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Preface

Over the last few decades, the study of pulmonary arterial hypertension (PAH) has
become one of the most rapidly developing fields of cardiopulmonary medicine.
This may seem surprising considering the relatively small number of patients who
carry this diagnosis, but like many rare diseases that were once untreatable, interest
in PAH has been spurred on by an intense desire to improve the outcome of those
who are affected. At the same time, numerous discoveries in the field of pulmonary
vascular biology have led to a marked shift in how we view the pulmonary circula-
tion. Many of these discoveries have led directly to the development and licensing
of over a dozen drugs in the last 20 years.

When we began our training in pulmonary and cardiac medicine, primary pul-
monary hypertension, as the disease was known then, had no approved treatment
and less than 50 % of patients survived more than three years after diagnosis. Nitric
oxide and endothelin had not yet been discovered and there were no genetic defects
that were known to be associated with familial pulmonary hypertension. In less than
30 years, a staggering number of cell signaling pathways vital to the maintenance of
normal pulmonary vascular tone and remodeling have been found to be impaired or
deregulated in PAH and point mutations in a single gene have been found to be
responsible for nearly 80 % of patients with heritable PAH and up to 25 % of those
with no known family history. Although no cure has been found yet, four distinct
classes of drugs are available for treatment and recent registries from the USA,
China, and Europe suggest that five-year survival now exceeds 60 %. Many of the
therapies that are presently available for the treatment of PAH were newly discov-
ered agents that we tested in animals with experimental models of pulmonary
hypertension in the lab not so long ago. The rapid increase in our understanding of
the disease and the rapid development of effective therapy are very much a part of
the intense interest that PAH has generated.

Today, the diagnosis and treatment of pulmonary vascular disease has become an
important part of cardiopulmonary medicine. Most major medical centers have fac-
ulty and staff who have received specialized training in this area or who have devoted
amajor part of their practice to this disease. Many institutions have developed pulmo-
nary hypertension centers that specialize in the evaluation and care of patients with
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pulmonary hypertensive disease. Recently, the Pulmonary Hypertension Association
(PHA), a nonprofit organization created by patients and their families for the advance-
ment of research and treatment of PAH, has embarked on an accreditation initiative
that aims to identify centers with special expertise in PAH. Pulmonary hypertension
programs across the nation will be designated as Centers of Comprehensive Care or
Regional Clinical Programs. This program aims to improve the overall quality of care
by ensuring that PAH patients are able to find experienced medical care close to home
and establish referral patterns that can provide rapid access to more invasive testing
and aggressive treatment options when needed.

Presently, health care providers face several major challenges in the field of pul-
monary vascular disease. The first is the need for earlier diagnosis. Despite the
marked increase in awareness of PAH that has been brought about by advances in
its understanding and treatment, the delay in diagnosis has not improved. In fact, the
median time between symptom onset and diagnosis of PAH remains greater than
two years and has not decreased since the initial NIH registry reported this data in
the 1980s. Delay in diagnosis is due to the rarity of the disease, its nonspecific
symptoms, and lack of readily available and highly sensitive screening tools. To
improve the time to diagnosis and ultimately response to treatment, practitioners
must have a high level of suspicion and stay alert to the possibility of PAH in any
patient with unexplained dyspnea. The second challenge is proper clinical classifi-
cation. Although PAH is rare, pulmonary hypertension is not. From 1980 through
2002, the estimated number of hospitalizations with pulmonary hypertension as
any-listed diagnosis tripled for the total US population from 87,000 to 260,000.
However, epidemiologic studies suggest that less than 3 % of patients with elevated
pulmonary arterial pressure have PAH. In one well-known study, three-quarters of
cases of elevated pulmonary artery pressure on echocardiogram were found to be
due to left-sided heart disease and another 20 % were attributed to chronic lung
disease. Less than 3 % had PAH. The most recent disease classification system
developed during a series of meetings sponsored by the World Health Organization
divides pulmonary hypertension into five distinct groups. Proper identification of
which type of pulmonary hypertension a patient has is absolutely essential to proper
management. Some patients have complex phenotypes with what appear to be mul-
tiple contributors to their pulmonary hypertension. It is our hope that future research
will further elucidate the pathophysiology and best management of these challeng-
ing cases. Finally, health care providers may struggle with the large number of
options that are rapidly becoming available for the treatment of PAH. This is an
issue complicated by the high cost of most medications and recent data suggesting
that combinations of PAH-specific medications may be more effective than
single-drug therapy.

In Diagnosis and Management of Pulmonary Hypertension, we have tried to
provide the reader with an overview of the pulmonary hypertensive diseases, the
current understanding of their pathobiology, and a contemporary approach to diag-
nosis and treatment. Chapters 1 and 2 discuss the definition and classification of the
pulmonary hypertensive diseases and the epidemiology of PAH. Chapters 3 through
11 review the approach to diagnosis and evaluation and discuss the considerable
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body of data that has stemmed from the broad use of echocardiography, right-heart
catheterization, and, more recently, cardiopulmonary exercise testing to diagnose
and monitor the progression of PAH. Each of the major drug classes used to treat
PAH and the cell signaling pathways that they target are described in Chaps. 12
through 15. Adjunct treatments and investigative therapies that are likely to herald
the next generation of PAH medications are explored in Chaps. 16 and 17. Finally,
the book concludes with several chapters that discuss special situations that have
been particularly challenging in the management of PAH including perioperative
evaluation and treatment of the critically ill patient with PAH. Each of the chapters
is written by experts in their respective fields, many of whom have helped to shape
the face of the modern-day approach to the diagnosis and treatment of PAH. We are
indebted to the authors for their outstanding contributions and hope that you will
find their chapters as helpful and as insightful as we have.

Providence, RI, USA James R. Klinger, MD
Rochester, MN, USA Robert P. Frantz, MD
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Chapter 1
The Pulmonary Circulation

Victor F. Tapson

Abstract The pulmonary circulation carries oxygen-depleted blood from the right
heart to the lungs and returns oxygenated blood to the left heart for delivery to the
systemic circulation while serving as a source of humoral mediator production and
a barrier to the exchange of fluid and solutes. This chapter discusses several aspects
of this unique circulation, including a brief history of its discovery and the tools
used to explore it; an overview of pulmonary hemodynamics and how they affect
right ventricular function; structure and mechanical properties of the pulmonary
circulation; and neural/humoral regulation of the pulmonary vascular tone and bar-
rier properties that prevent leakage of fluid and solutes into the alveolar space. The
chapter is written to highlight those unique properties of the pulmonary circulation
that are involved with the pathogenesis of pulmonary hypertension and the response
of the right ventricle and pulmonary blood vessels to disease development. The
overall aim is to prepare the reader for an in-depth discussion of pulmonary hyper-
tensive diseases that follows in the subsequent chapters.

Keywords Pulmonary circulation * Right ventricle * Pulmonary vascular disease
* Pulmonary hypertension

Abbreviations

ACE Angiotensin-converting enzyme
6(0) Cardiac output

LA Left atrium

LAP Left atrial pressure
MDCT Multidetector row computed tomography
mPAP  Mean pulmonary artery pressure
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PA Pulmonary artery
PAH Pulmonary arterial hypertension
PCWP  Pulmonary capillary wedge pressure

PH Pulmonary hypertension
PVR Pulmonary vascular resistance
RV Right ventricle

VCO,  Carbon dioxide output
VO, Oxygen uptake

Introduction

The pulmonary circulation carries oxygen-depleted blood from the heart to the
lungs and returns oxygenated blood back to the heart to be delivered to the systemic
circulation. Specifically, the pulmonary arteries carry venous blood to the capillaries
so that carbon dioxide can diffuse out of the blood cell into the alveoli, and oxygen
can diffuse out of the alveoli into the blood. Blood leaves the capillaries and enters
the pulmonary veins, which carry arterial (oxygen-rich) blood to the left atrium, left
ventricle, and then aorta.

In addition to delivering the entire cardiac output, the pulmonary circulation also
serves as a source of humoral mediator production and processing. Finally, this
vasculature serves as a barrier to the exchange of fluid and solutes, thus maintaining
pulmonary fluid balance.

The pulmonary circulation is not the only blood supply to the lungs; the bron-
chial circulation supplies systemic arterial blood to ensure nutrition to the airways
[1]. While the bronchial arterial supply is only a small percentage of the cardiac
output, it is capable of extensive proliferation when pulmonary blood flow is com-
promised or in the setting of chronic pulmonary inflammation [2].

The pulmonary vasculature can be profoundly affected in certain disease states.
Our goal is to discuss certain aspects of this unique circulation, particularly as they
relate to pulmonary hypertensive disease. A number of topics in this textbook poten-
tially overlap with this chapter, including pathogenesis of PAH, hypoxemic PH, pul-
monary vascular remodeling from chronic lung and heart disease, and pulmonary
hemodynamics and right heart catheterization. Our focus is a historic overview, fol-
lowed by a description of the normal pulmonary circulation, but also includes some
pathogenetic concepts as they relate to PH and certain aspects of its evolution.

Historical Aspects

The discovery and characterization of the pulmonary circulation is a fascinating
story. The Greek anatomist Erasistratus, in the mid-200’s B.C., was credited with
discovering that the heart was a pump and described the valves of the heart [3].
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However, he believed that the arteries and the left side of the heart were empty, and
functioned to convey the “spirit of life” to the body. This concept remained until
Galen proved that blood emanated from any living mammal when an artery was
pierced [4]. His theory was that blood from the right side of the heart passed to the
left side through invisible pores in the cardiac septum. There, it mixed with air to
“create spirit” and was distributed to the body. He indicated that a small portion of
the blood passed back from the left side into the lungs to be cleansed of its “soot.”
He did believe that a small portion of the blood on the right side passed through the
vena arteriosa to the arteria venosa, and on to the left side. Thus, Galen understood
certain basic principles of the pulmonary circulation (Fig. 1.1).

For at least the next 1,000 years, there were no apparent major discoveries involv-
ing the pulmonary circulation. Michael Servetus, the Spanish physician and theolo-
gist, was credited with the first description of the pulmonary circulation in his book
“Christianismi Restitutio,” published in 1553 [5]. “The vital spirit has its origin in
the left ventricle of the heart, the lungs especially helping towards its perfection.
Itis generated through the commingling which is effected in the lungs of the inspired
air with the elaborated subtle blood communicated from the right ventricle to the
left [5].” Servetus trained in Paris with Vesalius and was considered an exception-
ally skilled dissector [4—7]. Sadly, he was regarded as a heretic and was ultimately
tried in Geneva and burned at the stake [8]. His contributions were substantial. Only
three surviving copies of the original document are known, although it was trans-
lated into a number of languages.

In 1924, an Egyptian physician, Muhyo Al-Deen Altawi, studying the history of
medicine discovered a treatise by a physician, Ibn al-Nafis, entitled “Commentary
on the Anatomy of Canon of Avicenna” in the Prussian State Library in Berlin [9].
These writings covered human anatomy, physiology, and pathology [9]. They were
translated by two Syrian physicians, and it was learned that al-Nafis had made
essentially the same observations as Servetus, in the thirteenth century, prior to
several hundred years [9-11]. This work of Ibn al-Nafis was believed to be the earli-
est description of the pulmonary circulation.

Al-Nafis, a Syrian physician, trained in Damascus and ultimately practiced and
researched in Egypt in the thirteenth century. He became the Sultan’s personal physi-
cian. Al-Nafis was credited as the first person to challenge the long-held belief of
Galen that blood could pass through the cardiac interventricular septum; he was
emphatic that all the blood that reached the left ventricle passed through the lungs
[9-11]. He also stated that there must be small communications or pores between the
pulmonary artery and vein (this concept preceded Marcello Malpighi’s discovery of
the pulmonary capillaries by four centuries). Al-Nafis also postulated that nutrients
for the heart are extracted from the coronary arteries [9—11]. Thus, Ibn al-Nafis and
another prominent physiologist of the period, Avicenna (approximately 1000 A.D.),
were among very few physician researchers to link the Galenic period in the second
century to the European scientific Renaissance in the sixteenth century. The Haddad
translation published in the Annals of Surgery in 1936 offers detailed descriptions
of Al-Nafis’ discoveries [9]. In summary, Ibn al-Nafis should be regarded as a major
influence and as the primary forerunner of Servetus, Vesalius, Colombo, and Harvey
in the description of the pulmonary circulation as we now know it.
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Fig. 1.1 A reproduction of Galen’s scheme. In Galen’s schema, the venous, arterial, and nervous
systems, with the liver, heart, and brain as their respective centers, were separate, and each distrib-
uted through the body one of the three pneumata: respectively, the natural, vital, and animal
spirits. Blood was carried both within the venous system and the arterial system. The heart and
lungs worked together, with some of the blood passing through the pulmonary artery into the
lungs; there it nourished the lungs and also mixed with the air breathed in. Some of the blood in
the heart passed from right to left through “pores” in the interventricular septum. It was bright red
because it had the vital spirit infused within it; from the left heart, it went out via the aorta to warm
up the body
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In the sixteenth century, in his book, “De Fabrica,” Vesalius described the pulmonary
circulation in a way that very much resembled the description of Ibn al-Nafis [12].
In the first edition of his book in 1543, Vesalius agreed with Galen that the blood
“... soaks plentifully through the septum from the right ventricle into the left ...”
[12, 13]. When he published his second edition in 1555, he omitted the above state-
ment and wrote instead ... I still do not see how even the smallest quantity of blood
can be transfused through the substance of the septum from the right ventricle to the
left ...” [12, 13]. Colombo, who studied under Vesalius at Padua, ultimately queried
this concept, and determined through vivisection and dissection of human cadavers
that “almost everyone assumes that the blood passes from the right ventricle to the
left ventricle across this wall ... But they are completely wrong. For the blood is
conducted to the lungs by the pulmonary artery, where it is diluted and together with
air is led to the left ventricle by the pulmonary veins, which no one has noticed until
now, nor described in writing ...” [12].

The work by Ibn al-Nafis, Servetus, and subsequently Vesalius and Colombo,
paved the way for Harvey’s elegant description of the pulmonary circulation.
“Exercitatio Anatomica de Motu Cordis et Sanguinis in Animalibus” (An Anatomical
Exercise on the Motion of the Heart and Blood in Living Beings) is the best known
work of William Harvey [14—17]. The book was first published in Latin in Frankfurt
in 1628 and remains one of the most important works establishing concepts of the
circulation of the blood. Harvey’s methods combined observations and experimen-
tal methods; among them were the examination of the effect of ligatures on blood
flow. The book taught that blood was pumped around the body in a “double circula-
tion,” so that after being returned to the heart, it was recirculated in a closed system
to the lungs and back to the heart, where it was returned to the main circulation
[14-17]. There was, however, one portion of the circulation which Harvey could not
characterize, although he did postulate it, i.e., the way in which the veins and arter-
ies subdivide into a capillary network. As alluded to above, it was in 1660, 3 years
after Harvey’s death, that Marcello Malpighi of Bologna saw the blood moving in
the capillaries of the frog’s lung, and thus the missing link that Harvey needed to
fully characterize the circulation of the blood [18]. The period of the Islamic Golden
Age, the long influence of the teachings of the Galen School, and the European
Renaissance are shown on a timeline in Fig. 1.2.

Subsequent relevant discoveries included the demonstration by Boyle with his
air-pump experiments in 1666 that air was essential to life [7]. The next year,
Hooke demonstrated that it was the supply of air fo the blood that was crucial to
respiration [19]. In 1669, Lower found that the difference between arterial and
venous blood was the change in color and that this change took place in the lungs
and not the heart. In 1668, Mayow discovered that only part of the air, the “spiritus
nitro-aereus,” was necessary for life [19]. Priestley, in 1774, called oxygen “dephlo-
gisticated air.” In 1777, Lavoisier further clarified these concepts, demonstrating
for the first time that during respiration, the air that was breathed in lost oxygen and
gained “fixed air of Black.” (Black had discovered carbon dioxide 20 years prior.)
Spallanzini subsequently characterized concepts involving tissue respiration [19].
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a b c d
Galen's open-ended Colombo's "
Erasistratus's open-ended vascular system open and closed Harvey's
vascular system (Air and blood in arteries; vascular system closed circulatory system

(Air in arteries) pores in heart) (Pulmonary circuit) (Blood in arteries)

Fig. 1.2 Cardiovascular models over the course of time. (a) Erasistratus’ model, (b) Galen’s
model, (¢) Colombo’s model, (d) Harvey’s model. Reference: Arid WC. Discovery of the cardio-
vascular system: from Galen to William Harvey

Steven Hales deduced and published that the thinner walls of the right ventricle
indicated that it had less work to do to force blood through the pulmonary circula-
tion than the left ventricle did to maintain the systemic circulation [20]. In the early
nineteenth century, Hope also studied the physics of the failing heart and described
the symptoms and signs of heart failure, differentiating the effects of failure of the
right ventricle from those of the left. By 1847, the work of Poiseuille together with
Ludwig enabled blood pressure measurement [21].

Over the ensuing decades, pioneers in cardiopulmonary disease improved the
means through which to access the pulmonary circulation and further characterize
it. Werner Forssmann performed right-heart catheterization on himself in 1929, and
thus demonstrated its feasibility in humans [22]. The catheter, however, was only
advanced into the right atrium. Andre Cournand and Dickinson Richards developed
catheters that could be advanced into the pulmonary arteries for pathophysiological
studies of various congenital and acquired cardiac disorders [23, 24]. Drs.
Forssmann, Cournand, and Richards received the Nobel Prize in Medicine in 1956
for their work [24]. Subsequent investigations advanced the field of right-heart cath-
eterization and in 1970, balloon flotation flow-directed catheters that could be used
at the bedside, without fluoroscopy, were introduced by Drs. Swan and Ganz [25—
28]. These balloon flotation catheters were developed further for measuring all
right-sided pressures, cardiac output (by thermodilution), and pulmonary capillary
wedge pressure (PCWP), and for right atrial and right ventricular pacing [29, 30].
This technique evolved into, and still remains, the standard of care for diagnosing
PH and characterizing its severity (Fig. 1.3).
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Fig. 1.3 In 1970, balloon flotation flow-directed catheters that could be used for right-heart cath-
eterization at the bedside without fluoroscopy were introduced by Drs. Swan and Ganz (repro-
duced with permission from the American Heart Association)

The world’s first scientific conference dedicated to the pulmonary circulation
was organized by the Chicago Heart Association and held in Chicago in 1958. This
progress has been outlined in detail in a treatise arising from the Chicago confer-
ence [31].

Interest in the pulmonary circulation was furthered by the PAH epidemic in
Europe caused by the diet drug aminorex [32]. As interest in PH evolved, interna-
tional conferences organized by the World Health Organization (WHO) have taken
place during which experts in the field have gathered to review the science and
available literature as well as clinical practice experience in PH. Twenty-five years
after the first meeting in Geneva, Switzerland, in 1973, a second WHO meeting on
PH took place in Evian, France, in 1998 [33, 34]. Since that time, these international
consensus conferences have taken place every 5 years, with the most recent meeting
in Nice, France, in 2013. At these meetings, the classification, risk factors, and diag-
nostic and therapeutic approaches to PH have been progressively scrutinized and
updated based upon international research efforts. Consensus statements/guidelines
have been published based upon this work [35-37]. Modern-day PAH is rich with
discoveries in both basic science and clinic research that have led to the develop-
ment of at least four new drug classes of pulmonary vasodilators over the last
25 years that are now available to treat patients with PAH and other pulmonary
vascular disease.
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Structure and Function of the Pulmonary Circulation

The genes, molecules, cells, and tissues of the pulmonary circulation work in
synchrony to determine function, with the primary function of the pulmonary circu-
lation being to optimize the exposure of blood to alveolar air while maintaining a
low enough resistance to accommodate passage of the full cardiac output. The lungs
receive the entire cardiac output, with the normal cardiac index being approximately
3.5 L/min/m?. The lungs contain approximately 300 billion capillaries which supply
approximately 300 million alveoli. The surface area of capillaries interfacing with
alveoli for gas exchange is between 50 and 100 m?; this contact occurs at the 1-2 pm
thick alveolar capillary membrane [38—40].

Importantly, at rest, in the absence of pulmonary vascular disease, the thin-walled
right ventricle functions at a very low energy level; that is, the right ventricular (RV)
afterload is such that this chamber is often described as merely a conduit. When an
individual exercises, oxygen uptake (VO,) and carbon dioxide output (VCO,)
increase by as much as 20-fold above resting values, and this increased gas exchange
is matched by a substantial increase in cardiac output as emphasized above. In nor-
mal exercising individuals without left or right ventricular failure, the entire cardiac
output is handled by the pulmonary circulation with neither pulmonary edema nor
RV failure. Disease of structural components of the lung affecting blood flow
through the pulmonary vessels at any level can lead to PH, and in turn result in RV
dysfunction and failure. While both the pulmonary and the systemic circulations
transport the same amount of blood, the pulmonary circulation is characterized by
high flow and low pressure, with the average pulmonary vascular resistance (PVR)
in the range of 1| mmHg x min/L (1 Wood unit) in healthy young adults. With normal
aging, the PVR eventually increases to approximately 2—3 Wood units, and to 5-10
times higher with significant PH.

The calculation of total PVR is based upon Ohm’s law, and is calculated as the
difference between mean pulmonary arterial (PA) and mean left atrial (LA) pres-
sure, divided by the cardiac output (where LA pressure is approximated by PCWP);
that is,

mPAP — mLAP
CcO

PVR =

where mPAP=mean pulmonary artery pressure, mLAP=mean left atrial pressure,
and CO=cardiac output.

The diameters of small pulmonary arteries and capillaries account for the greater
part of pressure drop across the pulmonary vascular bed. With exercise, significant
elevation of PA pressure is prevented by recruitment of unopened capillaries and, to
a smaller extent, distension of the elastic vessels [41]. Thus, at rest, a substantial
portion of the capillary bed is unrecruited; some or all of these capillaries open
when cardiac output increases in order to increase the total cross-sectional area of
capillary bed, and decrease the PVR [42]. Because of this, when a healthy person
exercises and the cardiac output is enhanced sixfold, the PA pressure increases only
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moderately [43]. The normally low pressure in the lung circulation prevents fluid
from moving out from the vasculature into the interstitial/alveolar space. In patho-
logic states, when left-sided pressures are significantly elevated, this transudation
can occur. With progressive elevation of the PA pressure in PAH, there is elevation
of the RV pressure and for a period, the cardiac output is maintained. When the
pressure rises too high, particularly over a relatively short period of time, compensa-
tion becomes impossible and RV failure ensures.

Modeling analyses have demonstrated the interface between vascular geometry
and elasticity to pressure-flow relationships and PVR [44, 45]. Recruitment and
distension mechanisms become markedly abnormal in PAH. Even early in PAH,
when resting PA pressure is normal, these mechanisms impact upon exercise toler-
ance, and over time the inability to compensate even at rest results in marked dys-
pnea, that is, functional class IV symptoms. In PAH, the elevated pressure results
from progressive vascular remodeling, vasoconstriction, and thrombosis of small
pulmonary arteries and thus from the resistance increase.

Clinicians generally define RV afterload in terms of PVR and this measure has
been used as a primary or secondary end-point in clinical trials. However, PVR
reflects only the non-pulsatile component of blood flow, and neglects the significant
contribution of compliance [44, 45]. Compliance takes into account the pulsatile
components of the arterial load. Thus, compliance (or stiffness; the reciprocal of
compliance) is an important factor contributing to systolic and diastolic pressure in
the pulmonary circulation. In turn, systolic pressure determines systolic wall stress
which represents the true ventricular afterload. In the early stages of PAH, a small
increase in PVR will be accompanied by a relatively large drop in compliance. Later
as the vascular disease progresses, the increase in PVR will continue but the decrease
in compliance will be limited as vessel wall stiffness reaches a maximum.

The PVR can also be characterized by Poiseuille’s equation. Here, for laminar
flow, the relationship of the resistance of a tube to the tube’s physical characteristics
and viscosity of the perfusing fluid is described:

Tr
where R=resistance, L=tube length, r=tube radius, and #=viscosity of perfusion
fluid.

Thus, based upon this equation, the crucial determinant of PVR is the vessel’s
radius, since resistance is proportional to L/r*. In the body, however, flow does not
conform precisely to this relationship because it assumes long, straight blood ves-
sels, a Newtonian fluid (e.g., water; blood is non-Newtonian), and steady, laminar
flow. Nonetheless, the relationship clarifies the dominant influence of vessel radius
on resistance and flow and thus relates how physiological vascular tone and patho-
logical vascular stenosis dramatically affect pressure and flow.

To better conceptualize the hemodynamics of the pulmonary circulation in
PAH, studies have investigated the measurement of PVR and compliance in healthy
subjects and PH patients [46, 47]. Resistance and compliance in the pulmonary
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circulation have proven inversely related by a “hyperbola” [46]. It appears that
PVR and compliance fogether describe RV afterload better than either of them
alone. These concepts are discussed in more depth in Chaps. 3 and 5.

Biophysically based computational models offer the potential for integrating and
analyzing experimental observations of the pulmonary circulation. These tools have
evolved to sophisticated models that predict integrated structure-function relation-
ships. In order to facilitate a more detailed analysis of structure-function relation-
ships in the pulmonary circulation Burrowes and colleagues developed an
anatomically based finite element model of the pulmonary vasculature. This model
represents the complex geometry found in the pulmonary circulatory system for
application in future, more detailed structure-functional investigations [45].
Multidetector row computed tomography (MDCT) imaging was utilized together
with a volume-filling branching algorithm and an empirically based algorithm to
generate the supernumerary vessel geometry. Analysis of branching properties and
geometric parameters demonstrated close correlation between the model geometry
and anatomical measures of human pulmonary arteries and veins. A review of math-
ematical and computational models of the pulmonary circulation has recently been
published [48].

The Distribution of Blood Flow in the Lung

In the 1960s, experimental studies in isolated lung models indicated that blood flow
distribution in the zonal model was gravitationally dependent, with lung tissue in
the nondependent apical upright lung receiving proportionately less cardiac output
than the dependent lung bases [49]. Perfusion is defined by the arterial-venous gra-
dient. In zone 1, where mPAP is essentially zero, the alveolar pressure is greater
than either the arterial and venous pressures and so there is collapse of the blood
vessels, preventing perfusion. In zone 2, the mPAP is greater than alveolar pressure
and perfusion is defined by the arterial-alveolar gradient. In zone 3, both mPAP and
pulmonary venous pressure are greater than alveolar pressure. This zonal concept
had been the accepted model for decades. More recent studies however have empha-
sized irreversibility of the flow gradient with reversal of posture [50] and “isogravi-
tational heterogeneity of flow” [51]. These results do not suggest a theory of flow
distribution that is purely gravitational. These findings together with other investiga-
tions imply that the hydrostatic effects of gravity are not the only factors determin-
ing the distribution of pulmonary blood flow [50-52]. Furthermore, imaging studies
have suggested that gravitational effects on the regional distribution of pulmonary
blood flow occur primarily via deformation of parenchymal tissue rather than by the
balance of microcirculatory pressures, as dictated by the classic zonal model [50-52].
The potential contribution of each of these mechanisms remains unclear [53, 54],
but modern studies in large animals suggest that the effect of gravity on regional
blood flow in the lung is relatively low and that the primary determinant of flow is
vascular resistance.


http://dx.doi.org/10.1007/978-1-4939-2636-7_3
http://dx.doi.org/10.1007/978-1-4939-2636-7_5
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Hemodynamic Comparisons with the Systemic Circulation

In contrast to the distribution of compliance in the pulmonary circulation, the
number of arterioles in the systemic circulation is approximately ten times less,
with resistance ten times higher and compliance ten times lower. Thus, in the sys-
temic circulation resistance is mainly located in the distal small arteries and arteri-
oles, with compliance mainly located in the aorta [46, 55]. In the pulmonary
circulation, arterial compliance is distributed over the entire arterial tree. This means
that occlusion of a whole lung or lobe or segment not only increases resistance but
also decreases compliance.

