The available prostanoids can be found in various 
formulations: treprostinil is available as an oral (Orenitram) 
[ 53 ], inhaled, subcutaneous and intravenous agent whereas 
iloprost and epoprostenol are only available in inhaled and 
intravenous formulations, respectively [ 54 – 56 ]. While not 
all formulations have been tested in pregnancy, there have 
been multiple reports of prostanoids being safely used in 
pregnancy to treat PAH. At present, there are no well- 
controlled studies to evaluate teratogenic effects of pros-
tanoids on pregnant women, a fact that has led the FDA to 
assign them a pregnancy risk category B (no documented 
evidence of harm in humans, teratogenic effects not seen in 
animals). Nevertheless, manufacturers of these drugs still 
advise caution when using any of these compounds in preg-
nant patients .  

    Pain Control and Method of Delivery 

 The most challenging stages of pregnancy for the clinical 
team managing PAH in pregnancy are labor and delivery, in 
which the goals of care should be to ensure the health of 
both mother and child by supporting cardiopulmonary 
hemodynamics [ 36 ,  38 ]. It is imperative that fetal monitor-
ing is instituted throughout the course of labor for early 
detection of signs of fetal stress requiring immediate inter-
vention. Pain control should also be instituted early as the 
sympathetic surge associated with pain can result in severe 
cardiac stress and ischemia. The choice of anesthesia to 
assist with pain control must also be weighted carefully as 
some agents can induce both profound systemic vasodilata-
tion and myocardial suppression resulting in a substantial 
fall in cardiac output and tissue hypoxia [ 57 ]. When possi-
ble, regional anesthesia should be chosen over general 
anesthesia as the former can provide excellent pain control 
without the need for intubation that the latter entails [ 58 –
 60 ]. However, one must be aware that common forms of 
regional anesthesia such as epidural spinal block carry the 
risk of inducing hypotension due to sympathetic blockade 

and may adversely impact cardiopulmonary function. To 
avoid this complication, it is advised that the epidural anes-
thesia is administered slowly with while simultaneously 
monitoring the vitals signs of both the mother and fetus. 
Despite the ongoing debate concerning the optimal method 
of delivery, some physicians favor vaginal delivery as it 
presents the advantage of minimizing blood loss and pre-
venting sudden changes in cardiac preload [ 61 ,  62 ]. On the 
other hand, cesarean delivery can be used to rapidly inter-
vene in cases of severe fetal stress and to avoid severe 
hemodynamic swings induced by Valsalva maneuvers 
required to conduct vaginal delivery but it must be stressed 
that blood loss is higher with cesarean vs. vaginal delivery 
and this could result in hemodynamic complications rang-
ing from hypotension to sudden cardiopulmonary collapse 
[ 39 ]. Finally, induction with oxytocin should be avoided as 
this can produce increases in pulmonary vascular resistance 
and tachycardia that could result in cardiopulmonary col-
lapse and death [ 63 ,  64 ].  

    Contraception 

 Whether the patient is either considering or has already 
undergone successful pregnancy and delivery, it is impera-
tive for the PH clinician to inform the patient of the risks 
associated with PAH in pregnancy and the rationale for 
contraception [ 65 ]. The current PAH guidelines recom-
mend the simultaneous implementation of two different 
methods of contraception in female patients of reproduc-
tive age [ 44 ,  66 ]. Barrier methods such as condoms and 
spermicidal gels should not be used alone given their rela-
tively high failure rate and should always be combined with 
other contraceptive methods such as the progesterone only 
pill, the etonogestrel- releasing subdermal implant or an 
intrauterine device (IUD).  

    Conclusion 

 A proposed algorithm for the management of the pregnant 
PH patient is shown in Fig.  22.2  [ 67 ]. It must be stressed 
that PAH is a strong predictor for mortality in pregnancy 
and should be avoided when at all possible by ensuring 
patient education and institution of dual contraceptive 
methods. In patients that choose to carry their pregnancy to 
term, it is imperative to assemble a multidisciplinary team 
that will closely monitor the patient’s clinical course. 
Furthermore, timely institution of PAH specifi c therapies to 
achieve optimal control of cardiopulmonary hemodynam-
ics should help mitigate the impact of volume gain and 
respiratory changes associated with pregnancy. Ultimately, 
the most important goal of care is to ensure that both mother 
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and fetus remain clinically stable throughout the pregnancy 
and delivery and that plans are in place to prevent future 
pregnancies.

        Perioperative Management of the Patient 
with Pulmonary Hypertension 

    Background 

 It is well known that the presence of moderate PH increases 
the risk of morbidity and mortality in both cardiac and non- 
cardiac surgery. One study showed that, among 2,149 
patients undergoing coronary artery bypass grafting 
(CABG), PH was a major predictor for perioperative mor-
tality [ 68 ]. The EuroSCORE study has also shown that PH 
was an independent risk factor for perioperative mortality 
in patients undergoing cardiac surgery [ 69 ]. Perioperative 
mortality and complication rates for non-cardiac surgery 
have been estimated to range between 7 and 42 % in one 
study [ 70 ], and 14 and 18 % in another [ 71 ]. While the spe-
cifi c risk factors that infl uence the incidence of life-threat-
ening complications for PH patient in the perioperative 
setting are not well established, it is critical for the PH spe-
cialist to initiate a thorough management protocol that will 
help prepare the anesthesia and surgical team for managing 

acute complications related to pulmonary vascular and/or 
right ventricular disease.  

    Pre-operative Evaluation 

 A PH specialist should evaluate patients who require non- 
emergent surgery within a week of the planned surgery. This 
way, both patient and surgical characteristics can be thor-
oughly assessed and a multi-disciplinary team approach can 
be instituted. 

    Patient Characteristics 
 With regard to patient assessment, current functional status, 
comorbidities, and an evaluation of right heart function 
should be ascertained and updated immediately prior to sur-
gery. New York Heart Association functional class and 
SWMD have been linked to PH outcomes in general [ 6 ,  72 ], 
and studies related to perioperative risk stratifi cation have 
pointed to increased post-operative morbidity and mortality 
after surgery in NYHA class II or higher [ 70 ], and in patients 
with SMWD <399 m [ 73 ]. Often, the aim to improve func-
tional class or SMWD after one offi ce visit is an unrealistic 
expectation just prior to surgery, but a documented signifi -
cant decline in either parameter suggests a decompensated 
state and is critical information that may result in the 

  Fig. 22.2    Algorithm for the 
management of the pregnant 
patient with PH (Adapted from 
Zeenat Safdar et al. [ 67 ]; 
Reprinted by Permission of 
SAGE)       
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appropriate delay or cancellation of surgical intervention. 
Similarly, signs or symptoms of acute right heart failure such 
as peripheral edema, increased abdominal girth, new or 
worsening hypoxemia, and relative hypotension and tachy-
cardia can be noted and treated with diuresis, supplemental 
oxygen and potentially augmentation of PH-specifi c therapy. 
Finally, identifi cation of high-risk comorbidities like history 
of pulmonary embolism, chronic kidney disease and coro-
nary artery disease [ 70 ,  71 ,  74 ] can assist in appropriate 
patient risk stratifi cation. 