The ranges of pressures in systemic hypertension are relatively small compared
to the very large range of pressures in PH. As patients age with systemic hyperten-
sion, resistance increases by only about 20 % whereas compliance can decrease by
threefold. In PH, however, resistance can increase and compliance can decrease
by a factor of 20.

The concept of oscillatory power fraction (ratio of oscillatory to mean power)
has been used to characterize reactive circulatory beds. The oscillatory power frac-
tion of the left ventricle is only about 10—15 % and increases in the setting of sys-
temic hypertension [46, 56]. Oscillations play a more important role, however, in
the pulmonary vascular bed so that the RV oscillatory power fraction is twice that
of the systemic vascular bed. However, in contrast to systemic hypertension oscil-
latory power fraction remains constant in PH [57]. A more exhaustive discussion of
components of the arterial load on the RV in terms of resistance and arterial com-
pliance, and the consequences of load changes for RV work and function, has been
published [46].

Thus, the pulmonary circulation is a low-resistance, highly compliant vascular
bed that is markedly influenced by pressures generated by the heart and the thorax.
Based on the intrinsic properties of the pulmonary circulation and its relatively
insignificant potential for vasomotor control, relatively modest external forces can
exert relatively large hemodynamic effects, making attempts to distinguish between
active and passive changes in vessel size difficult. Detection and characterization of
such vasomotor activity require substantial attention to the effects of respiration and
cardiac activity on vascular pressures [58, 59].

Neural and Humoral and Regulation
of the Pulmonary Vasculature

Adrenergic and cholinergic efferent nerves innervate the pulmonary circulation. The
concentration of nerve fibers is greatest in larger vessels and at vascular bifurcations
and is less influential in smaller vessels. Stimulation of a-adrenergic receptors mediates
vasoconstriction, while -adrenergic receptors mediate vasodilation [60]. a-Adrenergic
mechanisms appear to contribute little to normal pulmonary vasomotor tone;
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blockade of these receptors modifies neither baseline pulmonary vasomotor tone
nor the hypoxic response. Because pulmonary vessels are normally in a dilated
state, f-adrenergic responses are not evident. However, B-adrenergic blockade does
enhance the vasoconstrictor response to catecholamines, which stimulate both o-
and P-receptors, and increases in vascular tone enhance responses to [-adrenergic
agents [60]. In summary, the pulmonary vascular bed is quite richly innervated and
yet stimulation of these nerves produces relatively small changes in vasomotor tone.
Perhaps the influence of vasodilators such as nitric oxide (NO) and prostacyclin
normally predominate, minimizing the vasoconstrictor effect of the sympathetic
nerve stimulation [61].

A number of mediators have the potential to affect the pulmonary circulation [62].
Vasoconstrictors include endothelin, serotonin, histamine, thromboxane, leukotri-
enes C, and D,, angiotensin II, norepinephrine, and platelet-activating factor. These
mediators bind to specific receptors on pulmonary vascular smooth muscle cells and
induce smooth muscle contraction via activation of second messenger pathways.
Key pulmonary vasodilators include NO, prostacyclin, acetylcholine, and bradyki-
nin [62]. NO plays a key role in regulating the changes in pulmonary vasomotor
tone induced by these vasoconstrictors [61]. The NO, endothelin, and prostanoid
pathways have been by far the most influential mediators in the evolution of PAH
therapy.

PAH is associated with impaired production of NO [63]. NO is produced by
many cell types in the lung and plays an important physiologic role in the regulation
of pulmonary vasomotor tone by several known mechanisms. NO stimulates soluble
guanylyl cyclase, resulting in increased levels of cyclic GMP in pulmonary vascular
smooth muscle cells leading to increased activation of cGMP-dependent protein
kinase resulting in pulmonary vasodilation [64, 65]. In addition to regulating vascu-
lar tone, NO and cGMP signaling can also inhibit proliferation and induce apoptosis
in vascular smooth muscle cells [66, 67]. Based upon the NO pathway, drug therapy
in PAH continues to be explored with phosphodiesterase-5 inhibitors such as silde-
nafil and tadalafil that inhibit the metabolism of cGMP and soluble guanine cyclase
stimulators such as riociguat that increase cGMP synthesis, and more recently, with
nitric oxide itself [68-70].

The endothelin system has been extensively studied since its discovery by
Yanagisawa and colleagues in 1988. Endothelin-1 (ET-1) is a powerful vasoconstric-
tor and proliferative cytokine, serving as a key mediator in pulmonary vascular biol-
ogy, and an important mediator of PAH. Plasma ET-1 levels are elevated in patients
with PH [71]. Expression of ET-1 mRNA and protein is increased in the endothelial
cells found in vascular lesions in idiopathic PAH [72]. ET, receptors are found in
smooth muscle cells and ETy receptors are located in both endothelial cells and
smooth muscle cells. ET-1 is released from endothelial cells and acts primarily on
underlying smooth muscle cells. Several ET-driven processes appear involved in
lung vascular and structural remodeling. These include smooth muscle vasoconstric-
tion and proliferation, an effect on fibroblasts resulting in contraction, proliferation
and fibrosis, and finally an effect upon the endothelium itself causing prolifera-
tion, vasodilation (mediated through NO and prostacyclin), and vasoconstriction
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(via thromboxane A,) [73]. Evidence suggests a role for autocrine/paracrine signaling
in the ET system and PAH pathway [74]. ET receptor antagonists have clearly
proven beneficial in PAH [68].

Prostanoids are implicated in the regulation of pulmonary vascular tone under
physiological as well as pathological conditions. PAH patients have been shown to
have reduced levels of endogenous prostacyclin and reduced expression of prosta-
cyclin synthase in the lung [75, 76]. Prostacyclin and prostanoids with vasodilator
properties are believed to contribute to the maintenance of normal, low pulmonary
vascular tone. Prostacyclin stimulates the prostaglandin 12 (IP) receptor, leading to
increased cyclic adenosine monophosphate and resulting in vasodilator and antipro-
liferative effects [77]. The impact of prostacyclin therapy on PAH has been quite
substantial [78].

Several growth factors have been implicated in the abnormal proliferation and
migration of SMCs, including platelet-derived growth factor (PDGF), basic fibro-
blast growth factor, and epidermal growth factor [79]. In vitro studies have estab-
lished that PDGF acts as a potent mitogen and chemoattractant for smooth muscle
cells [80]. Tyrosine kinase inhibitors such as imatinib have been shown to reverse
pulmonary vascular remodeling in preclinical models of pulmonary hypertension
by inducing apoptosis and blocking proliferation and have shown some success in
the clinical studies of PAH as well [81].

The pulmonary endothelium serves as a major source of angiotensin-converting
enzyme (ACE) expression and angiotensin II production [82]. Angiotensin type I
and type II receptors are both expressed in normal lung. Recent data, involving the
administration of a lentiviral vector containing angiotensin-converting enzyme 2,
suggest that overexpression of this enzyme prevents and reverses increased RV sys-
tolic pressure in monocrotaline-induced PH. Inhibition of proinflammatory cyto-
kines was also documented [83].

Systemic and pulmonary renin-angiotensin-aldosterone activities have been
shown to be increased in patients with idiopathic PAH and appear to be associated
with increased pulmonary vascular remodeling [84]. Chronic inhibition with losar-
tan was shown to decrease RV afterload and pulmonary vascular remodeling, and
restored RV-arterial coupling in rats with PAH [84]. In spite of these data, no large-
scale clinical trials support the use of ACE inhibitors in PAH at this time. While
other humoral mediators may be important in pulmonary vascular physiology, most
of these have not been explored as potential therapy for PAH.

Mechanical Effects on the Pulmonary Vasculature

Blood vessels respond to variations in mechanical load from circulating blood in the
form of shear stress and mechanical strain. The pulsatile nature of PA pressure and
flow subjects the pulmonary arterial bed to continuous hemodynamic stresses in the
form of shear stress and cyclic strain or “stretch.” The endothelium converts these
mechanical forces into intracellular signals that affect cellular functions including
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proliferation, migration, remodeling, apoptosis, and permeability, and finally gene
expression [85]. Clinical studies in PAH have focused primarily on the contribution
of PVR in the distal vasculature to the underlying disease. However, it is clear that
biomechanical factors such as sheer stress throughout the vasculature affect endo-
thelial function.

Laminar blood flow produces fluid shear stress from the friction of the blood
against the endothelial cell wall. At physiological levels of sheer stress, the endothe-
lial cell responds with a variety of critical regulatory functions. These include vaso-
motor changes through the release of vasodilators and vasoconstrictors, vascular
remodeling encouraged by the production of growth factors and growth inhibitors,
and modulation of hemostasis and thrombosis via secretion of substances with pro-
coagulant, anticoagulant, and fibrinolytic properties. Finally, inflammatory changes
may evolve through the expression of chemokines and adhesion molecules [85].

Endothelial cells sense sheer stress via membrane receptors, interacting with
each other and transactivating multiple signaling pathways leading to differential
gene expression [86]. The development of flow-directed reorientation of the endo-
thelium serves as evidence of rapid actin cytoskeletal rearrangement [87, 88].
Shear stress can reduce endothelial cell turnover through inhibition of cell prolif-
eration and suppression of apoptosis. This process may be beneficial, offering a
protective role for the vasculature [89]. The pulsatile nature of blood flow results
in temporal and spatial variations of shear stress on the vessel surface. However,
flow patterns in curved and bifurcating sections of the vasculature are distressed by
variable and accelerated peak shear rates. Thus, the effect of blood flow on the
endothelium depends on differing and changing aspects of the particular vascular
microenvironment.

A recent small study of five PAH patients and five controls used the combination
of magnetic resonance imaging and computational fluid dynamics and determined
that PA wall sheer stress was significantly lower in the proximal pulmonary arteries
of PAH patients compared to controls. It was suggested that this reduced shear
stress may contribute to pulmonary endothelial cell dysfunction and as a result PAH
progression [90].

Cyclic stretch is another critically important mechanical force in the pulmonary
vasculature generated either from blood flow (which results in pulsatile distension
of the arterial wall), or from tidal breathing; arterial wall stretch is primarily deter-
mined by intravascular pressure [91, 92]. As with sheer stress, cyclic stretch leads
to reshaping of the endothelium. Chronic cyclic stretch occurs in the setting of
chronically increased PA pressure, increasing the level of signaling and contractile
proteins; activating vascular cell proliferation, collagen, and fibronectin synthesis;
and resulting in thickening of the vascular wall leading to pulmonary vascular
remodeling. These effects may in turn influence cellular responses to mechanical
stress via increased inflammatory cytokine production, and macrophage activation
[91]. Recent evidence indicates that endothelial cells discriminate between steady
and cyclic, and low- and high-amplitude mechanical strain. The specific pattern of
mechanical stimulation appears to determine how vascular remodeling evolves into
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pathological states such as PAH [93]. Thus, vascular cells can sense changes in
mechanical forces and transduce the mechanical signal into a biological response.
Mechanisms of this “mechanotransduction” that have been proposed include
stretch-activated ion channels, integrins, receptor tyrosine kinases, cytoskeletal
meshwork, and signaling by reactive oxygen species [93—-97]. More detailed insight
into molecular mechanisms of vascular remodeling are beyond our scope and are
offered in separate chapters (Chaps. 4 and 5).

Fluid and Solute Exchange in the Lung

The normal, healthy lung consists of about 80 % water. An important function of the
pulmonary circulation is to serve as a barrier to the exchange of fluid and solutes,
thus maintaining pulmonary fluid balance. The balance of Starling forces in the lung
favors reabsorption to facilitate gas exchange. A variety of mechanisms are involved
in the development of fluid accumulation in the lung. Increases in left-sided pres-
sures or in vessel wall permeability occur in the setting of various pathologic states.
In the setting of PH, it is crucial to exclude left ventricular dysfunction, which is
sometimes present, but often not accompanied by obvious clinical or radiographic
evidence of pulmonary edema. The regulation of fluid exchange between the pul-
monary vasculature and the interstitium has been described in detail and are beyond
the scope of this chapter [98—100].

Clinical Assessment of the Pulmonary Circulation

In spite of tremendous insights and discoveries into the pathophysiology, molecular
biology, and genetics of PAH, the gold standard approach to clinical evaluation of
suspected or proven PH remains the relatively simple approach of right-heart cath-
eterization. Pulmonary artery pressures are measured most accurately via a balloon-
tipped flotation catheter introduced into the pulmonary artery [27-29]. In addition
to measuring the pulmonary artery pressure directly (definition of PH=mean PA
pressure of >25 mmHg), the right atrial, RV, and PCWP can be determined. The
latter is determined by advancing the catheter with the balloon inflated until it
“wedges” and occludes a peripheral pulmonary artery. The mean pressure measured
at end expiration (normally 5-10 mmHg) is an estimate of the vascular pressure at
the point of confluence of the pulmonary veins, and thus reflects left atrial pressure.
The cardiac output is measured by either the Fick method or thermodilution. PVR
is subsequently calculated. These measurements play a key role in the assessment,
and often the follow-up of the patient with PH. A detailed overview of right-heart
catheterization and the appropriate approach to suspected or proven PH is discussed
in other chapters.
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Conclusions

The pulmonary circulation performs the vital function of carrying oxygen-depleted
blood from the heart to the lungs and returns oxygenated blood back to the heart to
be delivered to the systemic circulation. The pulmonary vasculature can be pro-
foundly affected in certain disease states. Normally, the entire cardiac output is
accommodated by the pulmonary circulation with neither pulmonary edema nor RV
failure. Disease of structural components of the lung affecting blood flow through
the pulmonary vessels at any level can lead to PH, and in turn result in RV dysfunc-
tion and failure. Tremendous progress in basic and clinical research has led to a
better understanding of this circulation. Based upon this science, there have been
substantial inroads into the diagnosis and therapy of pulmonary vascular diseases
such as PH.
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Chapter 2
Epidemiology and Disease Classification
of Pulmonary Hypertension

Rogerio Souza, Carlos Jardim, and Marc Humbert

Abstract Numerous conditions lead to a sustained increase in pulmonary arterial
pressure. Pulmonary hypertension is defined as an elevation of mean pulmonary
arterial pressure to 25 mmHg or greater. Currently, the pulmonary hypertensive dis-
eases are organized into five groups that include (1) pulmonary arterial hyperten-
sion, (2) pulmonary hypertension owing to left-sided heart disease, (3) pulmonary
hypertension owing to chronic lung disease, (4) chronic thromboembolic pulmo-
nary hypertension, and (5) miscellaneous causes. Group 2 and 3 represent the most
common causes of pulmonary hypertension. Group 1 (PAH) is exceedingly rare but
normally progresses to severe pulmonary hypertension and right ventricular failure.
PAH is seen more frequently in patients with connective tissue disease, HIV infec-
tion, portal hypertension, congenital cardiac shunts, and those who have used
amphetamine-like drugs. This chapter provides an in-depth description of the vari-
ous pulmonary hypertensive diseases and an overview of their epidemiology,
including demographics, risk factors, and distinguishing characteristics.

Keywords Pulmonary hypertension ® Pulmonary arterial hypertension * Pulmonary
venous hypertension * Pulmonary vascular disease * Chronic thromboembolic
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IPAH Idiopathic pulmonary arterial hypertension
mPAP Mean pulmonary artery pressure

NIH National Institutes of Health

PA Pulmonary artery

PAH Pulmonary arterial hypertension

PAOP Pulmonary artery occlusion pressure

PAP Pulmonary artery pressure

RHC Right heart catheterization

Sch-PAH  Schistosomiasis associated pulmonary arterial hypertension
TGF-f Transforming growth factor beta
WHO World Health Organization

Definitions

Pulmonary hypertension (PH) defines a group of chronic conditions presenting as
high pressure in the pulmonary circulation [1]. During the last decades, the under-
standing of these diseases has significantly improved [2]. The last world symposium
on pulmonary hypertension, held in 2013, highlighted the advances made in the last
40 years since the first international conference was sponsored by the World Health
Organization (WHO) in 1973 after the sudden increase in cases of PH associated
with the use of aminorexfumarate to lose weight [3].

Pulmonary hypertension is defined as a mean pulmonary artery pressure (mPAP)
of >25 mmHg at rest as assessed by right heart catheterization (RHC) [1]. Although
this value is slightly greater than the upper level of normal for resting mPAP (defined
as 2 standard definitions above the mean or about 21 mmHg [4]), it has been utilized
for selecting patients in nearly all randomized controlled trials on PAH and in PAH
registries. It is currently unclear how to consider the values of mPAP between 21
and 24 mmHg, since this level of PA pressure elevation does not necessarily reflect
the presence of a pathological state. It is possible that in some patients, the border-
line level of elevated PAP represents an early phase of the disease. Specifically in
patients within the scleroderma spectrum of disease, this mild increase in mPAP has
been associated with a higher risk of developing PAH in the near future [5].

The need for an accurate determination of mPAP requires that right heart catheter-
ization (RHC) be performed to ensure proper diagnosis, since noninvasive estimates
are not reliable enough. Moreover, RHC allows the measurement of cardiac function,
by means of cardiac output, as well as the determination of right- and left-sided fill-
ing pressures (right atrial and pulmonary artery occlusion pressures) [6].

Two distinct hemodynamic profiles are seen in PH and are defined according to
the left-sided filling pressures. Precapillary PH, referred to as pulmonary arterial
hypertension (PAH), is defined by the presence of elevated mPAP with normal left-
sided filling pressures defined as pulmonary artery occlusion pressure (PAOP), left
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Table 2.1 Hemodynamic patterns in PH

Definition Hemodynamic characteristics
Pulmonary hypertension mPAP>25 mmHg
Pre-capillary PH mPAP>25 mmHg

PAOP< 15 mmHg
CO normal or reduced

Post-capillary PH mPAP>25 mmHg
PAOP>15 mmHg
Combined post-capillary and pre-capillary PH mPAP>25 mmHg

PAOP>15 mmHg
Diastolic PAP—PAOP>7 mmHg

PH pulmonary hypertension, mPAP mean pulmonary arterial pressure, PAOP pulmonary artery
occlusion pressure, CO cardiac output

atrial pressure, or left ventricular filling pressure less than 15 mmHg whilst postcap-
illary PH or pulmonary venous hypertension is defined by left-sided filling pressures
greater than 15 mmHg. The current classification of PH hypertension is based on the
combination of the hemodynamic profile and of baseline clinical conditions that
could be associated with the genesis of pulmonary hypertension (Table 2.1). These
baseline conditions are determined after extensive investigation of the potential
causes of PH. Although diagnostic investigation is not the focus of this chapter, the
suggested algorithm derived from the fifth World Symposium on pulmonary hyper-
tension is shown in Fig. 2.1.

Classification

The first classification of PH was described in 1973 and categorized patients as
having “primary” or “secondary” pulmonary hypertension according to the pres-
ence or absence of an identifiable cause for the disease. During the second world
symposium on PH, in 1998, the basis for the classification system currently used
was proposed. This system groups patients with similar pathological findings, simi-
lar hemodynamic profiles, as well as similar management strategies into a single
category. Five different categories were proposed: (1) pulmonary arterial hyperten-
sion; (2) pulmonary hypertension due to left heart disease; (3) pulmonary hyper-
tension due to chronic lung disease and/or hypoxia; (4) chronic thromboembolic
pulmonary hypertension; and (5) pulmonary hypertension due to unclear multifac-
torial mechanisms (previously called “miscellanea”) [8]. Although small modifica-
tions have been made during the last decade, the concept of the current classification
remains the same. The updated classification for pulmonary hypertension, derived
from the last world symposium on PH, is presented in Table 2.2 [9].
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Fig. 2.1 Diagnostic approach to PH (from [7])

Pulmonary Arterial Hypertension

Pulmonary arterial hypertension (PAH) encompasses a group of clinical conditions
that result in precapillary PH and share similar pathological and/or clinical findings.
Idiopathic PAH corresponds to sporadic disease in which no family history of PAH
or an identified risk factor is present [8]. IPAH is only diagnosed after alternative
diagnoses are ruled out according to current guidelines [1]. Up to 70 % of familial
cases of PAH have been linked to germline mutations in the gene coding for the
bone morphogenetic protein receptor 2 (BMPR2), a member of the transforming
growth factor beta (TGF-p) signaling family [10]. BMPR2 mutations have also been
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Table 2.2 Clinical classification of pulmonary hypertension 9

1. Pulmonary arterial hypertension (PAH)
1.1. Idiopathic PAH
1.2. Heritable

1.2.1. BMPR2
1.2.2. ALK1, ENG, SMADY, CAV1, KCNK3
1.2.3. Unknown

1.3. Drug- and toxin-induced
1.4. Associated with

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

1.4.1. Connective tissue diseases
1.4.2. HIV infection

1.4.3. Portal hypertension

1.4.4. Congenital heart diseases
1.4.5. Schistosomiasis

1” Persistent pulmonary hypertension of the newborn

2. Pulmonary hypertension owing to left heart disease

e 2.1. Left ventricular systolic dysfunction
e 2.2. Left ventricular diastolic dysfunction
e 2.3. Valvular disease

e 2.4. Congenital/acquired left heart inflow/outflow tract obstruction and congenital

cardiomyopathies

3. Pulmonary hypertension owing 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

e 5.2. Systemic disorders: sarcoidosis, pulmonary Langerhans cell histiocytosis:

lymphangioleiomyomatosis, neurofibromatosis, vasculitis

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

25

¢ 5.4, Others: tumoral obstruction, fibrosing mediastinitis, chronic renal failure, segmental PH

detected in a significant proportion of apparently idiopathic cases without familial
history [11]. Indeed, the distinction between idiopathic and familial PAH with
BMPR?2 mutations is artificial, as all patients with a BMPR2 mutation have heritable
disease. Thus, it was decided to abandon the term “familial PAH” in favor of the
term ‘“heritable PAH” [8]. Heritable forms of PAH include those with identified
mutations (mainly BMPR2 but also ACVRLI or endoglin and more recently SMADO,
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KCNK3, and CAV1) and familial cases without identified mutations. Idiopathic and
heritable PAH are more common in women than in men with a gender ratio around
2:1 [12] and as high as 3.2 in the REVEAL registry [13].

PAH patients carrying a BMPR2 mutation are prone to be younger at diagnosis
and present with more severe disease than IPAH patients without a BMPR2 muta-
tion [14]. As a result, genetic testing and counseling have played an increasingly
important role in the comprehensive assessment of patients with newly diagnosed
PAH [15-17].

Besides genetic predisposition, there are a number of risk factors that are associ-
ated with the development of PAH. The use of aminorexfumarate, a potent appetite
suppressant, in the 1960s led to an outbreak of rapidly progressive PAH in
Switzerland, Austria, and Germany. The incidence of PAH in patients who had used
aminorex was shown to be about 0.2 % with a median exposure-to-onset time of 8
months, as first described in a Swiss medical clinic. The incidence was proportional
to the amount of drug taken and if discontinued early enough, a regression of PAH
could be seen. Subsequently, aminorex was withdrawn from the market in 1968
[18]. More than 20 years later, fenfluramine and dexfenfluramine were marketed as
appetite suppressants with another outbreak of drug-induced PAH associated with
these two agents in the 1980s—1990s. PAH cases in patients exposed to fenfluramine
derivatives share clinical, functional, hemodynamic, and genetic features with IPAH.
This suggests that fenfluramine exposure represents a potential trigger for PAH
without influencing its clinical course [19]. The association of fenfluramine and
dexfenfluramine with the development of PAH was confirmed by a registry that
enrolled 1,335 subjects at tertiary PH centers in the United States between 1998
and 2001. Of note, these agents have also been associated with an increased risk of
valvular heart diseases, presumably because of their serotoninergic properties. As a
result, fenfluramine and dexfenfluramine were withdrawn from the market in the
late 1990s [20].

More recently, Benfluorex, a benzoate ester that shares structural and pharmaco-
logic characteristics with dexfenfluramine and fenfluramine, has also been associ-
ated with the development of PAH. The active and common metabolite of each of
these molecules is norfenfluramine, which itself has a chemical structure similar to
that of the amphetamines. Given its pharmacological properties, benfluorex would
be expected to have similar toxic effects to the fenfluramine derivatives [21, 22].
An outbreak of valvular heart disease and/or PAH induced by benfluorex use was
identified by the French PH network from June 1999 to March 2011 and included
85 cases of PAH. The analysis of these cases led to the withdrawal of benfluorex
from the French market in 2009 [23].

Other classes of drugs have also been linked to the development of PAH. Cases
of precapillary PH fulfilling the criteria of drug-induced PAH have been reported in
chronic myelogenous leukemia patients treated with the tyrosine kinase inhibitor
dasatinib. At diagnosis, patients had moderate to severe precapillary PH with func-
tional and hemodynamic impairment. Clinical, functional, and hemodynamic
improvements were observed within a few months of dasatinib discontinuation in
most patients. However, after a median follow-up of 9 months (range 3—-36 months),
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Table 2.3 Updated Definite Possible
classification for drug-

and toxin-induced PAH* Aminorex Cocaine

Fenfluramine Phenylpropanolamine
Dexfluramine St. John’s wort
Toxic rapeseed oil Chemotherapeutic agents
Benfluorex Interferon o and
SSRIs® Amphetamine-like drugs
Likely Unlikely
Amphetamines Oral contraceptives
Tryptophan Estrogen
Methamphetamines Cigarette smoking
Dasatinib

From [9]

*Nice 2013

bSelective serotonin reuptake inhibitors (SSRIs) have been
demonstrated as a risk factor for the development of per-
sistent pulmonary hypertension in the newborn (PPHN)
in pregnant women exposed to SSRIs (especially after
20 weeks of gestation). PPHN does not strictly belong
to Group 1 (pulmonary arterial hypertension[PAH]) but to
a separated Group 1. Main modification to the previous
Danapoint classification is in bold

the majority of patients failed to demonstrate complete clinical and hemodynamic
recovery and no patients reached a normal value of mPAH (<20 mmHg). The low-
est estimate of incident PH occurring in patients exposed to dasatinib in France was
0.45 %. Thus, dasatinib may induce severe PAH, suggesting a direct and specific
effect of dasatinib on pulmonary vessels [24].

The potential association of PAH and the use of interferon alfa or beta has also
been reported. Fifty-three PAH patients in the French registry had a history of inter-
feron use, raising the question about whether or not a causal relation could be
present.

The presence of genetic abnormalities and risk factors (such as specific drug
exposures) reinforces the “multiple hit” concept for the development of pulmonary
hypertension [25]. The list of the recognized risk factors potentially associated with
the development of pulmonary hypertension is presented in Table 2.3.

One of the most important forms of PAH is the one associated with connective
tissue diseases, not only due to its clinical course but also because of its prevalence.
Connective tissue diseases (CTD) represented about 15 % of all PAH cases in the
French registry, with systemic sclerosis and systemic lupus erythematosus as the
leading causes (76 and 15 % of all CTD-PAH, respectively) [26]. CTD represented
about 25 % of cases in the REVEAL registry from the United States [46]. The prog-
nosis of these patients is worse than other forms of PAH, reaching a 1-year mortality
of about 30 % as compared to about 15 % in IPAH [27, 28]. Recently, it has been
suggested that implementation of a systematic screening program that allows the
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Table 2.4 Updated clinical classification of pulmonary arterial hypertension associated with
congenital heart disease®
1. Eisenmenger syndrome

Includes all large intra- and extracardiac 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 is contraindicated.

4. Postoperative 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 significant postoperative hemodynamic
lesions. The clinical phenotype is often aggressive.

From [9]

use of specific therapies in a less symptomatic phase of the disease might result in
better long-term outcome for this subgroup of PAH patients [29].

Patients with HIV infection also have a greater risk of developing PAH.
The prevalence of PAH in this group is estimated to be 0.5 %, with clinical and
hemodynamic presentation very similar to IPAH [30, 31]. Prognosis of this particu-
lar subgroup of PAH has improved in recent years. In the REVEAL registry, the
mortality of HIV-PAH patients was 7 and 25 % at 1 and 3 years, respectively [32].

Another group at risk for PAH is patients with portal hypertension. About 6 % of
these patients develop PAH [33] independent of the severity of their liver disease,
although the long-term prognosis of these patients is related to the severity of both
liver and pulmonary vascular diseases [34]. Portopulmonary hypertension repre-
sents an important problem for liver transplantation programs since its presence is
related to increased mortality during the procedure [35]. The prognosis in POPH
is worse than in IPAH. Recent data suggest a 3-year survival of 40 % [36].

About 10 % of children with congenital heart disease (CHD) develop PAH. Since
more of these children now survive to adulthood, PAH associated with CHD is a
significant subgroup of PH seen in many referral centers [37]. According to the last
world symposium, patients with CHD-PAH (except those with more complex con-
genital heart defects) should be subclassified into four different subgroups
(Table 2.4). The concept of this subclassification is to provide guidance on the man-
agement of the disease. For instance, patients with small cardiac defects and PAH
are considered as having IPAH and coincidental congenital heart disease and should
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be managed as any other patient with idiopathic disease. On the other hand, patients
with CHD and persistent left-to-right shunts should be considered for possible
correction of the defect causing the shunt, although criteria for the definition of
operability is still a matter of debate [9].

Schistosomiasis is an infectious disease caused by parasitic trematode worms
that is strongly linked to poor sanitary conditions and poverty. Nevertheless, due to
migratory practices, the prevalence of schistosomiasis is increasing in nonendemic
regions. Pulmonary hypertension represents one of the most severe complications
of chronic schistosomiasis [38]. A screening program for pulmonary hypertension
in a tertiary center in Brazil identified a 4.6 % prevalence of PAH among patients
diagnosed with hepatosplenic Schistosomiasis mansoni [39]. When this prevalence
rate is considered in the context of the high prevalence of schistosomal infection
globally, schistosomiasis associated PAH (Sch-PAH) is one of the leading causes of
PH in the world. Indeed, it is estimated that up to 30 % of all pulmonary hyperten-
sion patients followed at referral centers in Brazil have Sch-PAH [40]. A subsequent
study showed that although Sch-PAH has a clinical profile similar to IPAH at
the time of diagnosis, the clinical course appears to be more benign with a 3-year
mortality of about 15 % [41].

Epidemiology

Our knowledge of the epidemiology of PAH has changed dramatically over the last
30 years. The earlier clinical picture of IPAH was mainly derived from the landmark
study conducted by the National Institutes of Health (NIH) in the 1980s [42, 43].
By that time, IPAH was described as a disease affecting young patients (mean age
of 36 yo), with a female to male ratio of 1.7:1. Time from the first symptom to the
appropriate diagnosis exceeded 2 years and the mortality rate at 1 year was about
32 %. Since then, the development of target therapies has not only led to improved
survival but has also increased disease awareness. Several multicenter registries
have been published in recent years, evidencing a changing epidemiology of PAH
(Tables 2.5 and 2.6). The first of these multicenter registries was the French national
registry. A total of 674 patients were enrolled by 17 different referral centers [26].
The French Registry confirmed the female predominance, but described a mean age
at diagnosis of 50 years, with older patients presenting worse prognosis [27, 45].
Concomitantly, data from the multicenter US registry REVEAL, that included more
than 2,000 patients from 54 reference centers, also demonstrated this older age at
diagnosis (53 yo) as well as a worse prognosis in male patients presenting at older
age [46, 47]. Both registries also demonstrated disturbing data concerning PAH
diagnosis. Although an increase in disease awareness is believed to have occurred
during the last decade, the appropriate diagnosis still takes about 2 years with most
of the patients being diagnosed in functional class III and IV. This is particularly
alarming if one takes into consideration that the worse the functional class at the
diagnosis, the worse the survival despite all available medical treatments. Therefore,



SISOIQ[OS JTUWIAISAS OGS “PI0JAI AYIPIqIOW YSTHOIS YAS ‘UoTduu0d uoisuairadAy Areuowrnd Hf7J ‘uorsualradLy
Teuaye Arevownd v ‘UI[eoH JO SOIMINISU] [BUOIIBN HIN O[qe[IBAE JOU YN ‘SIUBIIQRYUI UOI[[IW J7{ ‘SIUR)IqRYUl J[npe UOI[[IW Jy/jy ‘UoisuairadAy [euopre Areuownd oryyedorpr
HVd] ‘uoisuaiadAy [eriore Areuownd 9[qeinioy gy H ‘uoisudliadAy Areuownd o1joquuooquIoIy) STUOIYD HJHF LD ‘ASBISIP dNSST} SANIUUOD (7., ‘OSBasIp ey [eIuasuod (JH)

% 001 ‘HVdI VN L8S 8¢ 110T-L00T “2An0adsoid s1eak g[< d3e ‘HvdI erdwo)
% 0T ‘190 ‘% ¢ ‘HVd
-dLD ‘% 9S HVdH ‘HVdI VN 8% 1| $00T-$661 anoadsoig Hd [ dnoip oke
(% 6 9SS % 1§
‘AIS) % 61 ‘HVd-ALD ‘% SE€ Ansisoy
‘HVdI ‘% €¥ ‘HVd-AHD VN 966 6|  1107-800T ‘9Anoadsoiq | sieaf g[<a3e ‘H{ | dnoin asaury) MaN
HVd Paje1oosse-uagrxaioue
VN TIN/S9S82 9°9/1 " | 87 8| 600T-100T ‘@An0adsold pue ‘HVdH ‘HVdI N
8007—L00C
% 91 ‘HVd-AHD (% 199SS) | IVIA/S9sed 9t/7° 1 “HVdI 791 ‘HdALD ‘aanoadsord 190078661 s1eof 4] < o3¢
% ST ‘HVd-ALD ‘% 0€ ‘HVdI IVIN/S9S®O 91/7°¢ ‘HVd ‘998 ‘HVd I3 ‘aanoadsonsy ‘HdH.LD pue Hd [ dnoin ystuedg
% 01 ‘HVd-AHD (% 79 0SS) IVIN/S9s®d 6°0 ‘HVdI (sypuowr ¢<
% ST ‘HVA-ALD ‘% 9% ‘HVdI |  IVIA/S9sed 9°01/0°C ‘HVd a3e) GIG°¢ SS | 6007-900T ‘9andadsoiq Hd [ dnoip TVAAHY 'S'N
VN VN L [ $00T-6661 “@andadsoid HVdH pue HvdI asaury)
% 11 ‘HVd-AHD (% 9L 9SS) | IVIA/S9SBI 6°6/0° T ‘HVdI
% S1 ‘HVd-ALD ‘% 8¢ ‘HVdI IVIN/SIS®O ST /4T ‘HVd vL9 LT €002-200¢ ‘0Andadsord | s1eak g1< d3e ‘Hd | dnoin youar]
183k 69—97 93¢ ‘(HVd
% €T ‘HVd-AHD % 0¢ IVIN/S3s®2 6/9° ‘HVdI 10029861 -dLD pPue ‘HVd-AHD
‘HVd-ALD ‘% Ly ‘HVdI IVIN/S9S®O 97/9°L ‘HVd YLE VIN ‘aAnoadsoney ‘HVdD Hd 1 dnoio ANS-USI0dS
9007—+00T
% 11 ‘HVd-AHD ‘% 0€ ‘aanoadsord (H0T-2861
‘HVd-ALD ‘% 8 ‘HVdI VN 8LS € ‘aAnoadsonay | s1edk g1< o8e ‘Hd | dnoip DHd 'S'N
VN VN L8T € S861-1861 “@andadsoiq HVdI HIN 'S'N
HVd QouareAa1d/eouaproug sjuaned jo "oN SIQJUAD pourad owry pue 11040d ApmS (# "Jo1) Ans13oy
JO S2130[0N9 JUBUTWOPAI] Jo "'ON u3isop Apmg

spoLiod QW) pue SOLIUNOD JUIIJIP WOIJ SANSISAI HVJ JO UONBULIOJUI [RISUID)

[#+] sporrad o pue SOLIUNOD JUSISJJIP WOI) sALNSISI uoisualradAy [eudyre Areuowngd §° dqelL



' 9[QEL UI St SuoneIAdIqqe Ioyjo ‘uoneziueSiQ YI[esH PHOM OHM ‘PIodal
Anprqiowr ysmoos Yps ‘@inssoid [erne JYSII ueaw Jyy ‘Xopul aoue)sisar re[nosea Areuowrnd fyyA g ‘emssaid [erroire Areuowrnd ueaw Jygus ‘9oueisip Sun{em uri-9 mMme9
(s9[qeLIRA OTWERUAPOWAY pue ‘(TMIA9 ‘95e) (IS FUSW pue (SSe[o [euonounj QA ‘O[ewa)) Kousnbaiy ore sanjep

VN VN| CIF9p VN S¥3 VN| 9CZIF¢6¢C VN 16 VN 09 VN| SIFS9 VN eradwo)
VN VN| CTIFSS| €IFES| 9F¢l| O9FCl| STIFvbe| STIFo6ce 9¢ S 9L SL| SIFTS| SIFTS oKeA
AnSI3oy
TIFLT| ¥IFST| SIFE9| 0CTFE9 9%8 SF8| LTIFESE| STIF8LE 99 7S 0L OL| €I1¥8¢| €I¥F9¢ osaury) MON
01F¢€C VN| VIFPS VN| 9%01I VN| €TIFT6C VN 8 VN 0L VN| LIF0S VN 3N
VN VN| SIFSS|  9IF¥S [ S¥6| LITFT8¢| 0TIFE9E 0L 69 €L IL| SIF9%| LIFSY ystuedg
I[IF€C| €IFIC| €IFTS| +¥IFIS| 9%F0I 9F6| 6TIFYLE| 9TIF99¢ 99 96 €8 08 SIF0S, ¥IF0S TVAATY ‘SN
VN VN| 61F69 VN| 9%F¢I VN VN VN 19 VN IL VN| CTIF9¢ VN asaury)
O1F€T| OIFIT| P$IF9S| SIFSS SF6 SFQ | TIIF8CE| 60IF6CE 18 SL 29 S9| SIFTS| SIFOS ouaL]
VN VN VN VN VN VN VN VN VN VN 79 OL| 11¥6¥| CTIFTS AINS-UST09S
VN VN| €IF9S| #IFCS| LFII| LFII VN VN 08 08 SL LL|  ¥IFSY| +IF8% DHd ‘SN
Y1F9C VN| 8IF09 VN| 9F0I VN VN VN SL VN €9 VN| SIF9¢ VN HIN ‘SN
HVdI HVd HVdI Hvd |  HVdI HVvd HVdI Hvd| HVdI| HVd| HVdI| HVd HVdI HVd | (# JoD Ansisoy
(;w N) TYAd (BHww) gyqu (BHww) dvy () AMING | (%) AI/ITI OHM (%) orewog (s1eaf) o8y

[#+] sporrad awin pue SOLIUNOD JUSISHIIP WOIJ SANSISAT HVJ JO SONSLIAIOBIRYD dnueuApoway pue ‘[edrur[o ‘omjdeisowaq 97 JqRL



32 R. Souza et al.

late diagnosis is a true problem, more specifically for [IPAH, and might be one of the
scenarios to be changed in the near future, in order to better improve survival.

The French registry estimated the incidence and prevalence of PAH as 2.4 cases
per million inhabitants per year and 15 cases per million inhabitants, respectively
[26]. Data from a more recent registry, developed in the United Kingdom and
Ireland, enrolling almost 500 patients with idiopathic, familial, or anorexigen-
induced PAH evidenced incidence and prevalence rates of 1.1 cases per million
inhabitants per year and 6.6 cases per million inhabitants, respectively (in agree-
ment with the IPAH prevalence found in the French Registry of 5.9 cases per mil-
lion inhabitants) [48]. This registry also confirmed that nowadays, newly diagnosed
patients have older age (50 yo) and still present a female predominance. More inter-
estingly, the UK and Ireland registry recognized two different phenotypes when
stratifying patients according to the mean age. Patients older than 50 years at the
diagnosis had a greater delay between first symptom and diagnosis and also pre-
sented more comorbidities such as diabetes, systemic hypertension, and ischemic
heart disease [48, 49]. Thus, there has been a clear change in phenotype and the
complexity of the disease has increased. The current reality of PAH obligates physi-
cians to deal with more drug-drug interactions and also a more complex process for
diagnosis. For example, older patients with the aforementioned comorbidities are
also prone to develop heart failure with preserved ejection fraction, a particularly
challenging differential diagnosis in PH [50, 51].

The prognosis of IPAH, in the absence of specific treatment, is poor. Data from
the NIH registry demonstrated survival rates of 68 %, 48 %, and 34 % at 1, 3, and
5 years, respectively [43]. Different studies have demonstrated beneficial survival
effects of different drugs when comparing patients receiving active treatment in
extension phases of clinical trials or from retrospective cohorts to the predicted
survival estimated by the NIH equation [41, 52]. This approach, although valid for
exploratory analysis, implies a major bias [53]. Patients enrolled in clinical trials
are stable by definition; this excludes patients with rapidly progressive disease, for
instance. The resulting cohort for the long-term analysis will be then composed
mainly of prevalent cases with less progressive disease, resulting in overestimation
of survival. Fortunately, recent prospective registries composed of newly diagnosed
patients allow a view of the real-life picture on PAH management. The UK and
Ireland registry described a 1-, 3-, and 5-year survival of 92.7 %, 73.3 %, and 61.1 %,
respectively, supporting the impact of the available treatments and strategies on
PAH survival, but also highlighting the unacceptable mortality rate of almost 40 %
in 5 years [48].

In summary, there is a changing picture on the PAH scenario. New epidemio-
logical data provided further insights on the pathophysiology of the disease and
also demonstrated the growing complexity of diagnosis and clinical manage-
ment. Nonetheless, the classification of pulmonary hypertension patients consti-
tutes a landmark for determining prognosis and appropriate therapeutical
management.
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Chapter 3
Pathogenesis of Pulmonary Arterial
Hypertension

Aaron W. Trammell and Anna R. Hemnes

Abstract Pulmonary arterial hypertension (PAH) is a rare disease of the pulmonary
vasculature characterized by progressive vascular obliteration, right heart failure,
and ultimately death. Basic science has focused for the past several decades on
identification of underlying molecular causes of this disease, and multiple potential
derangements have been identified and some have led to development of drugs to
treat PAH. Unfortunately, however, there is no cure for PAH and research continues
to identify common mechanisms of development of pulmonary vascular disease and
to develop new, more effective therapies. This chapter highlights much of our under-
standing of the basic pathobiology underlying PAH including genetic underpin-
nings, vasoactive substances, alterations in cell proliferation and apoptosis,
inflammation, thrombosis, and endocrine factors.

Keywords Pulmonary arterial hypertension ¢ Pathogenesis ¢ Etiology °
Vasoconstriction ® Thrombosis ¢ Proliferation ¢ Plexiform lesion ¢ Nitric oxide ¢
BMPR2

Abbreviations

5-HT 5-Hydroxytryptamine or serotonin

5-HTT  5-Hydroxytryptamine (serotonin) transporter
ADMA  Asymmetric dimethylarginine

ALK Activin receptor-like kinase

AVM Arteriovenous malformation

bFGF Basic fibroblast growth factor

BMP Bone morphogenic protein

BMPR2 Bone morphogenic protein receptor type 2
Cav-1 Caveolin-1
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cGMP Cyclic guanosine monophosphate

COPD Chronic obstructive pulmonary disease

CTD Connective tissue disease

CTEPH Chronic thromboembolic pulmonary hypertension
DDAH  Dimethylarginine dimethyaminohydrolase

EC Endothelial cell

EGF Epidermal growth factor

EGFR Epidermal growth factor receptor

ENG Endoglin

ET Endothelin

GDF Growth/differentiation factor

HHT Hereditary hemorrhagic telangiectasia
HHV-8  Human herpesvirus 8

HIF Hypoxia-inducible factor

HIV Human immunodeficiency virus

HPAH Heritable pulmonary arterial hypertension
IPAH Idiopathic pulmonary arterial hypertension

v Intravenous

Ky Voltage-gated potassium channel
NO Nitric oxide

NOS Nitric oxide synthase

PA Pulmonary artery

PAH Pulmonary arterial hypertension
PAP Pulmonary arterial pressure

PASMC  Pulmonary artery smooth muscle cell
PDES Phosphodiesterase type 5
PDGF Platelet-derived growth factor

PH Pulmonary hypertension

PPARy  Peroxisome proliferator-activator receptor gamma
PVR Pulmonary vascular resistance

RV Right ventricle

siRNA Small interfering RNA

SIV Simian immunodeficiency virus

SMC Smooth muscle cell

SSRI Selective serotonin reuptake inhibitors

TFG-o0  Transforming growth factor a

TGF-p Transforming growth factor f§

VEGF Vascular endothelial growth factor
VEGFR  Vascular endothelial growth factor receptor
vSMC Vascular smooth muscle cell

vWF von Willebrand factor

WHO World Health Organization
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Genetic Background

No single mechanism has been shown to be sufficient to cause PAH in man. Rather,
a combination of factors likely contributes to disease development and risk. While
most PAH develops sporadically, registry data show that >6 % of subjects with PAH
have a first-degree relative with the disease (familial or heritable PAH, HPAH) and
these subjects are clinically indistinguishable from those without a family history
(sporadic or idiopathic PAH) [1]. Females are disproportionately affected at a 3:1
ratio [2, 3]. An autosomal dominant inheritance pattern with reduced penetrance
(10-20 %) was demonstrated prior to discovery of a genetic locus. Early registry
data also suggested genetic anticipation, but later reanalysis with more families and
longer follow-up intervals suggest that genetic anticipation is not a feature of famil-
ial PAH [4]. Early study of HPAH carried hopes of elucidating the underlying
genetic and pathobiologic basis of the disease [5, 6].

Through genetic linkage analysis, the locus for inheritance of HPAH was found
to be on the long arm of chromosome 2 [7, 8], and later narrowed to a segment of
2q33 [9, 10]. In 2000, using information from the Human Genome Project, candi-
date genes in this chromosomal region were sequenced in multiple kindreds of
HPAH by two independent groups. Heterogeneous mutations in the gene for bone
morphogenic protein receptor type II (BMPR2) were discovered including frame-
shift, missense, and nonsense mutations which span the BMPR2 gene and resultant
TGF-f family protein [11-13]. Given that patients with familial and sporadic PAH
are clinically indistinguishable [5, 6], genotyping was undertaken in patients with
sporadic disease. Fifty patients with sporadic PAH (defined as having no family his-
tory suggestive of PAH) were genotyped. BMPR2 mutations were found in 13 of 50
patients including 11 different mutations [14]. With parental genetic analysis, some
mutations were de novo while others were demonstrated in a parent despite exclu-
sion of family history of clinical disease by detailed pedigrees. We now know that
BMPR?2 mutations are present in up to 80 % of subjects with familial PAH and 15 %
of those with sporadic PAH [1, 15-17].

BMPR?2 is a member of the TGF-f receptor superfamily which is split into type
I and type II receptors; BMPR2 is a type II receptor. All type II receptors are consti-
tutively active serine/threonine kinases. BMPR?2 is distinguished from other type II
receptors by a long cytoplasmic tail following the kinase domain. There are more
than a dozen extracellular ligands which typically have high affinity for the type I
receptor and lower affinity for BMPR2. In the presence of extracellular ligand, the
type I receptor dimerizes and recruits a type Il receptor, forming a functional hetero-
tetrameric receptor complex. The type I receptor is phosphorylated by the constitu-
tively active kinase domain of BMPR2 (or other type II receptor). This signaling
family exhibits tissue specificity likely mediated by the specific extracellular ligand
and the other receptor proteins present within the heterotetramer as well as multiple
known BMP receptor inhibitors (e.g., Noggin, Chordin, Smurf 1). The canonical
pathway of downstream signaling involves phosphorylation of Smadl, -5, and -8 by
the activated type I receptor. These Smads activate Smad4, a transcription factor.
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Fig. 3.1 Signaling pathways downstream of BMPR2

While this is the most ubiquitous description of BMP signaling in the literature,
other pathways have been reported and, thus, BMP signaling is much more complex
than the canonical pathway alone. BMP signaling also involves mitogen-activated
protein kinases (p38MAPK, pd2/44MAPK glso known as Erk1/2) which activate other
nuclear transcription factors, and LIMK which regulates actin polymerization and
therefore the cytoskeleton, Tetex-type I, NF-kB, and Src among others [18-21]
(Fig. 3.1).

Interestingly, it is clear that not all persons with BMPR2 mutation develop PAH
and within the same family there is variation in age of onset and disease severity.
This variability suggests a “second hit,” perhaps an environmental exposure or
additional genetic factor modulating risk of disease development [22]. Recent work
has suggested that alterations in expression of the estrogen-metabolizing enzyme
CYP1BI favoring 16-hydroxyestrone over 2-methoxyestradiol may underlie devel-
opment of PAH in many patients with BMPR2 mutation [23]. Alternative splicing
of the normal BMPR?2 allele in heterozygous mutation carriers may affect pulmo-
nary vascular disease development [24].

Although BMPR?2 mutation is found in many cases of HPAH and some sporadic
PAH, we now know that BMPR2 expression is depressed in many forms of PAH
including IPAH not associated with mutation [25]. Despite over a decade of research
on BMPR2, the exact mechanism through which altered BMPR?2 signaling results
in the clinical phenotype of pulmonary vascular disease is unknown. Recent work
has highlighted the potentially important role that cytoskeletal abnormalities as a
function of racl defects and metabolic derangements regulated by BMPR2 signal-
ing may play in PAH development [26]. Work continues to explore these and other
hypotheses in the development of pulmonary vascular disease related to BMPR2
mutation and signaling depression. Downstream effects of BMPR2 signaling will
follow later in this section.

Hereditary hemorrhagic telangiectasia (HHT) is another heritable vascular disor-
der linked to the TGF-f signaling pathway. Prior to discovery of BMPR2-associated
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Table 3.1 Evidence for abnormal signaling pathways in PAH
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Proposed signaling | Evidence in | Evidence in Abnormal in Therapeutic targets
pathway cell culture | animal models |human subjects readily available
BMPR2 Yes Yes (genetic Yes No
models)
Smad Yes Yes Yes No
MAPKK/MAPK | Yes Yes Yes No
LIMK Yes Yes Lack of evidence |No
Src Yes Yes Limited data No
Nitric oxide Yes Yes Yes Yes, FDA approved
Prostacyclin Yes Yes Yes Yes, FDA approved
Endothelin-1 Yes Yes Yes Yes, FDA approved
Serotonin - Yes Yes (conflicting Yes
data)
VEGF Yes Yes Yes (conflicting Yes
data)
PDGF Yes Yes Yes (kinase
inhibitors)
bFGF Yes No Yes Yes (kinase
inhibitors)
EGF Yes Yes No Yes (kinase
inhibitors)

PAH, mutations in two TGF-f signaling proteins (ALK-1 and endoglin) were
demonstrated as the genetic basis of HHT [27-29]. Unlike its more common pheno-
type, a minority of subjects with HHT have PAH that is clinically indistinguishable
and pathologically similar to those with IPAH [30, 31]. Mutations of endoglin or
ALK-1 have been identified in those families affected by HHT and PAH [29, 31, 32].
PAH in children is often secondary to congenital heart disease, but when this is
excluded, they may be more likely to carry an identifiable genetic mutation in
BMPR2, endoglin, or ALK-1, reconfirming that different mutations in the TGF-f
signaling pathway are often indistinguishable from one another and are frequently
found in patients with idiopathic disease [33] (Table 3.1).

Most recently, whole-exome sequencing was used in a family with multiple
PAH-affected members in whom no identifiable mutation had been found. All
affected family members, and some unaffected members, carried a mutation in the
gene encoding caveolin-1 (cav-1), a protein important in formation of caveolae
which are cell surface invaginations that modulate cell surface protein endocytosis
and recycling. An additional sporadic case of IPAH secondary to cav-I mutation
was also discovered [34]. This study suggests that mutations in cav-/ are a rare
cause of PAH and is the first mutation known that does not involve TGF-p signaling
directly. Caveolin-1 is known to be important in vascular biology and physiology
because it is a crucial negative regulator of eNOS activity [35, 36]. Recent studies
using cav-1 and eNOS knockout mice suggest that the lack of cav-1 results in
excessive eNOS activity associated with generation of ROS and inactivation of
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PKG (the major downstream target of NO-generated cGMP) by nitrosylation [37].
Cav-1 knockout mice develop cardiovascular disease including spontaneous PAH
and RV failure when exposed to chronic hypoxia [38—40].

Vasoactive Substances and Imbalance

The hallmarks of pulmonary hypertension are elevated pulmonary arterial pressure
(PAP) and vascular resistance (PVR). Patients with what is now categorized as
IPAH were described early on in biopsy and autopsy series as those with normal
lung parenchyma and pathologic findings limited to the small muscular arteries
[41]. A logical area of investigation was the balance of vasoactive substances.

Vascular smooth muscle (SMCs) and endothelial cells (ECs) participate in regu-
lation of blood flow in both the systemic and pulmonary vascular bed. The regula-
tion of pulmonary circulation is unique to that of the systemic circulation especially
in regard to hypoxic pulmonary vasoconstriction (see Chap. 4). While hypoxic pul-
monary vasoconstriction is effective and necessary to maintain homeostasis in
health and disease, chronic lung diseases featuring hypoxemia are a common cause
of PH (WHO Group 3). While there is still debate as to the mechanism of hypoxic
pulmonary vasoconstriction, research in this area has led to a better understanding
of pulmonary physiology and a wealth of knowledge that has been adapted to the
study of pulmonary vascular disease broadly.

It has long been known that histologic specimens from patients with PAH
show normal lung parenchyma but intimal and medial thickening of the vascular
wall and intraluminal findings of cellular proliferation and often thrombotic mate-
rial [41-43]. In addition to pathologic findings limited to pulmonary vessels, an
early observation was an acute response to administration of pulmonary vasodila-
tors leading to the theory that the underlying pathobiologic mechanism was a
“vasoconstrictive factor” [44—46].

Nitric Oxide

In the 1950s Paul Wood developed a classification scheme for PH not dissimilar to
our current WHO classification. He was interested in vasoconstriction as a possible
cause of elevated PAP and PVR. In a subject with mitral stenosis and PH, he admin-
istered acetylcholine, a known vasodilator. He noted that PAP and PVR fell and
systemic pressure increased, presumably from increased cardiac output. This was
shown to be reproducible in patients with PAH and PH secondary to mitral stenosis
or COPD, but not in Eisenmenger’s syndrome [46]. Through elegant experiments in
several labs over the ensuing three decades, acetylcholine’s effect was demonstrated
to be via an endothelial dependent mechanism with the effector compound being
nitric oxide (NO) from ECs and the target being the vascular SMC [47, 48].
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Subsequently it was shown that strips of excised but still endothelialized PA from
patients with Eisenmenger’s syndrome and chronic lung disease with secondary PH
had blunted vasodilatory responses to acetylcholine, but preserved response to
nitroprusside (an NO donor) [49, 50]. Endothelial dysfunction was proposed as the
mechanism.