 A current transthoracic echocardiogram (TTE), basic lab-
oratory tests including an N-terminal pro-basic natriuretic 
peptide (NT-pro BNP), an electrocardiogram (ECG) and an 
assessment of hemodynamics are also recommended pre- 
operatively [ 75 ,  76 ], ideally within 6 to 12 months. On TTE, 
poorer surgical outcomes in PH patients have been linked to 
right ventricular hypertrophy (RVH) and a right ventricular 
myocardial performance index of >0.75 [ 70 ]. On ECG, right 
axis deviation is associated with increased morbidity [ 70 ], 
while a higher right atrial pressure (RAP) [ 73 ], pulmonary 
artery pressure (PAP) [ 71 ,  74 ] and right ventricular systolic 
pressure/systolic blood pressure ratio of >0.66 assessed by 
RHC is worrisome [ 70 ]. Laboratory tests can, of course, 
highlight new or progressive kidney or liver injury that may 
represent an exacerbation of right heart failure. Moreover, 
new or progressive anemia or alterations in acid–base status, 
both potentially adversely impactful on pulmonary vascular 
resistance (PVR), can also be identifi ed.  

    Surgical Characteristics 
 Details of proposed anesthetic use, surgical approach, and 
duration of surgery are critical variables for planning and 
risk stratifi cation of surgery in PAH patients. Not surpris-
ingly, data have shown that prolonged time under anesthesia 
[ 70 ,  77 ] and intermediate (e.g. head and neck) and high (e.g. 
liver transplantation) versus low (e.g. cataract) risk opera-
tions (Table  22.2 , [ 110 ]) are associated with worse surgical 
outcomes in PH patients [ 71 ,  74 ,  77 ]. Generally, the involve-
ment of an anesthesiologist skilled in the management of PH 
is advised. This often warrants the transfer of the PH patient 
to a tertiary care center equipped to treat PH. Although there 
are no strict guidelines with respect to anesthesia type (e.g. 
general, neuraxial) or anesthetic agent delivery method per 
se, careful thought must be given to the potential effects on 
pulmonary versus systemic vascular resistance, sympathetic 
tone, right ventricular (RV) loading, and cardiac inotropy 
and chronotropy [ 78 ]. This is because the PH patient must be 
considered extremely sensitive to even minor alterations in 
vascular tone, heart rate, gas exchange, acid–base state and 
volume status. For example, patients with PH can decom-
pensate acutely and irreversibly in response to an acute 
increase in vagal tone (e.g. nausea during intubation) or mis-
match in ventilation-perfusion (V-Q) (e.g. prone positioning) 

as these states can acutely decrease RV preload or induce 
hypoxia, respectively. Furthermore, the preoperative team 
need consider the appropriateness of PH-specifi c therapies, 
which is an assessment based, in part, on factors infl uencing 
effective drug delivery in the peri-operative period. A plan 
well in advance of surgery is ideal, one which takes into 
account severity of disease as well as patient comorbidities 
and current PH therapies.

        Intraoperative Management 

 The primary objective during surgery is to preserve RV func-
tion. Most PH practitioners agree that four main tenets to 
intraoperative management of PH patients exist: mainte-
nance of adequate RV preload, tolerable RV afterload, suffi -
cient RV contractility and normal heart rate and rhythm [ 76 , 
 78 – 80 ]. 

    RV Preload 
 Ideal preload of the chronically stressed RV can be elusive as 
degree of RV remodeling varies greatly from patient to patient 
and amongst different types of PH. For instance, 5-year sur-
vival rates in the congenital heart disease population are 
thought to be considerably higher than in the idiopathic PH 
population [ 81 ] because of the benefi t of years over months of 
RV adaptation to a high RV afterload or PVR. Hence, atten-
tive tracking of central venous pressure (CVP) and fl uid bal-
ance trends intra-operatively is advised. Large fl uid shifts in 

   Table 22.2    Risk stratifi cation in PH patients by type of surgery   

  Low-risk operations  

 Dermatologic surgeries 

 Endoscopic procedures 

 Cataract surgery 

 Breast surgery 

  Intermediate-risk operations  

 Carotid endarterectomy 

 Head and neck surgery 

 Gynecologic surgery 

 Gastrointestinal/intraabdominal surgery 

 Orthopedic surgery 

 Prostate surgery 

 Thoracic surgery 

  High-risk operations  

 Emergent major surgery 

 Aortic or other major vascular surgery 

 Liver transplantation 

 Other major operations with anticipated large fl uid shifts and/or 
blood loss 

  Reproduced with permission from the Pulmonary Hypertension 
Association (PHA). Reprinted and Adapted from: McGlothlin et al. 

[ 110 ]  
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either direction are not well-tolerated by the RV in 
PH. Hypotension can easily ensue because of an acute drop in 
preload (e.g. hemorrhage or induction) or a sudden large-vol-
ume bolus leading to acute RV strain and imminent ischemia 
and/or acute LV diastolic dysfunction related to interventricu-
lar dependence [ 82 – 84 ]. Adept anesthesiologists need to 
readily recognize and try to promptly offset such fl uid shifts 
before the manifestation of acute RV failure.  

    RV Afterload 
 Most PH-specifi c therapies target RV afterload by way of 
pulmonary vascular vasodilatation and anti-proliferative 
effects [ 85 ]. Indeed, the central goal of any PH treatment 
plan is to actively reduce PVR. Peri-operatively, mainte-
nance or reduction of PVR in PH patients is achieved in two 
ways: administration of PH-specifi c agents and avoidance of 
triggers of PVR elevation. 