Nitric oxide is a short-lived powerful vasodilator produced from metabolism of
L-arginine by the enzyme nitric oxide synthase (NOS). In the lung, endothelial NOS
(eNOS) is the predominant isoform. Nitric oxide exerts its effect by increasing
cyclic guanosine monophosphate (cGMP) within PASMCs which causes relaxation
by activating cGMP-dependent protein kinase (PKG) that then acts on a variety of
downstream targets to decrease intracellular calcium concentration. Inhaled NO
reduces PAP and PVR in some subjects with PH [51]. Lung specimens from subjects
with PAH show reduced or absent eNOS expression. Also, eNOS and endothelin-1
(a vasoconstrictor discussed below) have inverse staining patterns in the endothe-
lium of PAH subjects compared with controls [52]. Subjects with PAH also have
higher levels of ADMA (an eNOS inhibitor) and reduced expression of DDAH?2 (an
enzyme which metabolizes ADMA) in lung specimens compared to controls [53].
Taken together, these findings suggest that endothelial derived NO is reduced in
PAH. Whether reduced NO availability is a cause or effect of pulmonary vascular
disease is uncertain, but it has led to development of pharmacologic agents designed
to increase pulmonary vascular cGMP levels. A family of phosphodiesterases (PDE)
degrade cGMP and cAMP. PDES is the predominant isoform in pulmonary vascular
smooth muscle and PDES5-specific inhibitors such as sildenafil and tadalafil have
been shown to reduce PAP in animal models of pulmonary hypertension and in
humans with PAH [54-56]. L-arginine has been used with limited success in the
treatment of PAH and has been shown to reduce PAP and PVR in some subjects [57,
58]. Recently, soluble guanylate cyclase stimulators that act synergistically with NO
to increase cGMP synthesis have also been approved for the treatment of PAH (see
Chap. 15 for more discussion on cGMP modifiers for the treatment of PAH).

Prostacyclin

Prostacyclin is also produced by ECs and relaxes pulmonary and systemic smooth
muscle [56]. Rubin administered prostacyclin to subjects with PAH and reported
favorable acute hemodynamic changes [59] and later a favorable randomized trial of
continuous IV prostacyclin therapy [60]. Despite the efficacious effects of prostacy-
clin (see Chap. 13), it was not known at that time whether abnormalities of prosta-
cyclin synthesis contributed to the pathophysiology of PAH. Further studies found
that thromboxane, that is derived from the same synthetic pathway as prostacyclin,
but is a known procoagulant and vasoconstrictor, is increased in subjects with PH,
whereasprostacyclinmetabolitesaredecreased. Theratioofthromboxane:prostacyclin
is increased in subjects with PH of any cause relative to controls [61]. This suggests
increased platelet activation and lends further support to the presence of endothelial
dysfunction in subjects with PH.
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Endothelin-1

Endothelins (ET-1, ET-2, and ET-3) are another potent mediator of pulmonary
vasoconstriction and are also SMC mitogens. Endothelin receptors ET, and ETy are
both present in the pulmonary vasculature, although their relative expression varies
depending on vessel size [62]. The action of ET-1 on ET, receptor on PASMCs
causes vasoconstriction and mitogenesis. The ETy receptor has a less clear role in
vascular tone, but plays an important role in clearance of ET-1. ET, receptor block-
ade in experimental conditions reliably attenuates endothelin-induced vascular
SMC mitogenesis [62—66] and improves symptoms, exercise tolerance, and hemo-
dynamic parameters in patients [67-71].

In vivo, plasma levels of ET-1 are higher in subjects with PAH or secondary PH
compared to controls and are higher in the arterial than venous circulation [72, 73]
suggesting increased production or reduced clearance within the pulmonary bed.
Compared to controls, PAH subjects have increased ET-1 gene and protein expres-
sion in lung tissue which is concentrated in areas of vascular remodeling, especially
plexiform lesions [74, 75]. Endothelin effects clearly contribute to pulmonary vas-
cular disease but whether ET-1 overexpression initiates or only propagates pulmo-
nary vascular disease is unknown. Likely, initial endothelial injury results in
maladaptive ET-1 release which promotes mitogenesis of vascular SMCs and fibro-
blasts in patients already prone to uncontrolled cellular proliferation (i.e., those with
BMPR?2 mutation) or in those in whom endothelial injury is constantly present (i.e.,
congenital cardiac shunt). Regardless of mechanism, inhibition of the endothelin
system has offered another attractive therapeutic target in the treatment of pulmo-
nary hypertension (see Chap. 14).

Serotonin

The “serotonin hypothesis” of PAH was borne out of the observation that certain
serotonergic medications are associated with PAH development [76—79]. Serotonin
or 5-hydroxytryptamine (5-HT) causes intense vasoconstriction of systemic and
pulmonary vessels and also acts as a mitogen for vascular SMCs [80, 81]. Within
the circulation 5-HT exists almost exclusively within platelets for release “on
demand,” and plasma levels are normally very low. After release from activated
platelets, 5-HT is transported into cells including ECs and SMCs via the 5-HT
transporter (SERT or 5-HTT) and metabolized by monoamine oxidase. 5-HT 3 is
the receptor most important for pulmonary vasoconstriction [82, 83].

Experimental disruptions of the 5-HT system have yielded some understanding
of its role in human PAH but have not resulted in any therapeutic breakthroughs.
Some studies have shown subjects with PAH to have higher concentrations of 5-HT
in plasma and within platelets compared to controls which persist after lung trans-
plantation [84]. Polymorphisms of the 5-HTT (the “LL” variant) are likely not
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associated with PAH in the largest and most recent studies [85-87]. PASMCs from
subjects with PAH have higher expression of 5-HTT and are more susceptible to
5-HT-mediated mitogenesis which is reduced by 5-HTT inhibition [85].
Experimental overexpression of 5S-HTT causes worsened PH phenotype in animals
[88], and 5-HTT knockout mice are protected from pulmonary vascular disease
[89]. There are various medications which target the 5-HTT with varying affinities,
these being the selective serotonin reuptake inhibitors (SSRIs) commonly
employed in the treatment of depression and anxiety. Proliferation of vascular
SMCs in response to 5-HT in vitro is inhibited by SSRIs [85, 90]. SSRIs protect
against PH in the chronic hypoxia mouse model [91]. In terms of receptors, it is
known that the 5-HT g receptor is involved in pulmonary vasoconstriction and
sumatriptan, an FDA-approved medication for treatment of migraine and 5-HT p,p
receptor agonist, causes acute rise in PA pressure [83, 92]. Knockout of the 5-HT,z
receptor and knockout or antagonism of the 5-HT receptor protect rodents from
PH [93, 94]. Further study of the serotonin system and its role in pulmonary vas-
cular disease is ongoing.

Solute Channels

Potassium channels regulate resting membrane potential and voltage-gated Ca?*
influx. Calcium is essential for both vascular SMC contraction and proliferation and
higher cytosolic Ca** concentration leads to both. Subjects with IPAH have reduced
PASMC expression and activity of voltage-gated Ky channels [95, 96] which pro-
motes membrane depolarization and Ca?* influx. Resting and stimulated cytosolic
Ca* concentrations are known to be higher in PASMCs from subjects with IPAH
than controls [95, 97] and this is likely due to both the Ky channel defect and upreg-
ulation of several Ca** channels and regulators [97-100].

Multiple circulating and autocrine vasoactive substances, some having mito-
genic potential, are altered in subjects with PAH. The nitric oxide, endothelin, and
prostacyclin systems have met realization of clinically useful pharmacologic tar-
gets. Further study of other vasoactive mediators may lead to additional treatment
options which are sorely needed. There is substantial interaction of vasoconstriction
and cellular proliferation which is discussed in the next section.

Cellular Proliferation and Vascular Remodeling

In addition to vasoconstriction, cellular proliferation is one of the major underlying
commonalities of PAH pathogenesis. Pulmonary vascular remodeling and prolifera-
tion are manifested in all components of the vessel wall: media thickening with
vascular smooth muscle cell (SMC) hypertrophy and proliferation, intimal thicken-
ing and fibrosis, and intraluminal obstruction of proliferative endothelial cells (ECs)



46 AW. Trammell and A.R. Hemnes

and plexiform lesions. Regulation of the growth and differentiation of ECs and
vascular SMCs has been studied extensively in health and disease. Multiple media-
tors are known, some affecting both ECs and SMCs. Several of these with a focus
on their specific role in pulmonary vascular disease will be reviewed herein. Some
small molecules, such as 5-HT and ET-1, with prominent pulmonary vasoconstric-
tion properties which have already been discussed also modulate growth and
differentiation.

Vascular Endothelial Growth Factor

Vascular remodeling with cellular proliferation is most apparent at plexiform lesions.
These histologic lesions are unique to PAH (WHO Group 1). They are composed of
proliferating and apoptosis-resistant ECs and other cellular components which have
been debated to be myofibroblasts, SMCs, or undifferentiated mesenchymal cells
[98]. Within plexiform lesions expression of vascular endothelial growth factor
(VEGF), its receptor (VEGFR), HIF-1a, and other remodeling genes are increased
[101-103]. VEGEF is also increased in plasma samples from subjects with IPAH
compared to controls [104]. While VEGF and VEGFR are required for normal
angiogenesis, they are also an exploited pathway of malignant-transformed cells.
Given increased expression of VEGF and VEGFR within plexiform lesions a cancer
paradigm of PAH developed, suggesting that excessive angiogenesis due to a molec-
ular defect within a clone of cells leads to the clinically manifest disease. Preclinical
research on VEGF signaling and PH has given conflicting data and has not yet
arrived at a therapeutic modality. Experimental overexpression of VEGF is protec-
tive in some PH models [105, 106]. Consistent with this, VEGFR inhibition via
receptor blockade (with SU5416) in the chronic hypoxia model results in worsened
PH and increased EC proliferation [107]. A different VEGF signaling inhibitor, the
multikinase inhibitor sorafenib, reduces progression of established PH in monocro-
taline-treated rats [108] and prevents PH development in rats exposed to chronic
hypoxia and SU5416 [109]. Taken together, this indicates that VEGF signaling is
important in vascular maintenance and interrupting the pathway can worsen pulmo-
nary vascular disease phenotype. However, some downstream effects of VEGF sig-
naling may ultimately be maladaptive. The complex relationship of VEGF signaling
in pulmonary vascular disease animal models and varying results of treatment
approaches has recently been reviewed [110]. Further study is needed in this intrigu-
ing area before clinical application can be developed for treatment of PAH.

Mitogens

Several mitogens have been evaluated in PAH including platelet-derived growth fac-
tor (PDGF), basic fibroblast growth factor (bFGF), and epidermal growth factor
(EGF). While the precise function of PDGF in vivo is still somewhat of a question, it
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is known as a potent vascular SMC mitogen in vitro which also causes SMC and
fibroblast migration. It has been implicated in the pathogenesis of multiple vascular
and fibroproliferative diseases [111]. PDGF and its receptor (PDGFR) are increased
in vessels of lung specimens from subjects with PAH [112, 113]. bFGF is another
mitogen for ECs and vascular SMCs and has been found to be increased in patient
samples [114] and overexpressed in patient-derived PA ECs. Interference of bFGF
signaling via siRNA for bFGF reduces PASMC proliferation in vivo and in vitro
[115]. EGF and TGF-a both activate EGFR and cause growth and vascular remodel-
ing, a pathway exploited in some tumors and targeted pharmacologically.
Overexpression of TGF-a leads to pulmonary vascular disease in mice through EGFR
signaling [116], and EGFR is overexpressed in the monocrotaline PH model.
Inhibition of this pathway is effective in vitro [117] and prevents development of
monocrotaline-induced PH in rats, but is ineffective in a chronic hypoxia model [118].
In addition, EGFR expression is no different in clinical specimens of PAH patients
versus controls [118]. EGF inhibition therefore has limited therapeutic promise.

Tyrosine Kinases

Many of the above substrates and receptors signal through tyrosine-kinase mecha-
nisms. Multiple tyrosine-kinase inhibitors exist. One of the earliest, imatinib
(Gleevec), has been studied in basic and clinical studies of PAH. Imatinib blocks
PDGF-mediated PASMC proliferation. However, it does not mitigate the effects of
many other known growth factors (VEGF, EGF, bFGF). In monocrotaline-treated or
chronic hypoxic rats, imatinib improves pulmonary vascular disease via reduced
downstream signaling of PDGF [113]. There are several clinical case reports of
beneficial effect of treatment with imatinib (Gleevec) [119—121]. A small phase II
study in PAH demonstrated a decline in PVR with imatinib compared to placebo
[122]. A subsequent phase III study in PAH patients already on combination PAH
therapy demonstrated improvement in 6-min walk distance and in PVR, but there
was a greater incidence of hospitalization in the imatinib group and increased risk of
cerebral hemorrhage in imatinib-treated patients who also were receiving warfarin
therapy [123]. Other multi-targeted tyrosine kinase inhibitors have been considered
in PAH, but predicting their clinical effects and avoiding off-target effects remain of
concern. The importance of such considerations is exemplified by the finding that
dasatinib can cause pulmonary hypertension and pleural effusions in patients being
treated for malignancy [124]. These issues are discussed further in Chap. 17.

TGF-p Signaling

As discussed previously, mutations in the gene encoding BMPR2 are the genetic
basis of disease in most cases of familial and many cases of sporadic PAH [1, 11, 12].
The TGF-f family of receptors including BMPR?2 is highly evolutionarily conserved.
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BMPR?2 is required for embryogenesis and alteration of signals downstream of
BMPR?2 result in defects in angiogenesis [125]. BMP signaling has been studied
extensively since the discovery of a link between BMPR2 mutation and PAH. The
major downstream pathways of BMPR2 include (1) Smad1/5/8 which signals
through the common Smad?2 transcription factor, (2) p38MAPX and Erk1/2, (3) Src,
and (4) LIMK, among others. Smad 1/5/8 signaling is facilitated by cGMP activa-
tion of PKG. Activated PKGI binds to and phosphorylates BMPR2. In response to
ligand binding, PKGI detaches from BMPR?2 and associates with activated Smads
and then translocates to the nucleus where it regulates transcription as a nuclear
cofactor for Smads [126]. Recent studies demonstrate that Smad signaling is
impaired in mice with reduced PKG expression and activation of PKG by cGMP
improves Smad signaling in a rat model of PAH [127].

The cellular effects of BMP stimulation and its disruption are dependent on cell
type. It is helpful to review the effects of normal and abnormal BMP signaling in
SMCs and ECs separately.

In proximal PASMCs, BMP inhibits proliferation, and promotes apoptosis and
SMC phenotype differentiation [128—130]. Peripheral PASMCs may have a differ-
ent response to BMP stimulation, responding with proliferation [130]. BMP’s effect
on control of proliferation is mediated through Smad signaling [128, 130]. Subjects
with IPAH have less Smad] activation than controls and unchanged p38MAPX/Erk
activation, resulting in an unopposed proliferative stimulus [128, 130].

In contrast to the predominant effect on PASMCs, BMPR2 activation in endothe-
lial cells promotes survival, proliferation, and migration [131, 132]. This effect is
also mediated through Smad signaling. BMPR?2 gene silencing results in EC apop-
tosis and makes the endothelium susceptible to damage. In vivo, this loss of endo-
thelial integrity may allow PASMCs to be exposed to serum growth factors and
proliferate in the absence of BMPR2-mediated growth regulation. In addition,
increased endothelial apoptosis may select for apoptosis-resistant clones which
have been demonstrated in plexiform lesions of PAH subjects [98].

Notch Signaling

The Notch family of receptors are single transmembrane proteins which bind to
ligands on the surface of adjacent cells. Upon this stimulus, the intracellular portion
of Notch is cleaved and translocates to the nucleus where it acts as a transcription
factor. Notch ligands are primarily expressed on ECs and the receptors allow cell-
cell communication affecting vascular development [133]. There are four known
Notch receptors (Notch1-4). Notch3 is expressed only in arterial vascular SMCs
and is crucial for development of normal arterial morphology, as evidenced by the
study of Notch3-null mice which lack a normal arterial muscular layer [134, 135].
Notch3 overexpression results in vascular SMC proliferation that continues post-
confluence in vitro [136]. Li et al. [137] have studied the association of Notch3 and
PAH in both humans and animal models, finding increased expression at an mRNA
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and protein level as well as increased HES-5, a downstream effector. Inhibition of
this pathway is protective in the chronic hypoxic PH model. Notch is also known to
interact with other pertinent signaling pathways including Smadl, HIF-1a, and
VEGEF [133, 138].

The components of the vessel wall are under constant stress and appropriate
regulation of proliferation, migration, and apoptosis are required to maintain
homeostasis in health and under insults of disease. Cellular regulation of these pro-
cesses is complex and varies not only by cell type, but also by tissue bed. VEGF,
VEGFR, BMPR2, and Notch are required for formation of normal vessels during
development. When injury to the vascular wall occurs, autocrine and paracrine sig-
nals such as VEGF, ET-1, PDGF, EGF, 5-HT, and BMP (and likely many others)
respond to direct cellular response. Dysregulation of these adaptive signals in PAH
subjects leads to abnormal PASMC and EC proliferation. The number of PAH ther-
apies that target these pathways is minimal. A greater molecular understanding of
the intricate balance of this proproliferative/antiproliferative balance has been
attained in the last two decades, but research is ongoing and translation to clinical
care is still needed.

Inflammation and Infection

Within WHO Group 1, there is a subset of patients with associated inflammatory,
immune, or infectious conditions known to result in pulmonary vascular disease
[139]. The most common of these are the connective diseases (CTD) and infectious
diseases HIV and schistosomiasis. The study of pulmonary vascular disease associ-
ated with these diseases has uncovered links with inflammation and immunity. At
the same time, study of patients with IPAH and HPAH has also revealed elements of
dysregulated inflammation. Thus, there appears to be a strong influence of the
immune system on pulmonary vascular disease onset and progression.

Pulmonary hypertension is a frequent manifestation of multiple autoimmune
conditions [139] with systemic sclerosis being the most common. Up to 12—-40 % of
patients with systemic sclerosis will develop PAH and this complication portends a
poor prognosis [140, 141]. Systemic sclerosis and other CTDs are characterized by
circulating autoantibodies, and clinical evaluation for these conditions is indicated
in a patient with newly diagnosed PAH. Study of patients with IPAH has also
revealed the presence of autoantibodies, primarily anti-Ku, which in one study was
found in 23 % of presumed IPAH patients. Raynaud’s phenomenon, a common fea-
ture of systemic sclerosis, was frequently seen (39 %) in the same study [142].

Inflammation is a prominent feature of the pathology of pulmonary vascular dis-
ease. Pathologic review of several cohorts has demonstrated B- and T-lymphocytes
(CD8+ and CD4+), macrophages, mast cells, and dendritic cells concentrated near
areas of vascular remodeling [143—-145]. Subjects with IPAH have increased circu-
lating regulatory T-cells compared with subjects with CTEPH or normal controls
but lower numbers of them in lung specimens [144—146]. There may also be
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alterations in natural killer (NK) cell population and function [147]. Any of these
changes in circulating immune cell populations may result in altered cytokine
response and inadequate control of immune activation manifested in the pulmonary
vascular bed. In fact, multiple cytokines are known to be increased in PAH
[148-150]. IL-6 levels are increased, correlate with clinical outcome, and do so bet-
ter than hemodynamics or 6-min walk distance in some studies [149, 150]. Injection
of IL-6 [151] or IL-6 overexpression [152] in mice results in PH, and knockout of
IL-6 is protective against chronic hypoxic PH [153]. CX;CL1 (also known as frac-
talkine) and its soluble receptor (CX;CR1) are increased in the plasma and pulmo-
nary endothelium of subjects with IPAH. CX;CL1 and CCL2 expression are
elevated in plasma and in pulmonary ECs of PAH patients compared to controls.
These chemokines increase leukocyte adhesion to ECs, further propagating perivas-
cular inflammation. Increased cytokine production may be a central component of
PAH but its temporal relation to disease development is uncertain.

Some infectious diseases are causally related to PAH development. In the USA,
HIV is the most common, whereas schistosomiasis may be the most common cause
of PAH worldwide. Up to 1 in 200 AIDS patients will develop PAH, meaning that
HIV patients have up to a 600-fold higher incidence of PAH than the general popu-
lation; [154, 155]. These patients have plexiform lesions indistinguishable from
those seen in [IPAH. However, the HIV virus has not itself been identified in pulmo-
nary vessels [156, 157]. Indirect effects of HIV infection, either mediated by
immune dysregulation or viral proteins, are proposed as mechanisms of pulmonary
vascular disease. Several pertinent HIV proteins have been implicated, the most
studied being the protein Nef. The predominant animal model of HIV, simian immu-
nodeficiency virus (SIV)-infected macaques, has a low penetrance of pulmonary
vascular disease. When infected with a chimeric HIV-SIV virus containing HIV
Nef, they develop plexiform lesions containing Nef [158]. Nef, which has a soluble
form, can enter non-HIV-infected cells via the chemokine receptor, CXCR4. In
addition to lymphocytes, CXCR4 is present on ECs and may allow entry of Nef
without direct infection of ECs by HIV virus [159]. Indeed, Nef has been demon-
strated in pulmonary ECs of HIV-associated PAH subjects [150]. Nef increases IL-6
expression and multiple proproliferative signals including p38MAPK [155] which
could promote PH development. More recently, study of the HIV envelope protein
(Env) using SHIV-env in macaques also showed increased pulmonary vascular
lesions in those animals compared to SIV-infected animals [160]. Exogenous Env
protein has been shown to induce endothelial cell ET-1 expression. It is uncertain if
this or another mechanism may underlie its role in HIV-associated PAH develop-
ment. HIV proteins gp120 and Tat affect pulmonary ECs in vitro and could play a
role, but data is preliminary [161, 162].

HHV-8 is a gamma-herpesvirus associated with Kaposi’s sarcoma which is a
proliferative vascular lesion seen in patients with HIV infection. HHV-8 encodes a
protein similar to IL-6 which induces VEGF expression explaining its disease man-
ifestation. One group reported HHV-8 detected in lung specimens of 10 of 16
patients with IPAH and none of a matched secondary PAH cohort [163]. Since this
study, multiple groups have failed to identify HHV-8 infection in various PAH
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cohorts [164—168]. As it stands, HHV-8 is felt to be unlikely to cause pulmonary
vascular disease on its own.

Schistosomiasis is rare in the USA, but probably the most common cause of PAH
worldwide. In chronic infections, endemic Schistosoma blood flukes reside in the
mesenteric venous system and shed eggs and antigens causing an intense
granulomatous reaction. This results in periportal fibrosis and portal hypertension,
a syndrome known as hepatosplenic schistosomiasis [169, 170]. Hepatosplenic
schistosomiasis precedes pulmonary vascular disease development, but the stepwise
progression is uncertain. Regardless of cause, the histology is similar to that of other
forms of PAH [171]. Mechanistic studies of PAH secondary to schistosomiasis are
limited. One study of lung specimens from subjects with schistosomiasis and PAH
failed to demonstrate the presence of egg antigens in pulmonary vessels, but it is
uncertain whether antihelmenthic treatments may have eliminated their parasite
burden [169, 171, 172]. Intense inflammation in this disorder may result in early
pulmonary vascular changes and with continued immune activation, progression to
an irreversible vasculopathy of the pulmonary bed. IL-13 has recently been impli-
cated as a mediator of pulmonary vascular disease in schistosomiasis-associated
PAH [173]. Schistosomiasis-associated PH is further discussed in Chap. 7.

Thrombosis and Hypercoagulability

Thrombosis has been a proposed central mediator or pulmonary vascular disease for
decades. Pulmonary vascular thrombosis and thrombotic arteriopathy are common
pathologic findings of PAH, found in 30-56 % of specimens [43, 174—176]. While
incomplete evaluation for CTEPH in some studies may reduce the true incidence of
thrombotic lesions, it is clear that many subjects with IPAH have some degree of
pulmonary vascular thrombosis. Similar thrombotic lesions have been demonstrated
in patients with congenital heart disease complicated by PAH, portopulmonary
hypertension, and aminorex use [177]. These lesions are described as eccentric with
post-thrombotic intimal fibrosis and recanalization. These changes are felt to be the
same whether the cause was embolus or in situ thrombus formation [42, 178]. Much
debate exists as to whether these real pathologic findings are an epiphenomenon of
pulmonary vascular disease or rather a true contributor to disease development and/
or progression.

In addition to circulating coagulation factors, the endothelium and its interaction
with platelets are integral components of both prothrombotic and antithrombotic
pathways [177]. While characterized inherited hypercoagulable states are no more
common in patients with PAH or CTEPH than the general population [179], multi-
ple studies demonstrate abnormalities in the prothrombotic and antithrombotic sys-
tems. In general, the pro/antithrombotic balance is tipped in favor of coagulation.
Circulating von Willebrand factor (vWF) is increased in all forms of PAH [180], but
its function may be reduced due to alterations of vVWF multimer distribution [177,
180-182]. High shear stress in the pulmonary vasculature may contribute to
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depletion of high-molecular-weight multimers of vWF in PAH, akin to what occurs
in the setting of left ventricular assist devices. vVWF abnormalities due to endothelial
dysfunction may promote platelet dysfunction and release of multiple mediators.
For example, patients with IPAH have higher urinary thromboxane metabolites [61]
and plasma 5-HT [83, 84]. Markers of thrombin action and fibrin formation
(d-dimers, fibrinopeptide A, fibrin degradation products) are also elevated, but so
are the anticoagulant/fibrinolytic factors such as thrombomodulin, tissue factor
pathway inhibitor, and PAI-1, a fibrinolytic inhibitor [180, 183, 184].

Control of hemostasis is a complex, highly regulated system. The endothelium is
a central component of this system and must balance both constant free-flowing
blood and the possibility of endothelial disruption. Multiple lines of evidence sug-
gest that pulmonary vascular disease, especially IPAH or HPAH, demonstrate mul-
tiple abnormalities of these systems which may lead to a procoagulant phenotype.
Circumstantial evidence that anticoagulation may be beneficial in patients with
PAH [185, 186] suggests that a procoagulant phenotype may at least play a role in
continued or worsening pulmonary vascular disease.

Endocrine Factors

Rising rates of obesity and metabolic disease in the developed world coupled with
recent registry data showing high rates of obesity in PAH [187] has brought intense
interest into how endocrine factors may affect the pulmonary vasculature. The first
observations were of high incidence of insulin resistance and glucose intolerance in
subjects with PAH [188, 189], but other data has recently suggested that dyslipid-
emia may also play a role [190]. Animal models of PAH have been used to help
define if these endocrine factors may play a role in disease promotion. Animal mod-
els of obesity, such as adiponectin-deficient mice and ApoE knockout mice, sponta-
neously develop PH [191, 192]. Moreover, pulmonary vascular disease is reversed
by peroxisome proliferator activator receptor gamma (PPARY) activation with rosi-
glitazone. BMPR?2 signaling has been shown to be a key downregulator of PPARY-
mediated transcription and likely plays a role in promotion of insulin resistance in
PAH [193]. Recently, we have demonstrated that in a model of HPAH using trans-
genic overexpression of mutant BMPR?2, insulin resistance is present and worsened
insulin resistance through a high-fat diet results in increased pulmonary vascular
disease [194]. How insulin signaling is modified by BMPR2 mutation is currently
under investigation, and it is presently unknown if reversing insulin resistance in
humans with PAH may be a therapeutic option for this disease.