  PH-Specifi c Agents:  It is imperative that outpatient PH 
regimens are strictly adhered to in the operating room. 
Parenteral prostacyclins like epoprostenol and treprostinil are 
potent drugs that have been shown to improve multiple clini-
cal parameters and survival in PH patients [ 86 – 91 ]. They are 
typically administered continuously and at a steady dose; any 
interruption in or accidental bolus of drug can lead to a PH 
crisis or acute hypotension, respectively. The correct manage-
ment of parenteral prostacyclin pumps requires specialized 
training which should be addressed well in advance of surgery 
as, in the operating room, it is mandatory that  physicians and 
nurses know how to quickly respond to an unexpected issue 
related to the infusion. Additionally, the peri-operative team 
should be familiar with the extensive side effect profi le of the 
prostacyclins which includes, importantly, negative qualitative 
and quantitative platelet effects which can precipitate bleeding 
[ 92 ,  93 ]. These drugs are usually not started intra-operatively, 
as they can lead to hemodynamic instability when initiated 
and titrated up in dose. Similarly, the use of medications like 
endothelin receptor antagonists and phosphodiesterase 
(PDE)-5 inhibitors is typically saved for stable settings due to 
their longer half-lives and potential hemodynamic effects. 

 Inhalational agents, however, are routinely started peri- 
operatively in order to reduce RV afterload, salvage an 
acutely failing RV, and improve V-Q matching. Particularly 
in the cardiac surgery literature, inhaled nitric oxide, epopro-
stenol, iloprost and milrinone have been well-studied [ 94 –
 99 ]. Cardiopulmonary bypass (CPB) is a unique circumstance 
that can signifi cantly stress the pulmonary vasculature and 
increase PVR by way of atelectasis, ischemia-reperfusion 
injury, pulmonary embolism, and endothelial damage and 
capillary leak [ 83 ]. In addition, inotropy can be negatively 
impacted during CPB because of coronary artery bypass 
graft (CABG) failure and arrhythmia [ 83 ]. Thus, aggressive 
and anticipatory stabilization of the PVR during cardiac sur-
gery is of utmost importance. 

 Inhaled nitric oxide (iNO) causes pulmonary vasodilata-
tion by an augmentation of the cyclic GMP pathway. It is 
rapidly metabolized by oxyhemoglobin and deoxyhemoglo-
bin and hence has no profound effects on systemic vascular 
resistance (SVR). Because of its short half-life, it can lead to 
rebound PH upon withdrawal [ 100 ], though this can be ame-
liorated with the overlap of another PH agent like the PDE-5 
inhibitor sildenafi l [ 101 ] once the patient is considered 
hemodynamically stable. Inhaled NO has demonstrated ben-
efi t in the heart transplant surgery [ 94 ] and CPB [ 96 ] set-
tings. The main drawback of iNO is cost, and therefore more 
attention is being delivered to the inhaled prostacylins. 

 Inhalation versus intravenous administration of epopros-
tenol avoids the potentially harmful effects on SVR and 
platelets of the latter. It has been successfully used in RV 
failure and refractory hypoxia following cardiac surgery 
[ 95 ]. Disadvantages include requisite continuous administra-
tion given its short half-life and, in turn, rebound PH upon 
withdrawal. Inhaled iloprost, another synthetic prostacyclin, 
has the advantages of a half-life longer than epoprostenol 
and a cost less than iNO. One study demonstrated its benefi t 
in mitral valve surgery [ 98 ] while another study directly 
compared iloprost to iNO in cardiac surgery and found it to 
be more effective [ 99 ]. 

  Triggers of PVR Elevation:  As aforementioned, the pul-
monary vasculature is a highly dynamic environment, exqui-
sitely sensitive to even the smallest perturbations in the 
environs. Because of this, avoidance of known triggers that 
adversely affect the PVR in the peri-operative period is para-
mount to RV health. Such triggers in include acidosis, hyper-
capnea, hypoxia, and anemia. Moreover, the act of intubation 
itself immediately places the PH patient at risk unless the 
operator is cognizant of the potential adverse effects on 
hemodynamics. To clarify, the contribution of peri-alveolar 
vessels accounts for the unique U-shaped distribution of 
PVR and lung volumes (Fig.  22.3 , [ 78 ]). PVR is minimal at 
functional residual capacity (FRC) and increased at small 
and large lung volumes. At low lung volumes, including 
 atelectasis, or at high or overdistended lung volumes, either 
distensibility or geometry of the small pulmonary vessels is 
impaired or altered, leading to turbulent fl ow, perhaps due to 
a neurohumoral signal [ 102 ]. Thus, bagging peri-intubation 
and subsequent ventilator manipulations must exclude 
extremes of tidal volumes and positive end-expiratory pres-
sures. Finally, a sudden surge in sympathetic tone, as can 
occur with uncontrolled pain, is a distinct contributor to 
acute PVR elevation. An experienced anesthesiologist will 
engage in ardent pain and anxiety control in the PH patient 
[ 75 ]. The α-agonist dexmetomidine, an increasingly popular 
sedative in the ICU and operative settings due to its lack of 
effect on respiratory drive [ 103 ] has demonstrated hemody-
namic benefi ts in patients with PH undergoing mitral valve 
surgery [ 104 ].

22 Special Considerations for the Pulmonary Hypertension Patient



354

       RV Contractility 
 The majority of PH patients have impaired cardiac contrac-
tility at baseline. During surgery, the heart is further stressed 
by expected (e.g. intubation, CPB) and unexpected (e.g. pul-
monary embolism, hemorrhage) events. Commonly, then, 
pharmacologic agents are utilized to preserve or augment RV 
function. Choice of such agents requires basic knowledge of 
potential effects on PVR. 

  Inotropes:  Dobutamine is a synthetic β-1 and β-2 agonist 
that, at low doses, does not typically increase PVR [ 84 ,  105 ], 
however, may result in systemic hypotension due to systemic 
β-2 adrenoceptor activation and resultant vasodilatation of 
the systemic vasculature. Further, the β-1 effect can precipi-
tate tachyarrhythmias. Therefore, vigilance is required upon 
initiation of dobutamine in the PH patient. Other adrenergic 
agonists like epinephrine and dopamine can often be substi-
tuted if hypotension is a concern as they have a less negative 
effect on SVR than dobutamine. However, at higher doses, 
dopamine can adversely affect PVR and also lead to tachyar-
rhythmia [ 84 ,  105 ], which is usually poorly tolerated by the 
acutely failing RV. Milrinone is a PDE-3 inhibitor that acts to 
increase intracellular cyclic-adenosine monophosphate 
(c-AMP) levels and hence intracellular calcium concentra-
tions in the cardiomyocyte, leading to improved contractility. 
It is considered benefi cial in PH patients because of its 
advantageous effects on inotropy and PVR. The main draw-
back to milrinone is that, unlike dobutamine and dopamine 
with half-lives of 2 min, its half-life is 2.5 h. Thus, sustained 
hypotension is a concern. Levosimendan is a calcium- 
sensitizing agent that binds to troponin C in cardiac myo-
cytes, thereby increasing calcium effects in heart muscle. It 

has been shown to improve hemodynamics in PH patients 
while mildly lowering PVR [ 75 ]. It, too, can cause hypoten-
sion. However, it has not yet been approved for use in the 
United States.  

    Vasopressors 
 Vasopressors are frequently employed alone or as adjunct 
therapy to inotropes if a sustained low SVR state ensues. 
Vasopressors like vasopressin, phenylephrine and norepi-
nephrine are used to avoid or treat RV ischemia. Right ven-
tricular blood fl ow, unlike that of the LV which is replenished 
in diastole, is equally replenished in diastole and systole. 
Thus, during systole, when the RVSP exceeds the SBP, right 
coronary perfusion is jeopardized and ischemia can set in 
[ 75 ,  105 ]. Given the chronically high PVR state in PH, the 
RV is particularly dependent on an adequate SVR for coro-
nary perfusion. Vasopressin is commonly favored over phen-
ylephrine and norepinephrine as it has been shown to lower 
or maintain PVR [ 83 ,  105 ]. However, there is no absolute 
contraindication to the use of any vasopressor in PH.  

    Rate and Rhythm 
 As is applicable to heart failure in general, the maintenance 
of an adequate heart rate in the PH patient is essential. 
Indeed, neither tachyarrhythmias, which prevent suffi cient 
diastolic fi lling, nor bradyarrhythmias, which, alongside a 
low stroke volume, prevent suffi cient cardiac output are 
well-tolerated by the RV in PH [ 75 ]. Even further, dysrhyth-
mias are a poor prognosticator in PH [ 106 ]. In an unstable 
supraventricular tachycardia (SVT), Advanced Cardiac Life 
Support (ACLS) guidelines take precedence and cardiover-
sion is recommended [ 107 ]. In a stable SVT, however, choice 
of pharmacologic intervention can be more complicated than 
usual. Beta-blockade, for instance, can profoundly inhibit 
RV inotropy and chronotropy to the point of hypotension and 
subsequent RV ischemia [ 76 ]. Centrally acting calcium 
channel blockade (e.g. verapamil) effects can be similar [ 75 , 
 79 ,  80 ]. Amiodarone does have intrinsic beta-blockade activ-
ity but seems to be less negatively impactful on inotropy at 
least acutely. Digoxin conversely has reportedly positive ino-
tropic effects, though its use in an emergency setting is usu-
ally limited by its longer time to onset of action. Data is 
limited with regard to dysrhythmia and heart rate manage-
ment specifi cally in the peri-operative period, but the above 
principles should be considered.   

    Post-operative Management 

 The critical window of peri-operative morbidity and mortal-
ity in PH patients includes the hours to days following sur-
gery [ 77 ,  108 ]. Volume shifts, bleeding, infection and sepsis, 
acute kidney injury and pulmonary embolism can devastate 
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  Fig. 22.3    Relationship is U-shaped between lung volumes and total 
PVR.  PVR  pulmonary vascular resistance,  RV  residual volume,  FRC  
functional residual capacity,  TLC  total lung capacity (Adapted from 
Lars Fischer et al . [ 78 ]; Reprinted with permission of Wolters Kluwer 
Health)       
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the already unstable RV. Hence, vigilance in the post- 
operative period is compulsory. 

    Monitoring 
 Patients with PH who are recovering from surgery should do 
so in an intensive care unit (ICU) setting to allow for close 
supervision. There are no strict guidelines with respect to 
type of monitoring (e.g. pulmonary arterial catheter (PAC)), 
though especially following high-risk surgeries, some form 
of RV surveillance is recommended [ 75 ,  76 ,  83 ,  109 ]. The 
goal is to follow trends of RV function. This can be achieved 
by central venous saturations off a central venous catheter or 
mixed venous saturations off a PAC coupled with the usual 
measures of perfusion including acid–base status, lactate 
levels, mean arterial pressures off an arterial line, and urine 
output. Alternatively, serial echocardiography is sometimes 
employed, via transesophageal or transthoracic probe. As 
aforementioned, strict observance and recording of fl uid bal-
ance is also key to RV stability. Moreover, the ICU setting 
fosters the ideal preventative care bundles like thromboem-
bolism prophylaxis, early extubation, pain management and 
sterile precautions, all of which are fundamental to good sur-
gical outcomes.  

    Ambulatory PH Regimen 
 As soon as is possible post-operatively, the ambulatory PH 
medication regimen should be reinstituted to try to return the 
cardiopulmonary milieu to its usual state. Any interruptions 
or changes in chronic PH-specifi c therapy dosing can stress 
the RV and thus are avoided. However, some post-operative 
states and issues necessitate such changes. For example, 
when hypotension ensues, the longer-acting PDE-5 inhibi-
tors that can drop SVR should be held and replaced by 
iNO. If a patient is being fed by nasogastric tube, endothelin 
receptor antagonists cannot be delivered because they are not 
easily crushed and hence withdrawal of this therapy must be 
accounted for. Finally, a patient who requires non-invasive 
positive-pressure ventilation cannot reliably use their inhaled 
prostacyclin device and therefore may need additional ther-
apy. In sum, vigilant maintenance of the PH regimen serves 
to stave off post-operative cardiopulmonary complications.   

    Conclusions 

 Patients with PH are at increased risk for morbidity and 
mortality in the surgical setting and thus a detailed multi- 
disciplinary approach to peri-operative management is 
warranted and should address both patient- and surgery- 
specifi c characteristics. Intra-operative care strategies 
should be centered on RV health. Triggers of acute PVR 
elevation must be minimized and therapeutics that pre-
serve or increase cardiac contractility and decrease RV 
afterload should be readily and comfortably utilized. 
Post-surgical PH patients mandate close observation in 

the ICU, as complications are abundant in the post-opera-
tive setting. The theme of adherence to PH-specifi c ther-
apy is relevant to the entire peri- operative course as acute 
withdrawal can prove to have devastating consequences.      
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      Abbreviations 

   ASK    Apoptosis signal regulating kinase   
  NHLBI    National Heart Lung, and Blood Institute   
  NYHA    New York Heart Association   
  PA    Pulmonary artery   
  PAH    Pulmonary arterial hypertension   
  PH    Pulmonary hypertension   
  PVR    Pulmonary vascular resistance   
  RA    Right atrial   
  RV    Right ventricle   
  RVEDP    Right ventricular end diastolic pressure   
  RVEF    Right ventricular ejection fraction   
  VITA    Vascular Interventions/Innovations and Therapeutic 