Other endocrine factors, such as estrogen signaling, are also implicated in
PAH. The impressive female predominance in PAH has led to the hypothesis that
estrogen may promote PAH development [2, 3, 195]. While there is extensive data
in chronic hypoxic and monocrotaline models that estrogen and its metabolite
2-methoxyestradiol attenuate PH [196-200], these findings have not been replicated
in human specimens or transgenic models of PAH. Indeed, there is growing evidence
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that estrogen may worsen pulmonary vascular disease in certain animal models that
may more closely recapitulate human disease [80, 201-203]. At the same time,
recent studies suggest that in patients with PAH, female sex is associated with better
right ventricular ejection fraction, cardiac index, and pulmonary hemodynamics
than male sex [204-206] and that estrogen and its metabolites may improve right
ventricular function in healthy patients and those with cardiovascular diseases
[207]. These findings may explain the better overall survival in women than in men
with PAH [208]. Further study is needed to reconcile the potentially beneficial
effects of estrogens in some animal models with detrimental effects in others and
the female predominance of PAH in human disease.

Conclusion

In summary, there are many signaling cascades, exposures, and molecules impli-
cated in PAH development and promotion. While advances have been made in
developing successful drug therapy for this disease, none has resulted in a cure.
Unfortunately, we do not understand the critical initiating event in PAH, nor how
to interrupt it. Another unknown is whether human pulmonary vascular disease is
reversible once established. These fundamental questions will need to be answered
before curative or disease-altering therapy is available to patients with this
devastating disease.
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Chapter 4
Hypoxic Pulmonary Hypertension

Kara Goss and Tim Lahm

Abstract Elevation in pulmonary arterial pressure is a common occurrence in
patients with chronic lung disease. Hypoxic pulmonary vasoconstriction, parenchy-
mal lung disease, and inflammation contribute to increased pulmonary vascular tone
and remodeling. Diagnosis of pulmonary vascular disease in patients with lung dis-
ease may be especially challenging due to the lack of specificity of common com-
plaints of dyspnea and inaccuracy of echocardiographic estimates such as pulmonary
arterial pressure in this group of patients. The presence of pulmonary hypertension
(PH) in chronic lung disease is associated with increased morbidity and mortality,
but the efficacy of pharmacologic treatment of PH in this population has not been
established. This chapter will review the epidemiology and pathogenesis of PH
associated with chronic lung disease and provide an approach to evaluation and
management including the identification and selection of some patients who may
benefit from currently available pulmonary vasodilator therapies.

Keywords WHO group 3 pulmonary hypertension ¢ Cor pulmonale ¢ Hypoxic
pulmonary vasoconstriction * Hypoxic pulmonary vascular remodeling ®« COPD e
Pulmonary fibrosis ¢ Sleep-disordered breathing * High-altitude exposure

Introduction

The World Health Organization defines group 3 pulmonary hypertension (PH) as a
mean pulmonary artery pressure (PAP) of >25 mmHg at rest (though some studies
use a mean PAP>20 mmHg) and a mean pulmonary capillary wedge pressure of
<15 mmHg in the setting of chronic lung disease, sleep-disordered breathing, or high
altitude, all of which can induce chronic or intermittent hypoxia (see Table 4.1) [1, 2].
Group 3 PH, frequently referred to as hypoxic pulmonary hypertension or hypoxia-
induced pulmonary hypertension (HPH), has a strikingly different pathophysiology
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Table 4.1 Classification of group 3 pulmonary hypertension (from [1])

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 abnormalities

compared with group 1 pulmonary arterial hypertension (PAH), leading to variable
responses to PAH therapies [3, 4]. The epidemiology, pathophysiology, clinical
presentation, diagnosis, and treatment of group 3 PH will be reviewed here.

Epidemiology

PH owing to chronic lung disease is the second most common cause of PH in the
Western world [5]. Exact determinations of the prevalence of PH in chronic lung
disease are difficult due to differences in methodology and definitions employed
across the various studies. Recent studies suggest that PH is present in up to 50 %
of hospitalized patients with chronic obstructive pulmonary disease (COPD), but
in as many as 70-90 % of patients with severe emphysema evaluated for lung
volume reduction surgery or lung transplant [6-8]. Similarly, estimates among
patients with idiopathic pulmonary fibrosis (IPF) range from 10 to 84 %, with at
least 45 % of patients listed for lung transplant being affected [4, 9-11]. The inci-
dence of PH appears even higher at initial diagnosis among patients with com-
bined pulmonary fibrosis and emphysema (CPFE) at 47 %, increasing to 55 % of
patients during follow-up [12]. Among patients with obstructive sleep apnea
(OSA), 27-42 % of patients have a mean PAP>20 mmHg, with an even higher
prevalence noted in obesity hypoventilation syndrome [13, 14]. High-altitude pul-
monary edema (HAPE), a condition characterized by exaggerated hypoxic vaso-
constriction and acute PH, is seen in 0.01-0.1 % of visitors of ski resorts in the
Rocky Mountains, and in 0.2 % of a general alpine mountaineering population
[15, 16]. However, its prevalence can reach up to 7 % in regular mountaineers
reaching high altitudes (>4,500 m) within a short period of time, and up to 62 %
in predisposed mountaineers [17]. The incidence of PH in patients living at high
altitude is not well known. In a Kyrgyz population living at >3,000 m, 20 % of
dyspneic patients had hemodynamically confirmed PH [18]. Other studies have
shown a prevalence of high-altitude PH between 5 and 18 % in a population living
at >3,200 m in South America [19].

Although the mean PAP in group 3 PH is typically between 20 and 35 mmHg, a
minority of patients present with a mean PAP greater than 3540 mmHg, some with
relatively preserved lung function [6]. Some experts have labeled this entity PH “out
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of proportion” to lung disease. For example, this group of patients comprises about
5 % of patients with COPD, and some studies have estimated the prevalence of out
of proportion PH in COPD to be similar to the prevalence of idiopathic PAH [6, 20].
Although it is not clear if patients with lung disease and out of proportion PH repre-
sent a more permissive phenotype characterized by genetic polymorphisms such as
those seen in the serotonin transporter or IL-6 genes [21, 22], or if they represent true
group 1 PAH that is superimposed on chronic lung disease, at least epidemiologi-
cally true idiopathic PAH may coexist with chronic lung disease.

Pathogenesis

Group 3 PH is pathologically distinct from PAH. The hallmark of PAH is a severe
progressive pulmonary hypertensive arteriopathy characterized by plexiform
lesions, in situ thrombosis, and extensive arterial wall remodeling and fibrosis [4, 23].
In contrast, the vascular remodeling in group 3 PH is characterized by media
hypertrophy, muscularization of small normally nonmuscular arteries, and fibrosis
and stiffening of large proximal pulmonary arteries, with notable absence of plexi-
form lesions (see Fig. 4.1 and Table 4.2). There is also significant vascular inflam-
mation that intensifies the perivascular remodeling [4, 24]. These changes can occur

Fig. 4.1 Distinct pulmonary vascular remodeling in group 3 and group 1 pulmonary hypertension.
(a) Normal small pulmonary artery. Note thin wall and open lumen. (b, ¢) Pulmonary arteries from
patients with COPD-PH (group 3 PH). Note thickened vascular walls with significant media hyper-
trophy, especially in (c¢). However, in both patients, vessel lumens are widely patent. (d—f)
Pulmonary vascular remodeling in patients with PAH (group 1 PH). Note significant remodeling
of the intima, media, and adventitia (d), with vessel occlusion (e) and plexiform lesions (f). Such
massive remodeling is not observed in patients with group 3 PH. (a—c) Reproduced with permis-
sion from [21]; D-F reproduced with permission from [4]
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Table 4.2 Histologic features of group 3 pulmonary hypertension (modified
from [4])

Muscularization of previously nonmuscularized arterioles

Medial hypertrophy of muscularized arteries (particularly in smaller branches)
Longitudinally oriented intimal smooth muscle cells
Mild medial hypertrophy of veins

Perivascular inflammatory infiltrates

In patients with interstitial lung disease: Eccentric intimal fibrosis of arteries
(and to a lesser degree of veins)

Fig. 4.2 Mechanisms of PH and RV dysfunction in HPH. Note multifactorial mechanism of PH
development and/or RV dysfunction (cor pulmonale). Contribution of the listed factors may vary
depending on type and severity of the underlying lung disease, disease stage (early vs. late),
comorbidities, ongoing exposures, and genetic predisposition. LV left ventricle, PASMC pulmo-
nary artery smooth muscle cells, PH pulmonary hypertension, RV right ventricle

in the presence or absence of hypoxia; in the latter case, factors such as cigarette
smoke or mechanical alterations may be the inciting factors (see Fig. 4.2).
Technically speaking, the term “hypoxic pulmonary hypertension” is therefore a
misnomer; however, since most lung diseases are characterized at least in part by
hypoxemia, the term is commonly used.

The Effects of Hypoxia on the Pulmonary Vasculature

Hypoxia has an immediate effect on PAP via hypoxic pulmonary vasoconstriction
(HPV). In the setting of sustained exposure, there is also a delayed effect via
hypoxia-induced pulmonary vascular remodeling.



4 Hypoxic Pulmonary Hypertension 71

Hypoxic Pulmonary Vasoconstriction (HPV)

HPV refers to a process in which the pulmonary vasculature responds to a hypoxic
stimulus with a vasoconstrictor response. This process, which is unique to the pul-
monary vasculature (systemic vessels dilate upon hypoxia exposure), is thought to
be a protective reflex in order to maintain ventilation and perfusion matching in the
setting of focal lung disease such as consolidation [25, 26]. However, if the entire
pulmonary vasculature constricts due to global hypoxia exposure, a significant
increase in pulmonary vascular resistance (PVR) and thus right ventricular (RV)
afterload ensues.

Excessive HPV is also the culprit of high-altitude pulmonary edema (HAPE), a
potentially lethal complication in susceptible individuals visiting altitudes >2,500 m
[17]. HAPE is characterized by exaggerated vasoconstriction, increased PA
pressures, excessive shear stress, and subsequent stress fracture of the pulmonary
vascular endothelium [27-30]. The latter appears to occur as the result of perfusion
heterogeneity within the lung caused by uneven distribution of the severity of the
HPV response [31]. This results in areas of the lung in which blood flow is severely
diminished and redirected to areas where HPV is less intense. These high flow areas
are prone to capillary failure leading to the patchy distribution of pulmonary edema
formation that is characteristic of HAPE (Fig. 4.3) [32]. Rapid ascent and exercise
at high altitude are risk factors, as are conditions causing a restricted pulmonary
vascular bed (e.g., unilateral absence of a pulmonary artery) [33, 34].

Even though first described many years ago, the exact mechanisms of HPV are
still incompletely understood [33]. Recent research implicates mitochondria in
pulmonary artery smooth muscle cells as sensors of hypoxia and effectors of
HPYV, with hypoxia-induced changes in mitochondrial concentration of reactive

-

Fig. 4.3 High-altitude pulmonary edema. (a) Predominant right-sided patchy airspace disease in
a 37-year-old mountaineer with high-altitude pulmonary edema (HAPE). (b) Chest CT of a
27-year-old mountaineer with history of recurrent HAPE demonstrating nondependent, patchy
airspace disease. Note areas of normal lung adjacent to areas of dense infiltrate (with permission
from reference 30b)
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oxygen species (ROS) leading to inhibition of membrane potassium channels
(e.g., Kv1.5, Kv2.1), depolarization of membrane potential, opening of voltage-
dependent calcium channels, increases in intracellular calcium concentration, and
subsequent vasoconstriction [25, 26, 35-39].

Hypoxic Pulmonary Vascular Remodeling

Chronic hypoxia induces significant structural remodeling characterized by the hall-
mark appearance of smooth muscle-like cells in previously nonmuscularized pulmo-
nary vessels. This is demonstrated even in otherwise healthy persons chronically
living at altitude, who have an increased number of muscularized peripheral pulmo-
nary arterial branches associated with increased PAP at rest and with exertion [40, 41].
In humans, after as little as 6 weeks of chronic hypoxia exposure, changes in PVR are
not immediately reversible with administration of oxygen, suggesting significant
remodeling has already taken place [42]. Importantly, and in striking contrast to PAH,
the hypoxia-induced pulmonary artery remodeling is partially to fully reversible upon
cessation of the hypoxic stimulus (e.g., moving to a lower altitude) [41, 43].

All portions of the pulmonary arterial wall are involved in hypoxic pulmonary
vascular remodeling. Major contributors to the development of HPH are the
hypoxia-inducible factors (HIFs), in particular HIF-1a and HIF-2« [44, 45]. HIFs
function as transcription factors that bind to specific hypoxia-responsive elements
of their target genes (e.g., erythropoietin, vascular endothelial growth factor, Glut-1,
endothelin-1, angiopoietin-2), thus regulating almost every single process affected
by hypoxia. In the pulmonary vasculature, HIF-1o appears to play a more predomi-
nant role in smooth muscle cells, while HIF-2a is primary located in pulmonary
artery endothelial cells [44, 45]. The critical role of HIFs in the development of
HPH was demonstrated by an elegant animal study, in which mice partially deficient
in HIF-1o had an attenuated response to hypoxia and were largely protected from
HPH [46]. Interestingly, genetic variations in the HIF system are associated with
better adaptation to high altitude. For example, several studies have recently dem-
onstrated that Tibetan highlanders, a population that has previously been shown to
exhibit better adaptation to high altitude than other populations living at similar
altitude, exhibit single nucleotide polymorphisms (SNPs) in the gene encoding for
HIF-2q, as well as in genes encoding for regulators of HIF-1a signaling [47-49].

On a cellular level, hypoxic pulmonary vascular remodeling is characterized by
activation and involvement of all cell types of the pulmonary vasculature. In particu-
lar, the hypoxic pulmonary vasculature is characterized by endothelial cell activa-
tion, smooth muscle cell proliferation, de-differentiation of adventitial fibroblasts
into myofibroblasts, activation and recruitment of inflammatory cells and progeni-
tor cells, and increased collagen production [3, 4, 50].

Fibroblasts within the adventitia are among the first cells to be activated by
hypoxia and vascular stress, resulting in increased expression of proinflammatory
cytokines (e.g., IL-1p, IL-6, CCL2, CXCL12, VCAM-1) and cellular proliferation
and differentiation into myofibroblasts, with increased matrix protein production
and deposition of collagen and elastin, as well as migration of cells into the media
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and even intima [3, 24]. An influx of macrophages, fibroblasts, and myofibroblasts,
as well as resident and circulating progenitor cells, contributes to the intimal hyper-
plasia found in HPH. Medial hypertrophy and muscularization of previously non-
muscularized arterioles are driven by the same processes, as well as by smooth
muscle cell hypertrophy and proliferation.

Endothelial cells, while not significantly proliferating after exposure to low oxy-
gen levels, contribute to hypoxic pulmonary vascular remodeling through cell sur-
face activation and secretion of paracrine factors, thus resulting in smooth muscle
cell proliferation, as well as recruitment of progenitor and proinflammatory cells. In
particular, hypoxic endothelial cell activation results in increased production of
vasoconstrictors and growth factors (PDGF-p, IGF, VEGF, bFGF, serotonin), adhe-
sion molecules (P-selectin, ICAM, VCAM), cytokines (IL-1, IL-8), procoagulants
(tissue factor, PAI-1), and matrix molecules (laminin, fibronectin) [3, 21, 50].

In addition to external and paracrine factors, smooth muscle cells within the
media are also stimulated to proliferate by various intracellular signaling mecha-
nisms. For example, changes in mitochondrial redox potential lead to inhibition of
potassium channels, activation of voltage-dependent calcium channels, and calcium
influx, resulting in both vasoconstriction and smooth muscle cell proliferation [25,
26, 35-39, 51]. Together, the cells of the pulmonary artery wall serve to recruit and
activate circulating inflammatory cells such as monocytes and fibrocytes (predomi-
nantly via the vasa vasorum), as well as resident and circulating progenitor cells, thus
further contributing to ongoing chronic inflammation, vasoconstriction, and struc-
tural remodeling [3, 24, 52]. In this context, it is important to note that upon chronic
hypoxia exposure, alveolar inflammation seems to precede pulmonary vascular
inflammation, and amelioration of the inflammatory process in the alveolar space is
associated with decreased pulmonary vascular remodeling and HPH [53, 54].

Hypoxia-Independent Mechanisms of Pulmonary
Vascular Remodeling

Pulmonary vasoconstriction and activation of the pulmonary vascular remodeling
process may also occur independently of hypoxia. For example, hypoxia-
independent factors implicated in PH pathogenesis in chronic lung disease include
vasoconstrictive effects of hypercarbia [55], compression and destruction of alveo-
lar vessels from structural alterations and fibrotic lung disease [56—58], concomitant
left ventricular systolic or diastolic dysfunction [59, 60], hemodynamic effects of
hyperinflation on pulmonary vascular filling and RV or left ventricular function [61,
62], as well as pulmonary artery smooth muscle cell senescence [63, 64] and toxic
effects of cigarette smoke (see Fig. 4.2) [65-68].

Pulmonary artery wall cell senescence has recently been identified as a potential
contributor to PH in COPD [63, 64]. This paradigm encompasses a scenario where
senescent pulmonary artery smooth muscle cells from COPD patients (character-
ized by increased p16, p21 and p-galactosidase expression, fewer cell population
doublings, and shorter telomeres than cells from controls) stimulate growth and
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migration of adjacent normal smooth muscle cells through the production and
release of paracrine factors such as IL-6, IL-8, TNF-a, MCP-1, and TGF-§ [63].
This notion is supported by the fact that the senescent cells are almost exclusively
confined to the media, thus being adjacent to areas of marked cell proliferation [63].
Interestingly, this paradigm of telomere shortening, premature senescence, and pro-
inflammatory signaling has also been described for pulmonary artery endothelial
cells in COPD patients [64]. However, even though there is an association between
senescence and pulmonary vascular remodeling, as well as an inverse relationship
between telomere length and mean PAP and PVR [63], it currently remains unknown
if senescence is a cause or a consequence of the pulmonary vascular remodeling
observed in COPD. In addition, the potential triggers for pulmonary artery smooth
muscle cell and endothelial cell senescence (e.g., age, hypoxia, inflammation, oxi-
dative stress) have not yet been identified [69].

Importantly, recent studies implicated chronic exposure to cigarette smoke as a
major contributor to PH development. In particular, cigarette smoke has been shown
toresultin endothelial cell dysfunction with a subsequent vasodilator-vasoconstrictor
imbalance due to decreased nitric oxide and prostacyclin and increased ET-1. This
is associated with smooth muscle cell proliferation, progenitor and inflammatory
cell recruitment, and distortion of the normal pulmonary wall architecture [65-68].
Oxidative stress, reactive nitrogen species, and inflammation have been implicated
as major mediators of cigarette smoke-induced vascular damage [65, 68, 70-72].
Such changes may be seen even in smokers without overt emphysema. For example,
an intriguing recent study demonstrated that in the setting of chronic cigarette
smoke exposure, pulmonary vascular dysfunction and PH can precede alveolar
destruction and emphysema [70]. The authors showed that cigarette smoke causes
endothelial dysfunction with increased inducible nitric oxide synthase (iNOS),
inflammation, and smooth muscle cell proliferation, clinically resulting in RV
hypertrophy and PH [67]. Interestingly, development of PH in this model was
dependent on iNOS from bone marrow-derived cells [70].

Right Ventricular Dysfunction in Chronic Lung Disease
(Cor Pulmonale)

The vascular remodeling and inflammation in HPH ultimately lead to pressure over-
load of the RV, complicated by RV hypertrophy, remodeling, and ultimately death.
Elevated RV afterload is reflected by a steady increase in the resistance of the pulmo-
nary vascular bed, by increased blood viscosity from elevated red blood cell mass,
and by decreased dynamic compliance and stiffening of the large proximal pulmo-
nary arteries [4, 73]. The initial response of the RV is an adaptive remodeling, char-
acterized by increased capillarization and cardiac myocyte hypertrophy, with absence
of apoptosis and fibrosis [74]. RV contractility is relatively preserved, but the RV is
prone to dysfunction during episodes of further hypoxemia or air trapping, which
may occur during pulmonary exacerbations, exercise, or nocturnal desaturations [75].
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While RV dysfunction in these settings most likely is due to increases in afterload,
thoracic hyperinflation (as seen in emphysema or bullous lung disease) may further
decrease RV stroke volume by decreasing cardiac preload [61].

Importantly in HPH, the degree of RV hypertrophy correlates with the severity
of hypoxemia. Hypoxia-induced RV hypertrophy occurs in conjunction with
increases in gene expression of mRNA encoding for proinflammatory and chemo-
tactic cytokines (e.g., IL-1p, S100A4, MCP-1, and SDF-1) [76]. The end result is
cor pulmonale, characterized by RV hypertrophy, dilatation, and dysfunction in the
setting of chronic lung disease and HPH.

Systemic factors such as neurohormonal activation further contribute to RV dys-
function and fluid retention. Neurohormonal activation is particularly pronounced
in the setting of hypercarbic states, as can be seen in end-stage COPD, severe
restrictive lung disease, and obesity hypoventilation syndrome [77]. In these condi-
tions, the combination of hypercarbia and hypoxia results in decreased effective
renal plasma flow, increased activation of the renin-aldosterone system, and
increased production of vasopressin [78]. The result is excessive sodium and water
retention, leading to edema and further increases in preload and afterload, ultimately
further exacerbating RV dysfunction [75, 77].

Clinical Presentation, Relevance, and Prognostic Implications

Pathologic pulmonary vascular abnormalities precede the development of clinically
apparent HPH. Initially, elevated PAP may only be seen during exercise, exacerba-
tions, or nocturnal desaturations, and the presence of exercise-induced PH is a strong
predictor for later development of resting PH [79]. The clinical presentation of HPH
may be difficult to distinguish from the associated pulmonary disease, as dyspnea,
fatigue, cough, chest pain, and edema may all be due to the underlying lung disease.
Thus, a high index of suspicion is required. One notable difference is the presenta-
tion of “out of proportion” PH. Although most patients with group 3 PH have mild-
to-moderate increases in PAP with mean PAP typically not exceeding 35-40 mmHg,
a small percentage (<5 % of COPD patients) present with mean PAP greater than
40 mmHg [6]. These patients often exhibit only mild-to-moderate airflow obstruc-
tion but significant impairments in diffusing capacity, as well as more severe hypox-
emia and hypocarbia [6]. The extent of pulmonary arterial lesions in explanted lungs
after transplantation correlates with the severity of pulmonary hypertension in
COPD, with progressively severe medial hypertrophy and intimal fibrosis [80].

Similar to the COPD-PH population, PH in the setting of pulmonary fibrosis usu-
ally falls into the mild-to-moderate range. For example, in a study of IPF patients
evaluated for lung transplantation, median mean PAP was 31 mmHg, with an inter-
quartile range of 28-38 mmHg [81]. PH appears to be more pronounced, however,
in the syndrome of CPFE. In a series of 40 patients with CPFE and PH, mean PAP
was 40+9 mmHg, cardiac index was 2.5+0.7 L/min/m?, and PVR was
521+205 dyn s cm™ [82].
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Finally, among patients with sleep-disordered breathing, mean PAP was found to
be 28 +6 mmHg, and cardiac output was maintained, again indicating that group 3
is usually mild to moderate [13]. Higher body mass index, higher daytime carbon
dioxide tension, and lower daytime oxygen tension are strongly correlated with the
development of PH in this setting [13]. Among 26 patients with obesity hypoventi-
lation syndrome undergoing evaluation for bariatric surgery, mean PAP was
36+ 14 mmHg, compared to 18 +6 mmHg in 20 obese patients without hypoventila-
tion. The higher elevations in PAP in this study may be in part due to a high inci-
dence of diastolic dysfunction, which was frequently identified in this study [83].

Regardless of the cause, even mild PH in the setting of chronic lung disease is
associated with poorer clinical outcomes. For example, there are significant
increases in the frequency of pulmonary exacerbations and hospitalizations in
COPD patients with mean PAP above 18 mmHg [84]. Furthermore, patients with
COPD or IPF and concomitant PH have poorer exercise capacity [58]. A recent
study of COPD patients with mild, moderate, or severe PH further investigated this
phenomenon and demonstrated that COPD patients with mild or moderate PH
exhibit ventilatory limitations during exercise, while patients with severe PH are
characterized by circulatory limitations, as evidenced by decreased cardiac output
and central venous oxygen saturation [85]. Lastly, for those patients who require
lung transplant, there is an increased risk of primary graft dysfunction, with a 1.6-
fold increased risk for every 10 mmHg increase in mean PAP [86].

Importantly, PH and RV dysfunction in the setting of chronic lung disease are
associated with worse survival, with increasing mortality correlating with the sever-
ity of elevation in mean PAP [11, 56, 73, 82, 87, 88]. In fact, the best prognostic
factor in COPD patients requiring long-term home oxygen therapy was not the
forced expiratory volume, hypoxemia, or hypercapnia but the degree of PH [89].
Similar findings were observed in a recent study of IPF patients referred for lung
transplantation. In this cohort, echocardiographically determined RV size and RV
dysfunction, as well as higher PVR, were independent predictors of mortality [88].

Diagnosis

Diagnostic tools for the detection of group 3 PH do not differ substantially from
those used in group 1 PH, but there are some special considerations in patients with
chronic lung disease. Unfortunately, clinical examination is insensitive in diagnos-
ing group 3 PH. A loud second heart sound or tricuspid regurgitation may be
obscured by hyperinflation or adventitious lung sounds, and edema, though indicat-
ing the presence of cor pulmonale, is a late finding in HPH.

Routine pulmonary diagnostics such as electrocardiogram, pulmonary function
testing, 6 min walk testing, and brain natriuretic peptide level determination may
provide important clues for the diagnosis. Although an electrocardiogram showing
right atrial and RV hypertrophy and RV strain is fairly specific for PH, the absence of
these findings does not preclude a diagnosis of PH. On pulmonary function testing,
diffusing capacity is frequently decreased out of proportion to the decrease in the
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forced expiratory volume or forced vital capacity, particularly in patients with PH out
of proportion to their underlying disease or in CPFE [82]. Significant desaturations
during 6 min walk testing suggest an inadequate cardiopulmonary reserve and point
towards PH [6]. Similarly, profound hypoxemia at rest may be a sign of significant
PH. Brain natriuretic peptide levels, when elevated in the absence of left heart dis-
ease, renal insufficiency, or pulmonary embolism, may serve as an indicator of RV
strain and as a prognostic marker for mortality [90].

Standard CT imaging may show evidence of RV dysfunction, such as an enlarged
RV with a right ventricle-to-left ventricle ratio greater than one, a dilated pulmonary
artery, or reflux of intravenous contrast into the inferior vena cava and hepatic veins
indicative of tricuspid regurgitation (see Fig. 4.4). The presence of an increased
pulmonary artery diameter on routine chest CT imaging has recently been identified

Fig. 4.4 Distinct PH phenotypes in group 3 PH. (a, b) Radiographic and echocardiographic imag-
ing studies in a 51-year-old female with obesity and obstructive sleep apnea. Note enlarged PA
diameter in (a; asterisk). Echocardiogram shows preserved RV and LV size and function (b). Right
heart catheterization revealed an RA pressure of 3 mmHg, PA pressure of 41/17 (mean 26) mmHg,
and a pulmonary capillary wedge pressure of 4 mmHg. This patient was treated with continuous
positive airway pressure and weight loss; no pulmonary vasodilators were used. (c—f) Radiographic
and echocardiographic imaging studies in a 60-year-old male with combined pulmonary fibrosis
and emphysema. In addition to an enlarged PA (not shown), CT shows evidence of an elevated RV
to LV ratio (c), severe parenchymal lung disease (d), and reflux of contrast media into the inferior
vena cava and hepatic veins (e; arrow). Echocardiogram revealed RA and RV dilation and leftward
septal shift, consistent with right heart failure (f). Right heart catheterization revealed a RA pres-
sure of 9 mmHg, PA pressure of 73/24 (mean 41) mmHg, and a pulmonary capillary wedge pres-
sure of 8 mmHg. Due to significant hypoxemia, functional limitations, and the severity of the
hemodynamic alterations with severe RV dysfunction, PAH-specific therapy was initiated at a PAH
center under close monitoring of oxygenation parameters. LA left atrium, LV left ventricle, PA
pulmonary artery, RA right atrium, RV right ventricle
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as a predictor of exacerbations in patients with COPD [91]. However, pulmonary
artery enlargement (especially if mild to moderate) is not specific for the presence
of group 3 PH and may indicate PAP increases from volume overload, left heart
disease, pulmonary embolism, or sleep apnea [92].

Echocardiography is an important screening tool in patients with lung disease
and is critical for detecting RV structural abnormalities. Unfortunately, echocar-
diography is less accurate for the estimation of PAP in patients with chronic lung
disease. A cohort study of 374 lung transplant candidates showed a sensitivity and
specificity of only 85 % and 55 %, respectively, for diagnosis of PH, with 52 % of
RV systolic pressure measurements being inaccurate by >10 mmHg [93]. This inac-
curacy is due at least in part to poor echocardiographic windows and inadequate
visualization of the tricuspid regurgitant jet due to lung hyperinflation.
Consequentially, PH should be suspected if there is echocardiographic evidence of
right heart chamber enlargement, leftward septal shift, and/or RV hypokinesis, even
if the RV systolic pressure is not significantly elevated or not measurable. The role
of newer echocardiographic methods such as tissue Doppler or speckle tracking for
assessment of cor pulmonale and group 3 PH has not been assessed in detail, but
studies in patients with PAH suggest that these are sensitive methods for the assess-
ment of RV function [94-97]. However, limitations with regard to lung hyperinfla-
tion may apply to these techniques as well.

Cardiac MRI, though limited by availability and cost, is increasingly being used
for determination of RV form and function [98, 99]. While there is no role for rou-
tine MRI scanning of the RV in chronic lung disease at this point, cardiac MRI
should be considered if an accurate assessment of RV form and function is required
and the RV cannot be visualized adequately on echocardiography.

As with other forms of PH, right heart catheterization (RHC) remains the gold
standard for diagnosis of HPH. RHC should be considered in patients with signifi-
cant PH risk factors, such as otherwise unexplained dyspnea, significant hypoxemia,
desaturations during 6 min walk testing, elevated brain natriuretic peptide levels, or
isolated decreases in DLCO. Similarly, RHC is indicated if there is echocardio-
graphic evidence of significant PH. Since the presence of PH increases the risk of
COPD exacerbations, RHC should also be considered in patients with recurrent
admissions for COPD exacerbation and/or cor pulmonale [84]. However, it is impor-
tant to emphasize that other etiologies of dyspnea and exacerbations commonly
encountered in chronic lung disease need to be ruled out before proceeding with
RHC, including venous thromboembolism, coronary artery disease, ongoing tobacco
abuse, medical nonadherence, or infection with nontuberculous mycobacteria.
Similarly, treatment for the underlying lung disease and/or hypoxemia should be
optimized as much as possible before RHC is considered. Lastly, RHC in the setting
of an acute exacerbation of the underlying lung disease yields little information
about the patient’s chronic state, as PA pressures may be temporarily elevated due to
hypoxemia, hypercarbia, or volume overload.

In addition to quantifying the severity of PH, RHC may help exclude other causes
of PH. Hemodynamic assessment during RHC should reveal a mean PAP>25 mmHg
and a pulmonary capillary wedge pressure <15 mmHg to confirm group 3
PH. Borderline or elevated pulmonary capillary wedge pressures may suggest con-
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comitant systolic or diastolic heart disease, and can be further assessed by measuring
a concomitant left ventricular end-diastolic pressure or by reassessing hemodynam-
ics after a saline bolus or exercise challenge [100]. Typically, PVR and transpulmo-
nary pressure gradient (mPAP-PCWP) are low (<3 Wood units and <12 mmHg,
respectively). However, in the setting of out of proportion PH, or in the presence of
other comorbidities known to cause PH (e.g., sleep-disordered breathing, pulmonary
emboli, or left heart disease), both parameters may be markedly elevated.

Of note, patients with severe dyspnea or obesity may exhibit significant intratho-
racic pressure changes due to increased respiratory efforts [101]. This may lead to
artifactual decreases in hemodynamic parameters if software-generated pressure
readings are used, as those values simply represent an automated mean of the
pressure readings [102]. It is therefore important to emphasize that all pressures
should be determined at end-expiration with the patient breathing comfortably
[101]. One exception to this paradigm applies to patients with significant dynamic
hyperinflation and air trapping, in whom end-expiratory pressures may be falsely
elevated, and thus in these patients pressures should be determined as the mean over
several respiratory cycles.

Treatment

General Treatment Strategies

Therapeutic strategies for group 3 PH focus on aggressively treating the underlying
condition causing the elevated PAP. In hypoxemic patients with severe COPD, con-
tinuous long-term oxygen therapy is associated with improvement in survival irre-
spective of the presence of PH [103]. However, among patients with concomitant
PH, oxygen therapy for greater than 18 h per day was shown to decrease resting PAP
by 3 mmHg and exercise PAP by 6 mmHg. On the other hand, the same study showed
that nocturnal oxygen therapy alone was not sufficient to improve mortality [103].
It is currently recommended that hypoxemia during exercise be corrected with the
use of oxygen supplementation, even though the evidence supporting this approach
is less robust.

Smoking cessation is critical to attenuating the ongoing endothelial dysfunction
and inflammation that promote pulmonary vascular remodeling and PH develop-
ment from tobacco exposure. Recent studies show that cigarette smoke can induce
PH though iNOS activation, even before the parenchymal changes of emphysema
develop [70]. Similarly, smoking cessation also prevents further parenchymal dam-
age as a contributor to PH development.

Pulmonary rehabilitation may be beneficial in HPH, though special consider-
ations are required. Symptoms can help determine a safe level of submaximal exer-
cise, and patients should avoid activities that cause symptoms such as dizziness,
presyncope, and chest pain. Exercises such as heavy lifting, valsalva maneuvers, or
interval training should be avoided due to potential rapid changes in cardiopulmo-
nary hemodynamics [104].
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Due to the high incidence of sleep-disordered breathing among patients with
HPH, polysomnography should be considered in all patients with sleep-disordered
breathing symptoms, including morning headaches, excessive fatigue, or witnessed
apneas. Patients with both COPD and OSA have significantly higher mortality and
risk of hospitalization than patients with either COPD or OSA alone, and both hos-
pitalizations and mortality are ameliorated by the use of positive airway pressure
[105]. In OSA, the use of continuous positive airway pressure begins improving RV
end-diastolic diameter and RV systolic pressure in as little as 3 months, with contin-
ued cardiac remodeling with long-term use [106]. Patients with obesity
hypoventilation syndrome benefit from noninvasive positive pressure ventilation
and weight loss, including bariatric surgery [83].

Even though there is a general lack of published and evidence-based strategies,
clinical experience suggests that diuretics are indicated if there is clinical, echocar-
diographic, or hemodynamic evidence of elevated right atrial pressures. Loop
diuretics such as furosemide are generally preferred. Although aldosterone antago-
nists are conceptually appealing due to inhibition of the renin-aldosterone system,
there are no studies in HPH to guide therapy. Significant diuresis is frequently
required, though caution must be taken to avoid over diuresis [75]. When indicated,
the use of continuous positive airway pressure or noninvasive positive pressure ven-
tilation may help with fluid mobilization.

Lastly, given the reversibility of hypoxia-induced pulmonary vascular remodel-
ing upon exposure to higher alveolar oxygen pressures, patients with HPH living at
high altitude are recommended to move to lower altitudes [4]. If such an approach
is not feasible, an alternative but technically much more challenging strategy
encompasses oxygen enrichment of the ambient air [41]. HAPE is treated with
descent to lower altitudes, oxygen, and nifedipine [41].

Pulmonary Vasodilators

Given the development of several new drugs in PAH over the past decade, there has
been significant excitement to translate these medications into use within group 3
PH. Unfortunately, this excitement has been met largely with disappointment, likely
because pulmonary vasodilators may inhibit HPV, resulting in increased ventilation-
perfusion mismatch and impaired gas exchange. As such, a clear role for pulmonary
vasodilators in group 3 PH has not yet been established, and the general use of PAH-
specific therapies in this patient population is currently not recommended. Studies of
pulmonary vasodilator use in group 3 PH are reviewed in detail below and in Table 4.3.

Pulmonary Vasodilators in COPD
Several studies have assessed the role of pulmonary vasodilators in COPD. A single

dose of the phosphodiesterase type 5 (PDES) inhibitor sildenafil was shown to
improve pulmonary hemodynamics, but at the expense of inhibiting HPV and
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worsening hypoxemia [107]. Based on the rationale that sildenafil may increase
exercise capacity during altitude-induced hypoxia [108], a study of 63 patients with
severe COPD and mild-to-moderate PH (mean PAP 27-32 mmHg) investigated the
effects of sildenafil during 3 months of pulmonary rehabilitation. Sildenafil at 20 mg
three times daily caused no significant adverse events, but also no difference in
oxygenation or exercise tolerance [109]. A second crossover exercise study in ten
patients with COPD without PH showed no effect on exercise capacity, but worsen-
ing oxygenation, poorer quality of life, and increased symptoms [110]. Finally, the
endothelial receptor antagonist bosentan was found to have no effect on exercise
capacity, and to worsen oxygenation and quality of life in patients with severe
COPD and mild PH [111].

The above studies suggest no benefit to oral pulmonary vasodilators in COPD
with the potential to cause harm. Consequently, additional studies have evaluated
the role of inhaled pulmonary vasodilators, with the intention to deliver drug pref-
erentially to well-ventilated areas of the lung and thus avoid worsening ventilation-
perfusion mismatching. Two studies have evaluated the acute effect of iloprost, a
short-acting inhaled prostacyclin, in COPD patients with PH, but with conflicting
effects on exercise capacity and oxygenation [112, 113]. Thus the potential benefit
of inhaled vasodilators in COPD-related PH remains undefined.

Pulmonary Vasodilators in Pulmonary Fibrosis

Small studies in patients with pulmonary fibrosis and PH demonstrated that inhaled
pulmonary vasodilators including iloprost and nitric oxide can improve PAP and
PVR without worsening ventilation-perfusion mismatching [114, 115]. In contrast,
intravenous epoprostenol was shown to worsen ventilation-perfusion mismatch and
cause increased hypoxia and hypotension [114, 116].

Interestingly, a single dose of sildenafil was shown to improve oxygenation
and maintain ventilation-perfusion matching in a small group of pulmonary
fibrosis patients [116]. Longer term oral administration of sildenafil (20 mg three
times daily) slightly improved quality of life and dyspnea in patients with
advanced IPF (DLCO <35 %), with an attenuated decline in exercise tolerance
specifically amongst patients with RV dysfunction [117, 118]. On the other hand,
endothelin receptor antagonists have not shown any benefit in IPF, though these
studies have not focused specifically on patients with PH and/or RV dysfunction
in the setting of pulmonary fibrosis [119—121]. Finally, a small pilot study of
riociguat, a soluble guanylate cyclase stimulator, in patients with moderate pul-
monary fibrosis and moderate-to-severe PH showed improvement in PVR and
cardiac output, although there was no change in PAP and a relatively large num-
ber of patients exhibited adverse events [122]. Small decreases in oxygenation
were offset by increases in mixed venous oxygen saturation (likely from increased
cardiac output); however, this did not translate into significant increases in exer-
cise capacity.
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Pulmonary Vasodilators in Other Conditions

No prospective studies exist investigating the use of pulmonary vasodilators in
CPFE or sleep-disordered breathing. In the series by Cottin et al., 60 % of CPFE
patients were treated with pulmonary vasodilators. No significant effect of treat-
ment was observed on NHYA class, 6MWD, or estimated systolic PAP at echocar-
diography [82]. PDES inhibitors may be beneficial for the prevention or treatment
of HAPE, but their role at this point is unclear. While one study showed that tadalafil
decreased systolic PAP and reduced the incidence of HAPE in adults with a history
of HAPE [123], in a more recent study, sildenafil did not affect systolic PAP in
healthy lowlanders at 5,200 m [124].

Treatment of Out of Proportion Pulmonary Hypertension

In general, the above-mentioned studies demonstrate that treatment of all-comers
with group 3 PH is not associated with significant merit. However, when focusing
on patients with more pronounced PH and/or RV dysfunction, treatment effects
seem to be more pronounced. In general, the signal for beneficial treatment effects
appears to be strongest in patients with pulmonary fibrosis with significant PH and/
or RV dysfunction being treated with a PDES inhibitor [118]. Inhaled prostacyclins
or soluble guanylate cyclase stimulators may be beneficial in this population as well
[114, 116, 122].

Thus it currently remains unclear if selected patients with preserved lung func-
tion and significantly increased PAP and/or evidence of RV dysfunction (so-called
out of proportion PH) would benefit from pulmonary vasodilators. In theory, such
patients would be less likely to exhibit clinically significant ventilation-perfusion
mismatch yet have more hemodynamic effects, and thus would be more likely to
derive significant clinical benefit (see Fig. 4.4). Case reports suggest this may be
true [125]. For example, the use of subcutaneous treprostinil to treat patients with
advanced interstitial lung disease suffering from severe right ventricular failure has
been reported in a recent case series [122]. These patients appeared to have hemo-
dynamic and clinical improvement, raising the possibility of this approach as a
bridge to transplantation. However, randomized placebo controlled trials in this
population have not been performed and are clearly needed.

In summary, the general treatment of group 3 PH with pulmonary vasodilators
clearly is discouraged. Rather, a strategy of aggressive treatment of the underlying
disease with a thorough evaluation for potential other contributors to PH develop-
ment (e.g., hypoxemia, sleep-disordered breathing, volume overload, ongoing
tobacco abuse, pulmonary embolism, and left heart disease) should be pursued.
Correction of these factors is of utmost importance. Once all potential contribu-
tors to PH development have been adequately addressed, treatment of selected
patients with severe hemodynamic alterations and RV dysfunction may be pur-
sued on a case-by-case basis, but should only be performed by providers with
experience in PAH treatment, ideally in the framework of a clinical study
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Fig. 4.5 Paradigm for treatment of patients with group 3 PH. Treatment of all patients with group
3 PH aims at optimizing the treatment of the underlying lung disease and contributing comorbidi-
ties. Evidence-based treatments with known attenuating effects on PA pressure elevations (e.g.,
oxygen supplementation, treatment of sleep-disordered breathing, diuresis) should be employed
whenever indicated. In patients that exhibit signs and symptoms of PH despite these interventions,
pulmonary vasodilators may be of merit in the subpopulation of patients with presence of signifi-
cant pulmonary vascular disease and/or RV dysfunction, and lack of severe parenchymal abnor-
malities (arrow). If used, pulmonary vasodilators should only be administered at a PAH center and
under close monitoring of oxygenation parameters, ideally in the framework of a clinical study

(see Fig. 4.5). Close follow-up with measurement of oxygenation and a low
threshold to discontinue treatment in case of adverse events or lack of benefit are
mandatory. Patients with advanced lung disease, with or without PH, should also
be considered for lung transplantation.

Potential Novel Treatment Strategies for Group 3 PH

With improved understanding of the pathogenesis of HPH, there is growing interest
in new treatment options. First, with the discovery of HIF as a key regulator of
hypoxic vasoconstriction and remodeling, there has been increased interest in iron
metabolism. This is based on the rationale that iron is a key coenzyme for the pro-
teasomal degradation of HIF. Thus iron deficiency states can lead to upregulation of
HIF pathways, hypoxic pulmonary vascular remodeling, and HPV [126]. Recent
studies demonstrate that acute HPV can be attenuated by administration of intrave-
nous iron, while chronic hypoxic vasoconstriction such as is seen in chronic moun-
tain sickness is exacerbated by iron depletion [127]. In fact, iron deficiency has now
been shown to be an independent predictor of mortality in patients with idiopathic
PAH [128].

Direct inhibition of HIF is also under investigation. Cardiac glycosides such as
digoxin have demonstrated in vitro inhibitory effects on HIF-1 dependent gene tran-
scription [129]. A recent study of digoxin in mice exposed to chronic hypoxia dem-
onstrated that daily digoxin therapy attenuated the development of RV hypertrophy
and PH, whereas therapy initiated after HPH was established led to less severe
hypoxia-induced elevations in PAP [130].

Investigations are also under way to inhibit the inflammatory response that
accompanies HPH. Multiple studies demonstrated that activation of alveolar mac-
rophages precedes and precipitates the activation of other cell types leading to sub-
sequent vascular inflammation and remodeling [53, 54]. A recent study in mice
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injected with exosome preparations from mesenchymal stem cells prior to hypoxia
exposure demonstrated suppression of hypoxia-induced influx of macrophages in
bronchoalveolar lavage fluid. Furthermore, two sequential injections of mesenchy-
mal stem cell exosomes during a 3-week course of hypoxia ameliorated the devel-
opment of PH, RV hypertrophy, and pulmonary vascular remodeling by further
attenuating the inflammatory response to hypoxia [53].

Given the inhibitory effects of sex hormones on HPV and hypoxic vascular
remodeling, hormonal therapies or nonhormonal strategies targeting signaling path-
ways employed by sex hormones may be able to attenuate HPH [72, 131, 132]. In
particular, 17p-estradiol, as well as specific activators of the estrogen receptor, has
been shown to attenuate HPV, HPH, and hypoxia-induced RV dysfunction without
increasing ventilation/perfusion mismatch in rodent models [72, 131, 132].

Finally, research continues in the role of cigarette smoke in the development of
HPH, with interest in blocking cigarette smoke-induced pulmonary vascular dys-
function. Given the identification that iNOS-deficient mice are protected from the
development of both emphysema and PH, pharmacologic iNOS inhibition repre-
sents a new potential target in PH associated with tobacco smoke exposure and
emphysema [70]. Further studies assessing the role of treatment with iNOS inhibi-
tors are under way.

Unfortunately, treatment options for patients with lung disease who develop
HPH are relatively limited at this time. As our understanding of the pathogenesis of
HPH improves, new treatment targets will likely be identified. The above-mentioned
molecular targets are promising, but rigorous further study is required.
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Chapter 5
Pulmonary Hypertension in Chronic Heart
and Lung Disease

Robert P. Frantz

Abstract Pulmonary hypertension commonly accompanies left heart disease
(Group 2 Pulmonary Hypertension in the Dana Point classification scheme), and
often accompanies hypoxic/parenchymal lung disease (Group 3). The phenotypic
and hemodynamic spectrum of pulmonary hypertension in these settings is enor-
mous, and the clinician is often left with uncertainty regarding the appropriate eval-
uation and management of these patients. A comprehensive understanding of the
prognostic significance of pulmonary hypertension, and appropriate strategies for
its evaluation and management, is critical for practitioners caring for these challeng-
ing patients. Management of pulmonary hypertension in the setting of left heart
disease focuses primarily on identification and management of factors such as
hypoxemia or pulmonary emboli that may be superimposed on left heart disease,
and on optimization of conventional heart failure therapy. An evolving role for pul-
monary vasoactive therapy is foreseen. In parenchymal lung disease, pulmonary
hypertension often portends a poor prognosis, but whether there is a role for pulmo-
nary vasoactive therapy beyond correction of hypoxemia is a matter of much debate.
This chapter provides a comprehensive review of the current understanding of these
important issues.

Keywords Pulmonary hypertension * Heart failure with preserved ejection fraction ®
Congestive heart failure * Lung transplantation ¢ Chronic obstructive pulmonary
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LV Left ventricle

MPAP Mean pulmonary artery pressure
NYHA New York Heart Association

PA Pulmonary artery

PAH Pulmonary arterial hypertension

PCWP Pulmonary capillary wedge pressure

PDESi Phosphodiesterase type 5 inhibition

PHHFrEF  Pulmonary hypertension with heart failure with reduced left ventricular
ejection fraction

PVR Pulmonary vascular resistance
RV Right ventricle

TPG Transpulmonary gradient
WHO World Health Organization
Introduction

Pulmonary hypertension commonly accompanies many forms of chronic heart and
lung disease, and usually is associated with worse prognosis than is the case for
patients with those diseases occurring in the absence of coexistent pulmonary hyper-
tension. This fact presents both an opportunity and a challenge for the clinician. The
extent to which the pulmonary hypertension is due to the underlying heart or lung
disease or reflects a superimposed condition with differing source and differing
needs for treatment is often unclear. For example, a patient with left heart failure may
have pulmonary hypertension with right heart failure that is ascribed to the underly-
ing heart condition, but could in fact represent occult pulmonary emboli which, if
unrecognized, could result in serious complications or death. In addition, the range
of severity of the pulmonary hypertension vis-a-vis the heart and lung disease can
vary tremendously, rendering broad generalizations about significance and manage-
ment difficult. Furthermore, the simple association of pulmonary hypertension with
worse prognosis does not necessarily mean that treating the pulmonary hypertension
per se will improve symptoms or outcome. In this chapter we will address the epide-
miology of pulmonary hypertension in chronic heart and lung disease, discuss
approaches to understanding of the complex and varied clinical and hemodynamic
presentations, review current understanding of the therapeutic approach to these
challenging patients, and describe areas ripe for future investigation.

Pulmonary Hypertension Accompanying Left Heart Disease

Group 2 pulmonary hypertension comprises patients with pulmonary hypertension
related to left ventricular systolic failure, heart failure with preserved ejection frac-
tion, and left-sided valvular disease (Fig. 5.1) [1]. The nomenclature regarding pul-
monary hypertension accompanying left heart disease has recently been reviewed
and is nicely outlined in the accompanying table (Table 5.1) from Fang et al. [1].
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Left ventricular systolic dysfunction
Heart failure reduced ejection fraction
(HFrEF)

Left ventricular diastolic dysfunction
Heart failure with preserved ejection
fraction (HFpEF)

Pulmonary hypertension in
Left Heart Disease (PH LHD)

1/

Left heart valvular disease
Mitral stenosis

Mitral regurgitation

Aortic stenosis

Aortic regurgitation

\

Fig. 5.1 Group 2 pulmonary hypertension subcategories (left heart disease). Reproduced with
permission [1]

Heart Failure with Reduced Ejection Fraction

Left ventricular systolic failure in the Western world is most commonly due to
coronary artery disease or dilated cardiomyopathy due to systemic hypertension.
A range of other heritable and acquired diseases and toxins can result in systolic
failure. Presence of left ventricular systolic failure may result in exertional dyspnea,
orthopnea, paroxysmal nocturnal dyspnea, cough which may be frothy in the setting
of frank pulmonary edema, and development of concomitant right heart failure with
corresponding signs and symptoms. Presence of pulmonary hypertension heralds a
worse prognosis in patients with left ventricular (LV) systolic failure [2]. A study of
patients with LV systolic failure who had ambulatory right ventricular pressure
monitors implanted demonstrated that those patients who had subsequent clinical
events had higher pulmonary artery systolic pressures, estimated pulmonary artery
diastolic pressures, and right ventricular end-diastolic pressures than those who did
not have such events [3]. For convenience, LV systolic failure is often abbreviated
as HFrEF (heart failure with reduced ejection fraction), while HFrEF accompanied
by pulmonary hypertension may be referred to as PHHFrEF (pulmonary hypertension
with heart failure with reduced left ventricular ejection fraction).

Mechanisms of pulmonary hypertension in HFrEF include simple passive eleva-
tion in pulmonary artery pressure as a consequence of elevated left heart filling
pressures. Presence of left heart filling pressure elevation may also induce vasocon-
striction of the pulmonary vasculature, contributing a “reactive” component, further
elevating the pulmonary artery pressure. This is described as “mixed” pulmonary
hypertension. In such circumstances, acute administration of a vasodilator such as
nitroprusside will often both correct the elevation in left heart filling pressure and
dilate the pulmonary vasculature, ideally resulting in full normalization of the pul-
monary artery pressure and pulmonary vascular resistance. In advanced LV systolic
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Table 5.1 Definitions used in the description of pulmonary hypertension

Nomenclature

Pulmonary
hypertension (PH)

Pulmonary arterial
hypertension (PAH)

Pulmonary venous
hypertension (PVH)

Mixed PH or PH
out-of-proportion to
left-sided filling
pressure

Reversible, reactive,
or vasoreactive PH

Irreversible, fixed,
refractory, or
persistent PH

High-flow PH

Description
Sustained
elevation of PAP
at rest

PH with “normal”
left-sided filling
pressure

PH with elevated
left-sided filling
pressure

PH with elevated
left-sided filling
pressure and
elevated
pulmonary
vascular
resistance
(PVH+PAH)

Physiologic definition
Pre-capillary, post-capillary,
mixed, high flow state

Pre-capillary vasoconstriction,
remodeling,
thrombosis-in-situ

Post-capillary passive
congestion

Pre- and post-capillary
(passive congestion with
excessive arterial
vasoconstriction + vascular
remodeling)

Component of mixed PH that is acutely or
chronically responsive to pharmacologic
(diuretics, vasodilators, inodilators) and/or
mechanical circulatory support device therapies

Component of mixed PH that is not responsive

to above strategies

PH with high
cardiac output
state or high
pulmonary flow

Pre-, post-, or mixed
depending on etiology (e.g.,
AV shunt, chronic anemia,
thyrotoxicosis, nutritional or
obesity, cardiomyopathies,
congenital heart disease)

Hemodynamic criteria
in literature

Mean PAP>25 mmHg
(2 SD above normal)

Mean PAP>25 mmHg

PCW, LAP,
LVEDP< 15 mmHg

PVR>3 WU
Mean PAP>25 mmHg

PCW, LAP,
LVEDP>15 mmHg

TPG <12-15 mmHg
PVR<2.5-3.0 WU
Mean PAP>25 mmHg

PCW, LAP,
LVEDP>15 mmHg

TPG>12-15 mmHg
PVR>2.5-3.0 WU

With vasodilators/
inodilators:

TPG <12-15 mmHg
PVR<2.5-3.0 WU

Despite vasodilators/
inodilators:

TPG>12-15 mmHg
PVR>2.5-3.0 WU
Mean PAP>25 mmHg

PCWP, LAP, LVEDP
variable

TPG variable
PVR variable
High cardiac output

AV arteriovenous, LAP left atrial pressure, LVEDP left ventricular end diastolic pressure, PAP
pulmonary arterial pressure, PCWP pulmonary capillary wedge pressure, PVR pulmonary vascular
resistance, SD standard deviation, TPG transpulmonary gradient (mean PAP-PAWP). Reproduced

with permission [1]

failure, particularly if volume overload is present, acute vasodilator challenge will
often improve, but not normalize LV filling pressures; in such a situation, continued
diuresis and potentially a period of inotropic support in the ICU will often further
improve the hemodynamics. These techniques are routinely employed in assessing
suitability of patients for cardiac transplantation, since irreversible elevation in
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pulmonary vascular resistance is a risk factor for right ventricular (RV) failure and
impaired survival following transplantation [4]. Longstanding elevation in pulmo-
nary venous pressure may result in remodeling of the pulmonary vasculature. In this
situation, correction of the elevation in left heart filling pressure will not immedi-
ately fully correct the pulmonary artery pressure. The sine qua non of this situation
is that seen in mitral stenosis, where very longstanding and severe pulmonary
venous pressure elevation can result in pulmonary artery systolic pressures over
100 mmHg. Correction of the mitral stenosis will result in some immediate improve-
ment in pulmonary artery pressure, but further improvement usually occurs with
passage of time, apparently reflecting reverse remodeling of the pulmonary
vasculature [5, 6]. The same phenomenon has been observed in patients undergoing
left ventricular assist device implantation for refractory cardiac failure. For many of
these patients, the pulmonary artery pressures approach normal values within
days of device implant, while in some patients, continued fall will occur over addi-
tional months, thereby facilitating subsequent cardiac transplantation (Fig. 5.2) [7].
In occasional patients, device implantation does not result in resolution of the
pulmonary hypertension, presumably either because of failure of reverse remodel-
ing of the pulmonary vasculature, or because causes other than the prior elevation
in venous pressure are driving the presence of the pulmonary hypertension and
vasculopathy.