Advances Program   
  WHO    World Health Organization   

       The fi eld of pulmonary hypertension (PH) has progressed at 
an increasingly rapid pace in the days since intravenous epo-
prostenol made its astonishing 1995 debut. Despite the sub-
sequent development of a range of alternative therapies, none 
has proven to be more effective. Recent explosive advances 
in the understanding of vascular biology have resulted in a 
seemingly bewildering tangle of pathways and putative ther-
apeutic targets. This places the pulmonary hypertension 
community at the threshold of a new frontier that engenders 
both great excitement and a sense of obligation. For success 
to be achieved, this excitement must be paired with a bold 
spirit of innovation, cooperation, and a continued sense of 
urgency. In this chapter, important developments in the fi eld 
will be discussed in the context of a proposed paradigm to 

optimize the effi ciency of the path ahead. Important direc-
tions in the fi eld are summarized in Table  23.1 .

   Therapies thus far available for pulmonary hypertension 
have focused on vasodilation, despite the fact that the more 
severe forms of pulmonary hypertension are inevitably accom-
panied by vascular remodeling that results in  reduction of the 
cross-sectional area of the pulmonary vascular bed. The subse-
quent development of right heart failure is usually ultimately 
responsible for pulmonary arterial hypertension (PAH)-related 
mortality. Non-vasodilator therapies could either target the 
pulmonary vascular remodeling process, the right ventricular 
response to the adverse pulmonary hypertension milieu, or 
both. Full restoration of normal pulmonary vascular resistance 
is not necessary; achieving a state in which the right ventricle 
(RV) is adequately coupled to the pulmonary vascular load, 
and preventing progression of RV dysfunction and the pulmo-
nary vascular load would be adequate. 

    The Future of Clinical Trial Design 

 The move away from a vasodilator-centric view to approaches 
that target pulmonary vascular remodeling and/or the RV, 
combined with a wide array of possible therapeutic targets, 
creates several issues from a clinical trial perspective.

    1.    Trial organization and funding   
   2.    Trial duration   
   3.    Surrogate endpoints   
   4.    Defi nitive endpoints   
   5.    Patient selection   
   6.    Patient recruitment strategies     

    Trial Organization and Funding 

 A July 2014 meeting in Bethesda, Maryland was inspired by 
the frustration of the pulmonary hypertension research 
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 community at the slow pace of development of industry spon-
sored research in the non-vasodilator PH arena. This meeting 
brought together clinicians, clinical trialists, bench research-
ers, representatives of National Heart, Lung, and Blood 
Institute (NHLBI), and industry. The goal of this meeting was 
to showcase the range of most promising basic research and 
early translational data, learn from recent missteps, and set 
the framework for future innovative and collaborative 
approaches. Traditionally, most pulmonary hypertension 
drug trials have been industry initiated and funded. Future 
advances in pulmonary hypertension therapy may either 
result from repurposing of agents from other fi elds such as 
Oncology, or specifi c PH drug development within industry 
or academia. If already available compounds are either off 
patent or nearly so, then the interest of industry in developing 
them for PH is very limited and unlikely to occur if the PH 
community relies on industry alone to drive the funding. A 
classic and unfortunate recent example is that of imatinib for 
PAH indications. In the IMPRES study, imatinib was associ-
ated with a highly signifi cant improvement in the primary 
endpoint of 6 min walk distance, despite most of the patients 
being on double or triple drug therapy that often included 
prostanoids [ 37 ]. The incidence of cerebral hemorrhage was 
higher in the treatment arm, with all such events occurring in 
patients also on warfarin. In addition, the time to clinical 
worsening endpoint trended in the wrong direction, refl ecting 
an increased hazard of early hospitalization in the treatment 
arm. This was attributed to  imatinib-related fl uid retention, 

although this could not be distinguished readily from PAH 
disease progression. In retrospect, a higher awareness of this 
issue could have allowed a contemporaneous diuretic 
approach analogous to that often employed during initiation 
of beta-blocker therapy in left heart failure. Future trials of 
repurposed agents must carefully consider known side effect 
profi les and be proactive about expected response to their 
development. In addition, the dropout rate in the imatinib 
treatment arm was high, and those patients were not subse-
quently followed for outcome. Future trials must make every 
effort to continue to collect data on patients that are with-
drawn or who drop out, albeit recognizing that doing so can 
be logistically challenging. Discussing the importance of 
such follow up with patients a  priori  may enhance their will-
ingness to continue to be followed for purposes of optimizing 
trial integrity, and should be a part of future trial design. 
Avoidance of clinical worsening endpoints that include com-
ponents indistinguishable from disease progression must also 
be a key component of future trial design. Imatinib may have 
been further developed for PAH if it had not been close to 
going off patent, reducing interest of the pharmaceutical 
industry in further pursuing the concept. 

 In the future, academically driven consortiums will play 
an increasingly important role in drug development and clin-
ical trial completion in pulmonary hypertension. Models for 
such consortiums are available, including the Eastern 
Cooperative Oncology Group and the Acute Respiratory 
Distress Syndrome Network. The National Heart, Lung, and 

   Table 23.1    Knowledge gaps, opportunities and strategies in pulmonary hypertension   

 Knowledge gap  Strategy  Example of present or future state 

 Unifying theory of PH across WHO groups  Cross-sectional deep phenotyping; 
consensus phenotypic defi nitions 

 NHLBI PVD phenomics; consensus documents 
[ 1 ] 

 Predicting PAH disease progression  Longitudinal deep phenotyping  Serial MRI as predictor of outcome [ 2 ] 

 Serial biomarkers  Serial BNP or NTproBNP 

 Markers of progression of vascular 
remodeling and proliferation 

 PBMC and Serum OMIC signatures 
correlated with serial hemodynamics, 
outcome 

 Serial OMICS in clinical trials of therapeutic 
agents that include serial hemodynamics and 
outcome measures 

 Lung vascular imaging  Lung FDG uptake [ 3 ] 

 Genetics of PH  GWAS; Exome sequencing  PAH susceptibility loci [ 4 ] 

 Pathobiology of PH  Network biology  MicroRNA-21 [ 5 ] 

 Explanted lung tissue/serum analyses  Interleukin-33 [ 6 ]; CC Chemokine Ligand-2 [ 7 ]; 
PH breakthrough initiative [ 8 ] 

 Myocardial metabolism  PET  FDG uptake [ 9 – 12 ] 