Pulmonary hypertension accompanying HFrEF can be analyzed based on a variety
of hemodynamic parameters, including pulmonary artery (PA) systolic pressure,
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Fig. 5.2 Pulmonary hemodynamics in 58 patients at baseline and after left ventricular assist
device (LVAD) support. Early improvements in hemodynamics were sustained during late support.
The black, white, and striped bars represent baseline (median 1 day pre-implant), early (median 1
day post-implant) and late (median 75 days post-implant) LVAD support, respectively. Values are
mean +standard deviation. MPAP mean pulmonary artery pressure (mmHg), 7PG transpulmonary
gradient (mmHg), PVR pulmonary vascular resistance (Wood units); *p<0.001 compared with
baseline; 'p=0.028 compared with early LVAD support. Nair PK JHLT 2010:29. Reproduced
with permission [7]



98 R.P. Frantz

mean pulmonary artery pressure (MPAP), transpulmonary gradient (TPG) (defined
as the difference between mean PA pressure and pulmonary capillary occlusion
pressure), and pulmonary vascular resistance (PVR) (defined as transpulmonary
gradient divided by cardiac output, and expressed in Wood units (mmHg x min/L),
or TPG divided by cardiac index and then expressed in Wood units x m?. Multiplying
by 80 converts the resistance parameter to dynes x s/cm°>. A transpulmonary gradient
of 12 mmHg or less is often used as a definition of purely passive pulmonary hyper-
tension, while a TPG>12 mmHg refers to mixed pulmonary hypertension. Of
course the significance of TPG is dependent on the accompanying cardiac output
(CO); if the CO is high, an elevated TPG can occur in the presence of normal
PVR. The higher the transpulmonary gradient in the setting of HFrEF, the worse the
prognosis; a TPG greater than 18 mmHg has recently been associated with particu-
larly increased risk [2]. Gradients in risk are also seen with mean pulmonary artery
pressure (MPAP), pulmonary capillary wedge pressure (PCWP), PVR, and pulmo-
nary artery compliance defined as stroke volume divided by pulmonary artery pulse
pressure, with a PA compliance <2 mL/mmHg demonstrating particularly increased
risk (Figs. 5.3 and 5.4).

The difficult conundrum of biventricular failure has resulted in a search for
approaches to treatment that includes consideration of pulmonary vasodilators.
Currently such an approach must be considered unproven, and not without risk.
In addition, the attractiveness of such an approach may interfere with recognition of
the tremendous value of optimization of conventional heart failure therapies in such
patients. Table 5.2 shows hemodynamic measurements before and after nitroprus-
side administration in the catheterization laboratory in a patient with idiopathic
dilated cardiomyopathy who was referred for discussion regarding management of
pulmonary hypertension in the context of what was felt to be optimally managed
heart failure including ACE inhibition, beta-blockade, digoxin and diuretics. The
dramatic hemodynamic response to nitroprusside demonstrated the potential for
additional systemic vasodilator therapy. The patient responded very favorably to
gradual up titration of the ACE inhibitor and adjustment of diuretic dose.

Elevation of the pulmonary capillary wedge pressure in patients with left heart
failure also has adverse effects on pulmonary arterial compliance. PA compliance
reflects the ability of the pulmonary vasculature to accept an incoming bolus of
volume from the ejecting right ventricle during systole. Ordinarily, there is a tight
hyperbolic inverse relationship between pulmonary arterial compliance and resis-
tance. However, for any given pulmonary vascular resistance, a rise in the pulmo-
nary capillary wedge pressure will reduce the pulmonary arterial compliance,
making it more difficult for the RV to eject into the pulmonary bed (Fig. 5.5) [8].

The tendency to underutilize conventional heart failure therapy may in part
explain the heralded success of pulmonary artery pressure monitoring in improv-
ing pulmonary hypertension and reducing heart failure hospitalizations in
New York Heart Association (NYHA) Class III patients with LV systolic failure
demonstrated in the CardioMEMS Heart Sensor Allows Monitoring of Pressure to
Improve Outcomes in NYHA Class III Heart Failure Patients (CHAMPION)
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Fig. 5.3 Survival of HFREF patients with PH. (a) Kaplan—-Meier estimates of survival in patients
with heart failure of reduced left ventricular ejection fraction (HFREF) relative to passive pulmo-
nary hypertension (PH) and mixed PH as defined by pulmonary vascular resistance (PVR)<or
>3.0 Wood units (WU) and no PH. (b) Kaplan—-Meier estimates of survival in patients with
HFREEF relative to passive PH and mixed PH as defined by transpulmonary gradient (TPG)<and
>12 mmHg and no PH. Reproduced with permission [2]
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Fig. 5.4 All-cause mortality and hemodynamic parameters. (a) Unadjusted risk (hazard ratio
[HR]: 95 % confidence limits [CL]) of all-cause mortality for sPAP analyzed as continuous vari-
ables. (b) Unadjusted risk (HR: 95 % CL) of all-cause mortality for PVR analyzed as continuous
variables. (¢) Unadjusted risk (HR: 95 % CL) of all-cause mortality for PAC analyzed as continu-
ous variables. (d) Unadjusted risk (HR: 95 % CL) of all-cause mortality for PCWP analyzed as
continuous variables. PA pulmonary artery, PASP pulmonary artery systolic pressure, PCWP
pulmonary capillary wedge pressure, PVR pulmonary vascular resistance. Reproduced with per-
mission [2]

Table 5.2 Acute hemodynamic effects of nitroprusside in a patient with LV systolic failure and
mixed pulmonary hypertension

Blood pressure RA PA PCW TPG CO/CI PVR
Baseline 120/74 21 88/35/57 26 31 5.7/2.8 55
NTP 100/37 13 47/20/31 16 15 7.0/3.5 2.1

RA right atrial pressure, PA pulmonary artery pressure (systolic, diastolic, mean), PCW pulmonary
capillary wedge pressure, TPG transpulmonary gradient, CO/CI cardiac output, cardiac index,
PVR pulmonary vascular resistance, NTP 1 pcg/kg/min sodium nitroprusside

study. Patients in the active monitoring group ended up on higher doses of angio-
tensin-converting enzyme inhibitors and beta-blockers, and were more likely to end
up on nitrates, also suggesting that more active titration of a standard heart failure
program is advantageous over a more passive approach [9]. The take-home message
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Fig. 5.5 Effect of pulmonary vascular resistance—compliance relationship (RPA-CPA) relation-
ship by change in pulmonary capillary wedge pressure (PCWP) within an individual patient. (a)
RPA—-CPA foreach patientis plotted at two different study times: atalow PCWP (PCWP <10 mmHg)
and at a high PCWP (PCWP>20 mmHg). (b) Effect of increasing PCWP during supine exercise
on RPA-CPA in 24 patients with early heart failure with preserved ejection fraction. Reproduced
with permission [8]

here is that the most proven approach to pulmonary hypertension in the setting of
LV systolic failure is to actively adjust standard heart failure therapies to optimal
levels [8].

Other factors which may contribute to pulmonary hypertension in left heart fail-
ure include sleep disordered breathing, which may be central, obstructive, or
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mixed, and is quite common. Hypoxemia of any cause will aggravate pulmonary
hypertension and right heart failure, and should be aggressively sought out and
corrected. The possibility of concomitant pulmonary emboli must also be carefully
considered.

Patients with HFrEF who have a more exaggerated rise in pulmonary artery pres-
sures during exercise have worse exercise capacity and outcomes compared to
patients without such a response [10]. In patients with PHHFrEF despite what is felt
to be optimal medical therapy, case series and small randomized trials suggest the
potential for phosphodiesterase-5 inhibition (PDESi) to improve exercise tolerance
and cardiac output response to exercise [11]. These encouraging preliminary data
resulted in an NIH-funded multicenter study that was to have examined the impact
of PDES5i with tadalafil in patients with PHHFrEF despite optimal medical therapy
(Pitch-HF). Unfortunately this trial was not completed. It is hoped this concept will
be studied further in the future. At the present time, use of PDESi in PHHFrEF can-
not be endorsed outside of research protocols.

Riociguat, the first in a new class of drugs which act via stimulation of soluble
guanylate cyclase, was recently studied in a placebo-controlled, randomized trial of
patients with PHHFrEF [12]. This trial did not reach its prespecified primary end-
point of a reduction in mean pulmonary artery pressure, but did result in a drop in
pulmonary vascular resistance and systemic vascular resistance, with improvement
in cardiac output and in Minnesota Living with Heart Failure scores [13]. Given the
failure of the study to meet its primary endpoint, these additional analyses must be
considered hypothesis generating, and suggest that additional studies of riociguat
with more wisely chosen primary endpoints may be of value.

Heart Failure with Preserved Ejection Fraction

Approximately half of heart failure occurs in patients with preserved left ventricular
ejection fraction (HFpEF). Most of these patients have accompanying pulmonary
hypertension, and the severity of pulmonary hypertension is associated with progno-
sis [14]. Patients presenting with a syndrome compatible with HFpEF need careful
scrutiny in an effort to identify specific diseases that may require very different man-
agement strategies. These include infiltrative cardiomyopathies such as amyloidosis,
restrictive cardiomyopathy, and constrictive pericarditis. Traditional therapy for
HFpEF includes optimal blood pressure control and use of diuretics. There are no
proven treatments for HFpEF. A small randomized study of sildenafil in patients
with HFpEF suggested improvement in hemodynamics, but the patient population
was very unusual and very different from the usual HFpEF phenotype, having right
atrial pressures on average over 20 mmHg, so the applicability of such results is
highly questionable [15]. The robustly designed and executed, NIH-funded RELAX
trial of PDESi in HFpEF was recently completed [16, 17]. In this study, patients
were randomized to receive sildenafil or placebo. The primary endpoint was peak
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oxygen consumption on cardiopulmonary exercise testing. Presence of pulmonary
hypertension was not necessary for study inclusion, but many of the patients did
have pulmonary hypertension. Sildenafil had no effect on peak oxygen consumption,
6 min walk, nor a composite hierarchical endpoint that included death, hospitaliza-
tion for cardiovascular or renal causes, and quality of life. Furthermore, there were
statistically significant adverse changes in creatinine, cystatin C, uric acid, N-terminal
pro brain natriuretic peptide, and endothelin-1. Accordingly, PDES5i as a treatment
strategy cannot currently be endorsed for use in patients with HFpEF. The search for
differing therapeutic approaches to HFpEF must continue, but is complicated by the
divergent phenotypic pictures of HFpEF, and the fact that such patients are at sub-
stantial risk of clinical events not directly related to their HFpEF.

The need to identify and treat other causes of pulmonary hypertension such as
pulmonary emboli, hypoxemia, and sleep-disordered breathing in patients with
HFpEF applies in a fashion similar to that discussed with regard to HFrEF. Key
points regarding pulmonary hypertension in left heart disease are summarized in
Table 5.3.

Pulmonary Hypertension Accompanying Chronic
Lung Disease

Pulmonary hypertension accompanying chronic lung disease generally falls
under World Health Organization (WHO) Group III (ventilatory disorders and
hypoxic lung disease). This category of diseases represents a substantial chal-
lenge, and much is unknown regarding pathogenesis and management of pulmo-
nary hypertension in this context. A systematic approach to evaluation of
pulmonary hypertension is described in Table 5.4. A number of general principles
should be considered.

1. Correct hypoxemia and hypoventilation as fully as possible. Hypoxemia is a
potent pulmonary vasoconstrictor, aggravates right ventricular dysfunction, and
increases risk of arrhythmia.

2. Aside from oxygen and correction of hypoventilation if present, along with use
of diuretics in the setting of cor pulmonale, there are no approved treatments for
this condition.

3. An effort should be made to determine if the patient is best described as having
Group I pulmonary arterial hypertension (PAH) with a comorbidity of some
intrinsic lung disease. This requires considering the context and severity of both
the pulmonary hypertension and the lung disease. If there are risk factors for
Group I PAH, this may assist with assessing the probability that the pulmonary
hypertension appropriately falls within that purview. It is strengthened if the
severity of the Group III disease process is mild or moderate.
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Table 5.3 Key points regarding pulmonary hypertension in left heart disease

4.
5.

Exclude superimposed thromboembolic disease. Ventilation/perfusion lung scanning is an
excellent tool in this regard, avoiding risk of contrast nephropathy, and being highly
sensitive for thromboembolism

Actively seek and correct nocturnal and daytime hypoxemia. Sleep-disordered breathing is

common in left heart disease, and will aggravate the biventricular failure

Optimize left heart filling pressures by methodical titration of left heart therapies including

vasodilators and diuretics

Right heart catheterization with acute nitroprusside challenge can be helpful in

understanding the extent to which optimization of vasodilator therapy may improve

pulmonary hypertension and cardiac output. Additional correction of volume overload will
further improve both LV filing pressures and pulmonary hypertension

Regarding PH with Heart Failure with reduced Ejection Fraction:

— In advanced HFrEF, it may not be possible acutely to correct left heart filling pressures
adequately to know whether the pulmonary hypertension would be reversible if this
could be achieved. This is especially relevant in patients being considered for heart
transplantation. Leaving a pulmonary artery catheter in place and using a combination of
inotropes and intravenous diuretics for a few days may further clarify reversibility of the
pulmonary hypertension. In some cases placement of a left ventricular assist device as a
“bridge to decision” may be necessary to clarify reversibility of pulmonary hypertension
with normalization of LV filling pressures

— If right atrial pressure is disproportionately high compared to the pulmonary artery
occlusion pressure, then an LVAD may not be sufficient to correct the RV failure.
Consideration of biventricular support or a total artificial heart as bridge to transplant
would be a preferred approach

Regarding PH with Heart Failure with preserved Ejection Fraction:

— HFpEF is not a free-standing diagnosis. Think carefully about the possibility of more
specific diagnoses. Common pitfalls include failure to consider:

Constrictive pericarditis, which is potentially curable with pericardiectomy

Amyloidosis (AL, familial, or senile). Treatment options here can include chemotherapy
or stem cell transplantation in AL amyloid, combined heart-liver transplant in familial
amyloid, and cardiac transplantation in senile amyloid

Restrictive cardiomyopathy (familial or idiopathic)
Nonobstructive hypertrophic cardiomyopathy

— In advanced HFpEF of any cause, the extent of reversibility of pulmonary hypertension
may be difficult to ascertain due to inability to correct LV filling pressures, with
persistence of elevated PVR despite best efforts. Assessment of PA diastolic to wedge
gradient may be useful in predicting probable hemodynamics at time of transplant.
Placement of a total artificial heart as a bridge to transplant can be considered

— The RELAX trial showed no benefit of PDESi in HFpEEF, and there was evidence of
worse renal function and higher endothelin and natriuretic peptide levels

Consider the possibility of superimposed thromboembolic disease.

Assess the extent to which the pulmonary hypertension is resulting in right ven-
tricular failure. This includes assessment of resting parameters, and may also
include assessing whether there is limitation to cardiac output upon exertion. The
presence of right ventricular failure suggests a greater potential for pulmonary
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Table 5.4 Comprehensive approach to pulmonary hypertension with chronic lung disease

Step 1: Phenotypic characterization of chronic lung disease
Past medical history Tobacco use: Pack years and date of cessation
Exposure: Dust, mold, smoke, occupational exposures

Query regarding signs and symptoms of sleep apnea,
hypoventilation

Query regarding anorexigen, illicit drug use including
methamphetamines

Family history of pulmonary hypertension, other lung
disease

Pulmonary exam Hyperresonance, AP diameter expiratory
prolongation, wheeze, rhonchi

Dry (Velcro) rales or wet rales

Is there evidence of cyanosis? (Lips, ears, extremities)
CXR Hyperinflation, bullae

Interstitial infiltrates

Pulmonary vascularity

Cardiac size
Characterization of lung parenchyma High resolution CT chest

Exclusion of concomitant Ventilation/perfusion lung scan
thromboembolic disease CT angiogram if V/Q equivocal

Lung function Complete pulmonary function tests with DLCO
Hypoxia burden (a) Overnight oximetry

(b) 6-min walk
(c) Rest and exercise arterial blood gases
(d) Oxygen titration
(e) Formal polysomnography
Step 2: Assessment for intrapulmonary shunt
(a) Radioisotopic shunt study (selected cases)
(b) CT angio if radioisotope shunt study positive (in selected cases)
Step 3: Phenotypic characterization of cardiac status
Past medical history Hypertension (duration, therapy)
Diabetes mellitus
Coronary artery disease
Valvular heart disease

Prior congenital heart surgery, e.g., ASD or VSD
closure

Diuretic requirements including duration and dose
Arrhythmia
Cardiac exam Are features of possible RV failure present?
(a) Jugular venous pressure elevation, V wave of
tricuspid regurgitation
(b) Hepatomegaly, pulsatile liver, ascites
(c) Lower extremity edema

(continued)



106 R.P. Frantz

Table 5.4 (continued)

Characterization of cardiac 1. Transthoracic echocardiography with Doppler and
morphology and assessment for bubble study
cardiac shunt (a) RA, RV, LA, LV chamber size

(b) Septal displacement and paradoxical motion?
“D”-shaped LV?

(c) RV function (TAPSE, strain, visual
appearance)

(d) Tricuspid, other valve regurgitation or stenosis

(e) LV function (systolic and diastolic)

(f) IVC size and respiratory variation (estimate
right atrial pressure)

2. Transesophageal echocardiography (in selected
cases)

(a) Atrial septal defect, partial anomalous
pulmonary venous return

Step 4: Hemodynamic characterization
Right heart catheterization 1. Complete shunt run

2. Oxygen challenge in event of hypoxemia to assess
reversibility of hypoxemia and PH

3. Vasodilator testing:
(a) Consider nitric oxide if PCW normal

(b) Consider nitroprusside if PCW high and
adequate systemic blood pressure

4. N-terminal pro-brain natriuretic peptide or brain
natriuretic peptide levels

hypertension therapy. Phenotypic presentations and suggestions for evaluation
and management principles are provided in Table 5.5.

Pulmonary Hypertension in the Context of Chronic Obstructive
Pulmonary Disease

The mechanisms of development of pulmonary hypertension in the setting of
chronic obstructive pulmonary disease (COPD) have been the subject of consider-
able recent interest. Pulmonary hypertension is usually mild in COPD, and is asso-
ciated with hypoxemia and hypercapnia [18]. Recent analyses of explanted lungs
from patients with COPD undergoing lung transplantation have demonstrated that
the extent of pulmonary arterial lesions (rated using the Heath and Edwards classi-
fication scheme) correlates with the severity of pulmonary hypertension [19]. In that
study, 38 % of patients had a mean PAP>25 mmHg, and only 4 % (10 of 247) had
severe PH defined as a mean PAP > 35 mmHg. Mechanisms of pulmonary hyperten-
sion in COPD have recently been reviewed in detail, and include direct
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Table 5.5 Phenotypes and implications of pulmonary hypertension in chronic lung disease

Severity of
pulmonary Pulmonary hypertension
Scenario hypertension Additional steps management
Stable COPD or | Mild (echo Assess LV systolic and | Correction of hypoxemia
ILD RVSP<50, diastolic function, Left | Control systemic BP
prese'rved RV atrial size, and risk Manage left heart disease
function) factors for HFpEF

Moderate to severe
(echo RVSP>50,
and/or evidence of
RV enlargement/
dysfunction,
clinical features of
cor pulmonale,
elevated BNP)

Assess LV systolic and
diastolic function, left
atrial size, and risk
factors for HFpEF
Exclude pulmonary
emboli

Consider risk factors for

Correction of hypoxemia

Control systemic BP

Manage left heart disease

Group I PAH
Consider right heart Hemodynamics consistent
catheterization with moderate to severe

PAH; normal LA size;
parenchymal lung disease
is mild to moderate:
Consider possibility of
Group I PAH with
comorbidity of other lung
disease; consider PAH
therapy

Severe (substantial | Same as row above Correction of hypoxemia

RV failure)

Mixed restrictive/
obstructive lung
disease with
severe hypoxemia

Diuretics

Hemodynamics
demonstrate elevated
right atrial pressure,
reduced cardiac output
and normal pulmonary
capillary wedge: Consider
possibility of pulmonary
vasodilator therapy

vasoconstrictive effects of hypoxia, destruction of the pulmonary vascular bed and
lung parenchyma, inflammatory and proliferative signaling resulting in vascular
remodeling, toxic effects of factors such as tobacco, and genetic susceptibility
(Fig. 5.6) [20, 21]. Oxygen therapy is the only therapy known to change the course
of pulmonary hypertension in COPD [22, 23].

The very low prevalence of severe pulmonary hypertension has made it difficult
to study the effect of vasodilators in such patients in a robust fashion. Studies of
vasodilators in COPD to date have primarily examined acute or short-term hemody-
namic effects, including impact on exercise hemodynamics. In a study of 15 patients
with COPD, 9 of whom had PH, it was found that the patients with PH had lower
stroke volumes than those without, but 3 months of sildenafil therapy had no impact
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Fig. 5.6 Pathogenic mechanisms of pulmonary hypertension in COPD. The complex interactions
between each of the pathogenic mechanisms which may lead to an increased pulmonary vascular
resistance in subjects with COPD. In COPD, genetic and environmental exposures contribute to
the development of parenchymal destruction and inflammation. Parenchymal destruction alters
respiratory mechanics and causes destruction of the pulmonary vascular bed, which leads to
hypoxia and contributes directly toward an increased pulmonary vascular resistance. Inflammation
is likely to be intimately involved in pulmonary vascular remodeling and endothelial dysfunction,
which also leads to hypoxia and increased pulmonary vascular resistance. The schema highlights
the central role of hypoxia but also indicates that hypoxia is not essential to the development of an
increased pulmonary vascular resistance in COPD. VEGF vascular endothelial growth factor, HIF
hypoxia-inducible factors, PGI2 prostacyclin, NO nitric oxide, ET endothelin. Reproduced with
permission [20]

on stroke volume or exercise capacity [24]. A single-dose study of sildenafil in
patients with COPD demonstrated an attenuation of rise in PA pressure with exer-
cise, but no impact on cardiac output, stroke volume, or exercise capacity; only 5 of
those patients had resting pulmonary hypertension [25]. A 1-month randomized
cross-over study of sildenafil in COPD (without requirement for PH) showed no
improvement in exercise capacity, with worsening of the alveolar-arterial oxygen
gradient, symptoms, quality of life, and rate of adverse events [26]. A study of
bosentan in COPD demonstrated no improvement in 6 min walk distance, and again
with worsening of hypoxemia and quality of life [27]. Prostaglandin E1 has been
shown to reduce pulmonary artery pressures and increase cardiac output in decom-
pensated COPD, with little effect on oxygenation at the lower dose studied, but with
slight worsening of oxygenation at the higher dose studied [28]. Short-term prosta-
cyclin infusion has been shown to drop PVR in some patients with COPD [29].
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Anecdotal reports and small case series have suggested the possibility of a role
for prostanoid administration in the small subset of patients with severely impaired
hemodynamics (low cardiac output, severe RV failure) in the setting of severe
hypoxemic lung disease. Such therapy will not improve arterial oxygenation in most
circumstances unless a patent foramen ovale is present and right to left shunting is
lessened by reducing right atrial pressure. However, an increase in cardiac output
can occur, which may improve peripheral tissue oxygen delivery and result in some
symptomatic improvement. Such an approach must be considered anecdotal at this
time, but worthy of additional study.

Pulmonary Hypertension in Interstitial Lung Disease

Pulmonary hypertension accompanies a variety of parenchymal lung diseases that
exhibit interstitial patterns, including connective tissue diseases, sarcoidosis, and
Langerhans cell histiocytosis, and is associated with worse exercise tolerance and
outcome than in patients with these disorders in the absence of pulmonary hyperten-
sion [30-34]. The phenotypic spectrum of pulmonary hypertension in these disor-
ders is wide, and, as with the case in COPD, there is the risk of aggravating
ventilation/perfusion mismatching and hypoxemia with vasodilating agents. In gen-
eral terms, the more severe the right heart failure (based upon noninvasive assess-
ments such as physical signs of right heart failure, diuretic requirement, brain
natriuretic peptide levels, and echocardiographic findings, plus invasive assess-
ments of right atrial pressure, cardiac output, and confirmation of normal left heart
filling pressures), the more likely it is that there may be a positive clinical response
to pulmonary vasodilator therapy. Pulmonary hypertension and RV failure that
seems disproportionate to the severity of the parenchymal lung disease may also be
a clue to those rather unusual patients who seem to benefit from pulmonary vasodi-
lator therapy. Much additional work is necessary to ultimately provide more clear
guidance regarding which patients and which agents are most appropriate for treat-
ment of these diverse patient groups.

Pulmonary Hypertension in Patients with Cystic Fibrosis

Pulmonary hypertension in patients with cystic fibrosis is usually mild, even in
advanced disease, but occasionally can be severe [35]. Presence of pulmonary
hypertension is likely a marker of more advanced disease; some studies have shown
an association with survival, and others have not [36]. Some of these patients have
elevated pulmonary capillary wedge pressures, so this possibility must be kept in
mind when assessing pulmonary hypertension in cystic fibrosis. Pulmonary accel-
eration time measured by Doppler echocardiography has recently been shown to be
a predictor of need for lung transplantation in cystic fibrosis [37]. Pulmonary accel-
eration time correlates inversely with pulmonary artery pressure, and is a useful
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measurement particularly in settings where there may not be sufficient tricuspid
regurgitation to estimate right heart pressures by the Bernoulli technique. Pulmonary
acceleration time less than 101 ms was associated with worse FEV1 and worse
nocturnal oxygen saturation, and with shorter time to lung transplantation. In the
latter regard, pulmonary acceleration time was a better marker than estimated pul-
monary artery pressure. Additional studies of this parameter appear warranted.