 Peripheral muscle factors  MR spectroscopy; cardiopulmonary rehab  Skeletal muscle imaging [ 13 – 19 ] 

 Best RV function measures  RV imaging  Echo: TAPSE [ 20 ], RV strain [ 21 ], MRI: 
[ 22 – 25 ] 

 RV-PA coupling  Simplifi cation of method  Hemodynamic predictors of outcome [ 26 ], and 
see Chap.   17     

 Exercise hemodynamics  Standardization, reporting of experience, 
relation to outcome 

 Invasive CPET in varied patient phenotypes 
[ 27 – 35 ] 

 Optimizing clinical trial recruitment in 
PAH 

 Understanding barriers, trial design, 
cultivating culture of participation 

 Patient interviews [ 36 ], Advocacy, Central 
repository for research options e.g., Clinicaltrials.
gov, minimizing patient burden in trials 
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Blood Institute of the National Institutes of Medicine 
(NHLBI/NIH) models include the highly successful Heart 
Failure Research Network that, for example, completed the 
landmark RELAX trial studying sildenafi l in the treatment of 
heart failure with preserved ejection fraction [ 38 ]. The suc-
cessful NHLBI funded Pulmonary Arterial Hypertension 
Biorepository, spearheaded by Nichols at the University of 
Cincinnati Childrens Hospital, demonstrates the ability to 
pool biological and phenotypic resources that will help to 
speed the therapeutic discovery process. Although the 
REVEAL registry of PAH is industry funded, the steering 
committee is fully academic, and the extensive epidemio-
logic observations of that study demonstrate the value of a 
large number of PH centers contributing routinely obtained 
clinical phenotyping toward a common set of goals [ 39 – 58 ]. 
The recent NHLBI funded development of a consortium of 
pulmonary hypertension centers that will carefully pheno-
type a large cohort of patients with pulmonary hypertension 
across World Health Organization (WHO) Groups I, II, III 
and IV will include detailed genomic, proteomic and metab-
olomic characterization that promises to identify homologies 
that unite this seemingly disparate set of disorders. (RFA – 
HL-14-027: Redefi ning Pulmonary Hypertension Through 
Pulmonary Vascular Disease Phenomics [PVDOMICS]; 
  nhlbi.nih.gov    ). The potential for a comprehensive “omics” 
approach is made possible by remarkable advances in high 
throughput technology, bioinformatics, and network biology. 
The discovery of microRNA-21 as a potentially important 
factor in pulmonary vascular disease represents an exciting 
example of such a novel approach [ 5 ,  59 ]. This effort prom-
ises to be complemented by the recent NHLBI decision to 
fund a network of centers to carry out multicenter trials in 
patients with pulmonary hypertension and also in patients 
with parenchymal lung disease. The visionary decision of 
the Pulmonary Hypertension Association to fund an addi-
tional center for the PVDOMICS network illustrates what it 
is hoped will be a burgeoning trend toward collaborative 
research approaches that may include academic, public non-
profi t/charitable organizations, private funding sources, and/
or pharmaceutical industry collaboration. An additional 
example of this exciting trend is the NHLBI VITA initiative 
(Vascular Interventions/Innovations and Therapeutic 
Advances Program). (  http://www.nhlbi.nih.gov/research/
resources/vita.htm    ).  

    Trial Duration 

 The duration of therapy necessary to achieve a clinical end-
point depends upon the nature of that endpoint, the severity 
of illness of the population, their rate of disease progression, 
and whether they are already receiving reasonably effective 
therapy. It also depends upon the mode of action of the agent 

being studied, and the tolerability of that agent, which 
impacts the frequency of study drug discontinuation. The 
required therapy duration has increased steadily (e.g., 12 
weeks to show a mortality benefi t for epoprostenol or an 
improvement in 6 min walk with bosentan, vs. the 6 month 
placebo controlled phase for the imatinib study). Furthermore, 
the number of patients required to achieve adequate power, 
the length of time necessary to recruit them, and the number 
of centers that must be involved, have all increased and likely 
will continue to do so.  

    Surrogate Endpoints 

 “A surrogate does not an endpoint make” is the mantra of the 
clinical trialist when warning about the pitfalls of trial design 
[ 60 ]. Yet there is a tension between the need for properly 
conducted clinical trials with robust endpoints, and the dif-
fi culty of studying a rare disease that already has a host of 
(albeit ultimately inadequate) treatments available. This ten-
sion is exacerbated by the growing number of therapeutic 
targets and diffi culty in establishing priorities. Surrogate 
endpoints are often useful in phase I and II studies in order to 
obtain early signals of biologic effect and effi cacy. For vaso-
dilator agents, acute changes in hemodynamics serve such a 
purpose. For pro-apoptotic and anti-proliferative agents, 
such straight forward surrogates are lacking. Accordingly, 
there is an unmet need for advances in the capacity to detect 
such effects prior to the point at which hemodynamic or clin-
ical consequences are detectable. Systematic serial blood 
draws for biomarkers of response (known and to be discov-
ered) should be a fundamental component of trials of anti- 
proliferatives in the future. Successful identifi cation of 
changes in biomarkers that track with subsequent clinical 
response could help not only to sort which agents are most 
promising, but may also help to identify which patients are in 
fact responding to the agent. Baseline testing may also iden-
tify which patients are likely to respond, based upon genetic 
characteristics or other “omic” signatures. This “personal-
ized medicine” approach has been particularly useful in can-
cer research and treatment. Tumor shrinkage is such a terrifi c 
surrogate for clinical response, that a study of a new cancer 
therapy can identify a subgroup of patients who respond, 
even if it is only 20 % of the studied population. If it were 
necessary as an early signal of effi cacy to study every cancer 
therapy based upon survival of a whole treated cohort, many 
treatments that are useful only in a subset of patients would 
never have been identifi ed as effective, since the power to 
detect clinical benefi t in the entire cohort would be low. 
Consider the possibility that imatinib has a striking impact 
on outcome of 20 % of treated patients. Clear proof of that 
impact is diffi cult to achieve when there were many other 
patients who either did not tolerate the therapy or were 
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 non- responders. Hemodynamic effect is a tempting (albeit 
imperfect) surrogate in such a situation, but without a better 
methodology (e.g. biomarker of proliferative milieu) to iden-
tify  a priori  those probable responders, designing a trial that 
would recruit only likely responders, and then permit judi-
cious application of the therapy, is diffi cult.  

    Defi nitive Endpoints 

 In the future, some clinical trials in PAH will utilize survival as 
the primary endpoint. Survival will be a primary endpoint 
because in the world of anti-proliferatives, a highly effective 
agent will have an impact on survival in an advanced PAH 
population within a feasible time frame and in a patient popula-
tion of feasible size. Furthermore, one or more of such trials 
will be positive within the next decade. Is this a bold predic-
tion? Perhaps, but it is not at all beyond the realm of possibility. 
At some point, a bold advancement will occur, revolutionizing 
the treatment of PAH. Consider the quandary of restenosis after 
coronary angioplasty. That recalcitrant problem was the 
Achilles heel of interventional cardiology for many years, and 
many compounds were tested without success. Then one day 
the sirolimus eluting stent was developed, and the world tilted. 

 The same will happen in PAH. How soon it will occur 
depends upon the success of the PAH community in foster-
ing research, the degree of innovative thinking regarding trial 
design and drug discovery, the level of interest of scientists 
and clinicians in pushing the fi eld, and the willingness of 
PAH patients to participate in clinical trials. Perhaps there is 
also an element of serendipity and luck. But as the old saying 
goes: “I am a great believer in luck. The harder I work, the 
more of it I seem to have.” 

 In the future, the PAH community will continue to work 
hard, creating their own luck. Hospitalization as a critical 
component of a composite endpoint has recently thrice been 
a major driver of a positive outcome in PAH trials including 
the macitentan pivotal trial [ 61 ]. Two additional phase 3 
studies achieving such an endpoint are not yet published as 
of this writing: AMBITION (AMBrIsentan and Tadalafi l in 
patients with pulmonary arterial hypertensION) (up front 
combined ambrisentan and tadalafi l) and GRIPHON 
(Prostacyclin (PGI2) Receptor agonist In Pulmonary arterial 
HypertensiON) study of the IP receptor agonist selexipag 
(phase 2 reference [ 62 ]). The expense and effort to success-
fully enroll and complete these studies represent landmark 
clinical trial efforts in PAH.  

    Patient Selection 

 Clinical trials will increasingly need to focus on those 
patients at signifi cant risk of adverse outcome within a year. 

The tendency in clinical trials has been to recruit patients that 
have long durations of disease and are therefore proven sur-
vivors. If that is combined with quite compensated clinical 
status, the trials are unlikely to meet effi cacy endpoints 
within a set trial duration, and event driven trials will take too 
long to achieve an adequate number of events. Furthermore, 
patients who are fairly well compensated have little interest 
in trial participation.  

    Patient Recruitment Strategies 

 Trials will increasingly permit patients to be on a wide vari-
ety and number of PAH therapies, including parenteral pros-
tanoids, since disease modifying agents will need to have 
demonstrable effects regardless of the background vasodila-
tor therapy. This will make it easier to identify eligible 
patients in countries that have wide access to PAH therapies. 
If such patients are also at a point in their disease trajectory 
where they are seeking opportunity, then they will be more 
frequently willing to participate. This should facilitate trial 
launch, monitoring, and successful completion.   

    Assessment of Right Ventricular Function, 
Coupling, and Reserve 

 Quantitation of right ventricular function has historically 
been diffi cult, refl ecting failure to perceive its importance in 
an LV-centric world, unusual geometry, and limitations in 
adequate visualization. As well discussed in earlier chapters, 
great strides have been made, including new echocardio-
graphic tools such as strain, improve MRI techniques, 
sophisticated pressure volume loop analysis, and greater 
understanding of how changes in RV function over time cor-
relate with clinical outcomes. The concept of coupling of the 
RV to the pulmonary circulation has also shed light. Measures 
of right ventricular function will increasingly play a role as 
exploratory endpoints of novel therapies and as secondary 
endpoints in phase III studies. From a clinical perspective, 
measurement of RV function will continue to gain accep-
tance as a critical component of longitudinal care. 
Recognition of the relationship between right ventricular 
function and outcome has become increasingly clear 
(Fig.  23.1 ). A desirable further development would be the 
creation of clear measures of right ventricular reserve. 
During exertion, cardiac output must increase in order to 
meet the needs of working muscle. Limitations in cardiac 
output response can manifest as dyspnea, lightheadedness, 
hypotension, and syncope. Noninvasive cardiopulmonary 
exercise testing can detect limitation in cardiac output 
response as manifested by a plateau in oxygen consumption, 
while invasive exercise testing can measure not only cardiac 
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output, but also right atrial and pulmonary artery pressures. 
If the right heart is unable to maintain compensation during 
exercise, the right atrial pressure may rise, PA pressure may 
rise and then start to fall, and cardiac output fails to augment 
appropriately. The relative merits of 6 min walk testing, non-
invasive and invasive cardiopulmonary exercise testing in the 
assessment of adequacy of therapy remain under explored 
and should be studied further.

       Implantable Hemodynamic Monitors 

 The CHRONICLE pilot study of an implantable pressure 
sensor in the RV shed light on the range and variability in 
right heart pressures at rest and with activity in PAH [ 63 ,  64 ]. 
This included the ability to measure right ventricular end – 
diastolic pressure, RV systolic pressure, and estimated pul-
monary artery (PA) diastolic pressure. Beat to beat 
measurements during 6 min walks showed how right atrial 
pressure (as assessed by right ventricular end diastolic pres-
sure) (RVEDP) can rise, associated with plateau in PA pres-
sure and onset of dyspnea and lightheadedness, with recovery 
of these parameters with cessation of activity. 

 Cardiac output could be estimated by analysis of the RV 
pressure waveform [ 65 ]. Unfortunately this technology never 
made it to regulatory approval in this form. 

 However, the Cardiomems implantable pressure sensor 
(which can only measure PA pressure) has been approved for 
use in New York Heart Association (NYHA) class III left 
heart failure based upon results of the CardioMEMS Heart 
Sensor Allows Monitoring of Pressures to Improve Outcomes 
in NYHA Functional Class III Heart Failure Patients 
(CHAMPION) study [ 66 ,  67 ]. In this study, awareness of 
pulmonary artery pressures, with goal directed therapeutic 
modifi cations to lower pulmonary artery pressure, facilitated 
optimization of therapy. Whether frequent monitoring of PA 
pressure would have much utility in PAH is debatable, since 
PA pressure is much less important than right atrial (RA) 

pressure and cardiac output. However, a project to examine 
the potential utility of remote PA pressure monitoring with 
the Cardiomems devices is currently under way as part of the 
NHLBI VITA initiative (Raymond L. Benza, PI). In theory 
the Cardiomems device could estimate cardiac output by 
pressure waveform analysis, but this has not been extensively 
studied. It is hoped that implantable hemodynamic monitors 
in PAH will continue to be explored. 

 Imaging of the RV during exercise is another approach to 
the idea of an “RV stress test”. MRI compatible exercise test-
ing is possible, and has provided interesting fi ndings in per-
formance athletes [ 68 ]. Whether RV imaging during exercise 
would provide added value in prognostication and assess-
ment of adequacy of treatment in PAH is worthy of further 
investigation.  

    Disease Modifying Therapies 

    Beyond Vasodilation: Disease Modifying 
Therapies 

 Antiproliferative, pro-apoptotic, anti-infl ammatory and meta-
bolic approaches all hold promise in PAH, including pulmo-
nary vascular, right ventricular and systemic perspectives. 
The explosion of understanding cellular pathways poses both 
tremendous promise and signifi cant peril as the fi eld evolves. 
Many of the pathways have complex, incompletely under-
stood multisystem impact that raise the potential for off- target 
effects of novel therapeutic compounds that may not be fully 
predictable. The most promising compounds will have selec-
tive effects and/or activity that is manifest primarily under 
conditions of specifi c disease or pathologic stress. A detailed 
review of advances in myocardial and vascular pathophysiol-
ogy is beyond the scope of this chapter. The most promising 
pathways and putative approaches are detailed in Chap.   21    . 

 Apoptosis signal regulating kinase-1 (ASK-1) inhibition 
has a variety of effects on cardiovascular processes including 

  Fig. 23.1    Changes in pulmonary vascular resistance ( PVR ) and right 
ventricular ejection fraction ( RVEF ) after 12 months of follow-up 
according to survival. ( a ) Changes in PVR did not differ between 

 survivors ( blue ) and nonsurvivors ( red ). ( b ) Survivors ( blue ) showed 
increased RVEF, whereas nonsurvivors ( red ) showed decreased RVEF 
during follow-up (Reproduced from [ 2 ] with permission from Elsevier)       

 

23 The Future of Pulmonary Hypertension

http://dx.doi.org/10.1007/978-3-319-23594-3_21


364

cardiomyocyte hypertrophy [ 69 ]. ASK-1 is an important 
mediator of the adverse cellular effects of oxidative stress. In 
a variety of animal models of pulmonary hypertension, 
which are characterized by perturbations to the redox poten-
tial of pulmonary vascular cells and cardiomyocytes, small 
molecule ASK-1 inhibitors have had impressive effects on 
both the pulmonary vascular and right ventricular response. 
A phase II studies of an inhibitor of this pathway is currently 
underway, with results eagerly awaited (A Phase 2, Dose- 
Ranging, Randomized, Double-Blind, Placebo-Controlled 
Study of GS-4997 in Subjects With Pulmonary Arterial 
Hypertension; clinicaltrials.gov). 

 One signifi cant limitation to systemic delivery of com-
pounds with anti-proliferative and other pleiotropic effects is 
the potential for signifi cant, and often unpredictable, off – 
target effects that may impede safety, tolerability, and ade-
quate dosing. Inhalational delivery may obviate much of 
these concerns; inhaled iloprost and treprostinil are examples 
of this approach in the vasodilator arena. An example of 
developing efforts in the inhalational anti-proliferative space 
is the NHLBI VITA program-funded examination of 
PK10453, a nonselective platelet-derived growth factor 
receptor inhibitor that has shown promise in animal models 
of PAH [ 70 ]. 

 The recognition of heart failure as a systemic disorder 
with abnormalities in peripheral skeletal muscle characteris-
tics and derangements in metabolic pathways including insu-
lin resistance, fatty acid and glycolytic pathways, 
mitochondrial function and iron metabolism has led to 
increasing awareness of possible therapeutic targets in left 

heart failure, many of which can likely be translated to right 
heart failure accompanying PAH [ 71 ]. 

 The potential for pharmacologic approaches to peripheral 
muscle abnormalities is complemented by the developing 
evidence for physical rehabilitation strategies that indeed 
have demonstrated improvements in 6 min walk distance 
comparable or superior to that of pulmonary vasodilator 
therapies [ 13 ].  

    Therapeutic Strategies: Developing Paradigms 

 The surge in number of approved PAH therapies can be 
viewed as both a blessing and a curse. The blessing is the 
ability to tailor therapy to individual patient needs and toler-
abilities. The curse is the diffi culty in comparing therapies 
developed in silos without comparative trials, and the poten-
tial to undertreat or overtreat, creating competing perils of 
poor patient outcome, excessive side effects, and cost. A ten-
sion exists between proponents of an aggressive early versus 
stepwise therapeutic approach. This dilemma is further 
aggravated by inability to predict whether a patient currently 
well compensated on aggressive therapy would maintain that 
compensation long term if therapy were simplifi ed. An 
example of these therapeutic options, and perhaps a reason-
able compromise that includes the option of stepwise versus 
upfront aggressive triples [ 72 ] for higher risk patients, is 
illustrated in Fig.  23.2 . However, the decision to de-escalate 
therapy in the clinically improved patient on aggressive ther-
apy is always fraught, since there is no reliable way to  predict 

  Fig. 23.2    Strategies in the 
treatment of pulmonary 
arterial hypertension. An 
emerging school of thought 
proposes earlier more 
aggressive therapy, e.g., 
initiating parenteral 
prostanoids plus two oral 
agents nearly simultaneously 
(“Upfront Triples”), and later 
de-escalating if feasible. If 
antiproliferatives achieve 
success, de-escalation could 
occur once the pulmonary 
vasculature has reverse 
remodeled       
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long-term success with a less aggressive approach. In this 
regard, reliable markers of proliferative state and predictors 
of progression need further development.

        Conclusions 

 Tremendous progress has been made with regard to vaso-
dilator therapy in PAH, assessment of right ventricular 
function, development of network biology and ‘omic’ 
methodology, and discovery of pathways involved in pul-
monary vasculopathy and right ventricular function. 
Expanding upon this knowledge and translating it into 
proven therapeutic strategies is the clear calling of the PH 
community as we move forward. Ultimately, and perhaps 
within the next decade, the approach to PAH will consist 
of four steps: (1) Aggressive upfront vasodilator therapy; 
(2) Remodeling of the pulmonary vascular bed via addi-
tion of anti-proliferative, pro- apoptotic, and anti-infl am-
matory therapies; (3) Therapeutic targeting of right 
ventricular adaptation; and (4) De-escalation of vasodila-
tor therapy over the long-term in treatment responders. 
The future is bright; let us seize the opportunity and 
boldly push ahead.     
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