Pulmonary Hypertension in Patients with Sleep-Disordered
Breathing

Obstructive sleep apnea is common, particularly in the Western world, and increas-
ing in prevalence, related to the epidemic of obesity. Many patients who have
Group I PAH have obstructive sleep apnea as a comorbidity, and it should be evalu-
ated and managed in usual fashion. Pulmonary hypertension in patients with iso-
lated obstructive sleep apnea is usually mild [38]. When pulmonary hypertension is
more severe, careful scrutiny for causes outside of sleep apnea is essential. A small
randomized study has demonstrated that treatment with CPAP results in improve-
ment in pulmonary hypertension in patients with obstructive sleep apnea [39]. In
patients with obesity-hypoventilation syndrome, pulmonary hypertension and cor
pulmonale can be severe, and connote a worrisome prognosis [40, 41]. This syn-
drome classically has been diagnosed on the basis of arterial blood gases demon-
strating a pCO,>45 mmHg, but a recent analysis has suggested that a
HCO;>27 mmol/L is a useful criterion [42, 43]. In such patients, correction of the
hypoventilation is the principle strategy, along with use of diuretics for symptom-
atic management of right heart failure. There is no established role for pulmonary
vasodilator therapy in such patients.

Conclusion

Pulmonary hypertension frequently accompanies a wide range of cardiac and pul-
monary diseases, and nearly invariably is associated with a worse prognosis than
those diseases in the absence of pulmonary hypertension. Careful thought must be
given to understanding the root causes of the pulmonary hypertension, characteriz-
ing the hemodynamics, and appropriately treating the underlying condition. The
role of pulmonary vasodilatory agents in such disorders is generally not well
defined, in some situations can cause harm, and should only be considered when the
underlying heart or lung disease is otherwise optimally managed with conventional
agents. As a general principle, the more severe the right heart failure, the more likely
that there could be a role for pulmonary vasodilator therapy. Much additional
research is needed in order to better understand the optimal role of pulmonary vaso-
dilator therapy in patients with these varied cardiac and pulmonary disorders.
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Chapter 6
Chronic Thromboembolic Pulmonary
Hypertension

William R. Auger and Peter F. Fedullo

Abstract Chronic thromboembolic pulmonary hypertension (CTEPH) is a potential
outcome in approximately 1-4 % of patients having experienced one or more acute
pulmonary embolic events. Despite this recognized complication of acute thrombo-
embolic disease, this clinical entity remains underdiagnosed. The importance of
diagnosing CTEPH in any pulmonary hypertensive patient centers on the realization
that, with surgical thromboendarterectomy, a potential cure for this form of pulmo-
nary hypertension is currently available. For those patients with inoperable chronic
thromboembolic pulmonary hypertension, recent advances in the development of
pulmonary hypertensive specific medical therapy now offer hope for an improve-
ment in pulmonary hemodynamics and functional status. This chapter presents an
updated review of the epidemiology, pathophysiology, clinical presentation, assess-
ment, and treatment options for those patients with chronic thromboembolic pulmo-
nary hypertension.

Keywords Exertional dyspnea * Pulmonary embolism ¢ Chronic thromboembolic
disease * Pulmonary hypertension * Pulmonary thromboendarterectomy

Introduction

In 1990, Dr. Kenneth Moser and coworkers, pioneers in the evaluation and manage-
ment of chronic thromboembolic pulmonary hypertension (CTEPH), noted in a
review of the topic that the list of investigative opportunities presented by this dis-
ease entity was substantial [1]. Over the past quarter century, many of these chal-
lenges have been satisfactorily met, others remain, while new ones have arisen.
While recognition of CTEPH as one of the most curable forms of pulmonary hyper-
tension has grown throughout this period of time, identification of patients who are
at risk and the pathophysiologic mechanisms underlying the transition from acute to
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organized thromboembolic disease remain elusive. With advancement of the imaging
technologies of computerized tomography and magnetic resonance, the opportunity
to detect chronic thromboembolic disease has been advanced, though the criteria for
diagnosis, and particularly the description of operable chronic thromboembolic dis-
ease, remain incomplete. The global expansion of specialized centers for the evalu-
ation and treatment of patients with chronic thromboembolic disease has resulted in
the ability to care for a greater number of patients afflicted with this previously fatal
disorder. However, the selection criterion for patients who might be considered can-
didates for thromboendarterectomy, the therapy which offers the greatest chance for
a cure, varies considerably. Although the availability of pulmonary hypertensive
medical therapy has expanded over the past decade, the patients with CTEPH who
would be best treated with these medications remain incompletely defined. This
chapter provides an overview of the most recent information addressing issues in
the evaluation and management of patients with chronic thromboembolic disease.

Epidemiology

The incidence of chronic thromboembolic pulmonary hypertension (CTEPH)
following an initial or recurrent episode of pulmonary embolism remains a matter
of considerable debate. Widely disparate estimates of the incidence of the disease
have been reported over the past decade, ranging from 0.57 to 8.8 % in patients with
an initial episode of pulmonary embolism and from 13.4 to 37.5 % in those with
recurrent events [2—7]. A similar divergence in estimated disease incidence is asso-
ciated with acute pulmonary embolism (ranging from as few as 80,000 incidence
cases to as many as 600,000 annually in the United States), highlighting the diffi-
culty encountered clinically in accurately detecting and evaluating disorders of the
right ventricle and pulmonary vascular bed [8—11].

In the largest of the studies assessing the incidence of CTEPH, a cohort screen-
ing study involving 866 survivors of acute pulmonary embolism, four patients were
ultimately diagnosed with CTEPH (confirmed by right heart catheterization) for a
cumulative incidence of 0.57 % in the overall population and 0.80 % in patients in
whom CTEPH was objectively confirmed or excluded [5]. It is estimated that the
number of pulmonary thromboendarterectomy (PTE) procedures performed in the
United States approximates 300-500 annually, with 150 of these being done at the
University of California, San Diego, and the remainder at other national referral
sites. Assuming that 100,000-200,000 cases of acute pulmonary embolism occur
annually in the United States with a 2-year survival rate of 60 %, an incidence of
CTEPH requiring surgical intervention of approximately 1 % would seem a reason-
able estimate [12].

Factors contributing to uncertainty regarding the incidence of CTEPH include
the limited number of long-term studies which have been undertaken in patients
with acute embolism and, in those that have, differences in the populations studied
(unselected versus consecutive versus referral), the echocardiographic criteria utilized
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to define pulmonary hypertension (pulmonary artery systolic pressure >30 mmHg
versus >35 mmHg versus >40 mmHg), the inconsistent use of cardiac catheteriza-
tion to confirm the presence of pulmonary hypertension and to exclude other poten-
tial etiologies, and the criteria utilized to determine surgical eligibility [2-7].

It is now generally accepted that CTEPH is a consequence of acute pulmonary
embolism. Despite the prevalence of the disease, acute embolism remains incom-
pletely defined in terms of its long-term hemodynamic and ventilatory outcomes.
Substantial anatomic resolution occurs in the majority of patients experiencing an
embolic event. Recent data, however, would suggest that this resolution is often
incomplete and may be associated with both physiologic and functional impair-
ment [13-17].

Stevinson and coworkers evaluated 109 previously healthy patients 6 months
after experiencing symptomatic, hemodynamically submassive pulmonary embo-
lism. At the time of presentation, 50 % of patients had echocardiographic evidence
of RV dysfunction, a figure consistent with that found in other series [16]. Six
months later, 25 % of the patients continued to demonstrate echocardiographic evi-
dence of RV dysfunction and 25 % had evidence of functional limitation as deter-
mined by a 6-min walk test <330 m or subjective functional limitation with a
NYHA class>II. Similar evidence of right ventricular dysfunction and functional
limitation following hemodynamically submassive pulmonary embolism, albeit
with a lower incidence, has been reported by Kline and coworkers [15]. Wartski and
coworkers in a follow-up study of 157 patients enrolled in the THESEE (Tinzaparine
ou Heparine Standard: Evaluations dans I’Embolie Pulmonaire) trial reported that
residual pulmonary vascular obstruction >5 % was documented in 66 % of patients,
including 13 (8.3 %) with a residual obstruction of at least 50 % 3 months following
the event [14]. Functional limitation in the absence of overt pulmonary hyperten-
sion following acute embolism would appear to result from two physiologic abnor-
malities related to the residual pulmonary vascular obstruction and its effect on
right ventricular function, that is, an increase in dead space ventilation and an
inability to optimally augment cardiac output to sufficiently meet exercise oxygen
demands [18-20].

Based on current data, an expansion in the utilization of thrombolytic therapy in
patients with hemodynamically submassive embolism does not appear to reduce the
subsequent incidence of CTEPH. Outcome studies of thrombolytic therapy in pul-
monary embolism have predominantly utilized mortality and short-term imaging
and hemodynamic resolution as endpoints, not long-term hemodynamic outcome or
functional status. The limited data available, however, suggest that the overall extent
of embolic resolution is equivalent in patients treated with heparin or thrombolytic
agents [21, 22]. Recently published data from the PEITHO (Pulmonary Embolism
Thrombolysis Trial) trial, evaluating the role of tenecteplase in patients with
intermediate-risk embolism and RV dysfunction, demonstrated a reduction in the
rate of hemodynamic compromise within a week of diagnosis, compared to those
patients receiving heparin anticoagulation alone. However, the long-term benefit of
early thrombolysis in this patient group as it relates to the prevention of right heart
compromise over time was not a study endpoint [23].
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A central confounding factor in defining the true incidence of CTEPH has been
a failure to more precisely characterize the entire disease spectrum. Initial clinical
interests centered on those with advanced pulmonary hypertension potentially
requiring PTE surgery. Because of the high perioperative mortality associated with
a thromboendarterectomy, its utilization was limited in those with less severe dis-
ease [24]. The major focus of clinical and investigative effort, therefore, centered on
the preoperative evaluation, surgical management, and postoperative care of patients
with advanced pulmonary hypertension. However, recent insight into the natural
history of acute embolism coupled with the introduction of pulmonary hypertension-
specific medical therapy and a decline in the PTE mortality rate below 1 % in those
with less severe disease should result in an expansion of that focus [25, 26]. The
syndrome of chronic thromboembolic disease should be recognized as a continuum
encompassing not only overt thromboembolic pulmonary hypertension but also
postembolic right ventricular dysfunction that can occur during exercise and respi-
ratory compromise from dead space ventilation, clinical entities which can be
referred to as thromboembolic-related respiratory insufficiency (TERRI). If the
entire spectrum of disease is included, therefore, it is probable that the incidence of
chronic cardiopulmonary disease associated with pulmonary embolism is several-
fold higher than the 1 % estimate of those who ultimately go on to require
thromboendarterectomy.

The importance of establishing the diagnosis of CTEPH is further underscored
by the observation that long-term survivorship in the absence of appropriate treat-
ment is poor. And as is the case in other forms of pulmonary hypertension, progno-
sis correlates to the degree of pulmonary hypertension and right heart dysfunction
at the time of diagnosis. In a study conducted during a period when therapeutic
options were limited, 5-year survival rate in patients with CTEPH was 30 % when
the mean pulmonary artery pressure at the time of presentation was between 40 and
50 mmHg; when the mean pulmonary artery pressure was greater than 50 mmHg,
survivorship at 5 years declined to approximately 10 % [27]. In a more recent report,
CTEPH patients with mean pulmonary artery pressures above 30 mmHg experi-
enced a poorer prognosis [28].

Predisposing Factors and Pathophysiology

CTEPH results from a prior episode of pulmonary embolism regardless of whether
that episode was symptomatic or not. It is not at all surprising that approximately
25 % of patients with CTEPH do not provide a history of prior venous thromboem-
bolism given the known frequency of asymptomatic embolism, the frequency with
which the diagnosis of acute embolism is overlooked in favor of other alternatives,
and the known incidence of asymptomatic pulmonary embolism associated with
proximal venous thrombosis [29-31].

Despite extensive investigation, only two identifiable thrombophilic tendencies
have been associated with CTEPH. Antiphospholipid antibodies have been encoun-
tered in approximately 10-20 % of patients [32, 33]. An elevated level of Factor VIII
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was identified as a risk factor in a study of 122 patients with CTEPH compared to
88 patients with nonthrombotic pulmonary arterial hypertension and 82 healthy
controls [34]. The prevalence of antithrombin III, protein C, protein S deficiency,
and the prothrombin G20210A appears to be no higher than that in the general
population. Preliminary evidence suggested that activated protein C resistance is no
more common in patients with CTEPH than in the general population. However, a
more recent, retrospective trial did demonstrate that factor V Leiden mutation was
more frequent in CTEPH than in other forms of pulmonary hypertension (29 %
versus 7.8 %) [35]. Although no consistent defect in fibrinolytic activity has been
identified, fibrinogen variants resulting in fibrin resistant to lysis have been identi-
fied in certain patients with CTEPH [36, 37].

In terms of clinical risk factors, the presence of prior embolism is obviously the
most common. The larger the embolic event, the more severe the hemodynamic
impairment at the time of presentation, and the presence of residual pulmonary
hypertension following the event appears to contribute to the eventual development
of CTEPH [38, 39]. A history of recurrent embolic events resulting in progressive
occlusion of the pulmonary vascular bed is also strongly associated with disease
development [2-7].

A number of associated conditions have been linked to the development of the
disease including prior major surgery, obesity, cancer, congestive heart failure, and
the presence of ventriculo-atrial shunts [29, 40]. All, however, are also associated
with the development of acute embolism. The one disease process associated with
CTEPH which does not have a strong association with acute embolism is a history
of splenectomy which in one series was reported to occur in 22 of 57 (38.6 %)
patients referred to a single clinical center [41]. In the recently published European
Registry, splenectomy was present in 3.4 % of patients, 1.9 % in those considered
operable and 5.7 % in those inoperable [29]. No mention was made whether these
patients had an associated hemoglobinopathy. The basis for the association between
splenectomy and CTEPH is uncertain. In part, it may be related to the reactive
thrombocytosis that occurs post-splenectomy. In patients with thalassemia, a pro-
coagulant status of thalassemic red cells has been recognized. Abnormal expression
of phosphatidylserine on the surface of erythrocytes may trigger the coagulation
cascade [40, 42].

Although insufficiently studied, it is possible that genetic risk factors contrib-
ute to the development and therefore incidence of CTEPH. Clinical experience
with this disease process has amply demonstrated that equivalent degrees of pul-
monary vascular obstruction can result in wide differences among individuals in
the long-term pulmonary hemodynamic response and that progression of pulmo-
nary hypertension occurs in the absence of additional large vessel obstruction.
Studies of microvascular changes in CTEPH have shown indistinguishable vascu-
lar lesions from those seen in idiopathic pulmonary arterial hypertension as well
as dysfunctional pulmonary arterial cell function [43—47]. It is currently hypoth-
esized that acute embolism in predisposed patients is simply the initiating event in
a process that ultimately results in pathologic alterations at the small vessel level,
the physiologic perturbations responsible for these anatomic alterations under
investigation [48-50].
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Clinical Presentation

Early in the course of the disease, the clinical presentation of CTEPH can be subtle.
This contributes to the delay in diagnosis, making it necessary to maintain a high
index of suspicion in those patients presenting with exertional dyspnea without
apparent cause or without a prior history of venous thromboembolism. Atypical
chest pain, episodic hemoptysis [51], a nonproductive cough, and palpitations are
rarely presenting complaints. Evidence of right heart dysfunction such as peripheral
edema, severe exercise limitation and associated chest discomfort, exertional dizzi-
ness, or syncopal episodes can be manifest late in the disease.

Physical exam findings can be equally deceptive early in the natural history of
CTEPH. With advancing pulmonary hypertension though, clinical presentation
and exam findings are similar to that seen in other forms of pulmonary hyperten-
sion including a right ventricular impulse, a split second heart sound with accen-
tuation of the pulmonic component, a murmur of tricuspid regurgitation, and a
right ventricular S, gallop. As right ventricular failure develops, jugular venous
distension, peripheral edema, hepatomegaly, ascites, and a right-sided S; may be
evident. An exam finding that can be useful in distinguishing small vessel from
large vessel variants of pulmonary hypertension is the presence of pulmonary flow
murmurs or bruits [52]. An auscultatory finding in approximately 30 % of patients
with CTEPH, the bruit results from turbulent flow across partially obstructed,
medium- to large-sized pulmonary vessels. They have not been described in small
vessel pulmonary hypertensive disorders. However, they are not unique to patients
with chronic thromboembolic disease, having been described in other disease
states which involve large pulmonary arteries, such as congenital branch stenoses
or large vessel pulmonary arteritis. Additional exam findings in the CTEPH patient
might include peripheral cyanosis, alerting the clinician to the possibility of a
right-to-left shunt through a patent foramen ovale. Examination of the lower
extremities may disclose superficial varicosities and venous stasis skin discolor-
ation in those individuals who have experienced prior venous thrombosis.

Evaluation for Chronic Thromboembolic Disease

Following an episode of pulmonary embolism, routine cardiopulmonary screen-
ing has a low yield in the detection of CTEPH [53]. Standard pulmonary function
testing is most useful in evaluating for coexisting parenchymal lung disease or
airflow obstruction, providing nonspecific information as it relates to the pres-
ence or absence of chronic thromboembolic disease. In approximately 20 % of
CTEPH patients with parenchymal scarring from prior lung infarction, a mild to
moderate restrictive defect may be detected [54]. Similarly, a modest reduction in
single breath diffusing capacity for carbon monoxide (DLco) may be present in
some CTEPH patients, though a normal value does not exclude the diagnosis [55].
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A severe reduction in DLco should raise concerns that the distal pulmonary vascular
bed is significantly compromised, making it imperative that an alternative diagnosis
other than CTEPH be considered. Furthermore, some CTEPH patients will exhibit
some degree of hypoxemia, and if measured, elevated dead space ventilation [20],
both worsening with exercise. These findings reflect a moderate ventilation-
perfusion mismatch and an inadequate cardiac output response to exercise with a
reduction in mixed venous oxygen saturation [56]. Marked hypoxemia at rest
implies severe right heart dysfunction or the presence of a considerable right-to-left
shunt, such as through a patent foramen ovale.

Early in the course of chronic thromboembolic disease, the chest radiograph may
be unremarkable. With disease progression and the development of pulmonary
hypertension, enlargement of the proximal pulmonary vascular bed typically occurs,
and with chronic thromboembolic involvement of the main or lobar pulmonary
arteries, this central PA enlargement can be asymmetric. This is not a radiographic
finding in those patients with small vessel disease pulmonary hypertension [57].
As the right ventricle adapts to the rise in pulmonary vascular resistance, radio-
graphic signs of chamber enlargement, such as obliteration of the retrosternal space
and prominence of the right heart border, can be observed [58]. Without coexisting
parenchymal lung disease, interstitial-alveolar markings within the lung fields are
atypical. However, relatively avascular lung regions can be appreciated if an orga-
nized thrombus has compromised blood flow to that area (Fig. 6.1). In these poorly
perfused lung regions, consequences of lung injury such as peripheral alveolar
opacities, linear scar-like lesions, and pleural thickening may be found.

Transthoracic echocardiography is often the first objective indication as to the
presence of elevated pulmonary pressures or right ventricular compromise. Current
technology allows for estimates of pulmonary artery systolic pressure (using Doppler

Fig. 6.1 Chest X-ray
showing reduced vascular
markings throughout left lung
caused by large pulmonary
embolism
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analysis of the degree of tricuspid regurgitation), along with cardiac output and RV
performance [59]. Enlargement of the right heart chambers, tricuspid regurgitation
as aresult of this chamber enlargement, flattening or paradoxical motion of the inter-
ventricular septum, encroachment of an enlarged right ventricle on the left ventricu-
lar cavity, and impaired left ventricular diastolic dysfunction that it is not the result
of primary left ventricular or valvular heart disease are findings in patients with
significant pulmonary hypertension [60, 61]. Contrast echocardiography using intra-
venous agitated saline can detect the presence of an intracardiac shunt, such as a
patent foramen ovale or a previously undetected septal defect. In a patient with
symptomatic chronic thromboembolic disease who has an echocardiogram that
shows only minimal elevation of pulmonary artery pressures or modest right ven-
tricular compromise at rest, an exercise stress echocardiogram may demonstrate a
substantial rise in pulmonary artery pressures or dilatation of the right ventricle.

To a large extent, computed tomographic (CT) angiography of the pulmonary
vessels has replaced ventilation-perfusion (V/Q) scintigraphy in the evaluation of
patients with suspected acute pulmonary embolic disease. However, the V/Q scan
continues to provide essential information in the pulmonary hypertensive patient,
and can often be the first indication that chronic thromboembolic disease should be
considered. This study serves as a valuable screening test for this disease [62]. In a
single center, retrospective survey comparing V/Q scanning with CT angiography
in 227 pulmonary hypertensive patients, there was a sensitivity of 97.4 % for V/Q
scanning compared to 51 % for CT angiography in the detection of chronic throm-
boembolic disease [63]. In a more recent study of 12 CTEPH patients, Soler and
colleagues demonstrated that SPECT perfusion scintigraphy was more sensitive in
detecting obstructed vascular segments when compared to CT pulmonary angiogra-
phy, with a sensitivity of 62+4.1 % versus 47.8+2.9 %, respectively [64]. Further,
the interpretation of an abnormal perfusion pattern can assist in the differentiation
between disorders involving the central or proximal vascular bed from those primar-
ily affecting the peripheral pulmonary circulation. In chronic thromboembolic dis-
ease, at least one and more commonly several segmental or larger mismatched
perfusion defects are present. For those patients with small vessel pulmonary vascu-
lar disease, perfusion scans either are normal or exhibit a “mottled” appearance
characterized by nonsegmental defects [65, 66]. Exceptions include cases of pulmo-
nary veno-occlusive disease or pulmonary capillary hemangiomatosis in which
multiple, larger mismatched defects have been reported [67, 68]. As important has
been the observation that a relatively normal perfusion pattern on V/Q scan excludes
the diagnosis of surgically accessible chronic thromboembolic disease (Fig. 6.2).

It has also been established that the magnitude of perfusion defects exhibited by
CTEPH patients with operable disease may understate the degree of pulmonary vas-
cular obstruction determined by angiography [69]. The plausible explanation for this
finding is that during the process of thrombus organization, proximal vessel throm-
boemboli may recanalize or narrow the vessel in such a manner that radiolabeled
macroaggregated albumin may traverse the area of partial obstruction, creating gray
zones or regions of relative hypoperfusion. Therefore, chronic thromboembolic
disease should be considered and further evaluation for operable disease should
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Pulmonary hypertensive patient with
or without a history of
thromboembolic disease
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Fig. 6.2 Diagnostic approach to the evaluation of CTEPH. CT computed tomography, MR mag-
netic resonance. Adapted from Hoeper et al. [62]

proceed even if the V/Q scan demonstrates a limited number of mismatched perfusion
defects, or lung regions which are relatively “hypoperfused.”

The next step in the evaluation of patients with suspected chronic thromboem-
bolic disease is to more clearly image the pulmonary vascular bed, to not only estab-
lish the diagnosis but also define the extent and location of lesions. Prior to the
availability of computed tomographic angiography and magnetic resonance imaging
of the chest, conventional pulmonary angiography was the principal means of
achieving these goals in the evaluation of patients for pulmonary thromboendarter-
ectomy surgery. It can be considered the gold standard in providing a “map” for
surgery, against which other modalities are to be measured. Under essentially all
circumstances, a properly performed bi-plane angiogram will provide sufficient
information on which to base a decision regarding chronic thrombus location, and
as a result, surgical accessibility. The angiographic appearance of chronic thrombo-
embolic disease bears little resemblance to that of the well-defined, intraluminal
filling defects of acute pulmonary embolism. Instead, the angiographic patterns
encountered in chronic thromboembolic disease reflect the complex patterns of
organization and recanalization that occur following an acute thromboembolic event.
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Fig. 6.3 Conventional pulmonary angiogram in a CTEPH patient. Open arrows: “web” narrowing
of the proximal segmental arteries. Closed arrow: “pouch” defect occluding the posterior branch
to the right lower lobe. Lateral views providing better definition of the pulmonary vascular anat-
omy that is less apparent on anteroposterior views

Several angiographic patterns have been described in chronic thromboembolic
disease that correlate with material removed at the time of surgery [70]. These
include “pouch defects,” pulmonary artery webs or bands, intimal irregularities,
abrupt, frequently angular narrowing of the major pulmonary arteries, and complete
obstruction of main, lobar, or segmental vessels at their point of origin (Figs. 6.3
and 6.4). In the majority of CTEPH patients, two or more of these angiographic
findings are present, typically involving both lungs.

With the advances in computed tomographic (CT) angiography of the chest, and
greater availability and use of this technology in assessing the pulmonary vascular
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Fig. 6.4 Chronic thromboembolic material endarterectomized from the pulmonary vessels
depicted in the pulmonary angiogram in Fig. 6.2. Ruler is 15 cm in length

bed, CT is playing an expanded role in the evaluation of the pulmonary hypertensive
patient for chronic thromboembolic disease. There are a number of CT findings
which have been described in patients with chronic thromboembolic disease. These
include mosaic perfusion of the lung parenchyma; enlargement of the central pul-
monary arteries and right heart chambers; variability in the size of lobar and
segmental-level vessels with a reduction in vessel caliber of those involved with
chronic thrombi; and peripheral, scar-like lesions in poorly perfused lung regions.
With contrast enhancement of the pulmonary vasculature during CT imaging, orga-
nized thrombus can be seen to line the pulmonary vessels, often in an eccentric
manner. Associated narrowing of pulmonary arteries, web strictures, “pouch
defects,” and other irregularities of the intima may also be appreciated [71, 72]
(Figs. 6.5 and 6.6). These CT findings are distinct from the intraluminal filling
defects of acute thromboemboli and primary pulmonary vascular tumors [73]. With
appropriate timing of the intravenous contrast bolus for CTA, opacification of the
pulmonary and systemic circulations is possible. In addition to the pulmonary vas-
cular bed, this allows examination of a number of cardiac features including cardiac
chamber size, position and shape of the interventricular septum, the presence of
congenital cardiac abnormalities, anomalous pulmonary venous drainage, and the
size and distribution of collateral vessels arising from the systemic arterial circulation
(bronchial arteries off the aorta, coronary vessels) [72, 74]. What remains incom-
pletely validated is the utility of CT angiography in determining operability in certain
subgroups of CTEPH patients. This is particularly important as operative techniques
allow for resection of chronic thromboembolic material at the segmental vessel level.
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Fig. 6.5 Transition from acute to organized, chronic thromboembolic lesions (open arrows)
occurring over 4 months on antithrombotic therapy. Vessel narrowing in the absence of intralumi-
nal defects has occurred. Intimal thickening, a small web and vessel narrowing can be seen at the
level of the distal right descending pulmonary artery (closed arrow). The chronic thromboembolic
material removed at surgery is pictured in Fig. 6.3

Fig. 6.6 CT angiogram in a
CTEPH patient,
demonstrating lining
thrombus right main and
interlobar arteries, with an
intravascular web ... a
remnant of an acute
pulmonary embolus ... in the
left descending pulmonary
artery

Clinical experience has demonstrated that the absence of lining thrombus or thickened
intima of the central vessels on CT does not exclude the diagnosis of chronic throm-
boembolic disease or the possibility of surgical intervention. Studies directly com-
paring CT with pulmonary angiography are limited. In one such study, CT and
digital angiography were nearly equivalent in terms of identifying complete vessel
occlusion at the segmental level. However, for nonocclusive changes, CT was sig-
nificantly inferior to angiography [75]. Accuracy of CT has improved with techno-
logical advances in scanners. In a recent study of 44 patients with suspected CTEPH,
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Sugiura and colleagues compared pulmonary digital subtraction angiography with
enhanced, electrocardiogram gated 320-slice CT in the detection of thrombi within
the pulmonary vascular bed. The sensitivity and specificity of CT to detect chronic
thromboembolic lesions were 97.0 % and 97.1 % at the main and lobar vessel level;
at the segmental level, the corresponding numbers were 85.8 % and 94.6 %, respec-
tively [76].

In addition, there is considerable value for CT in detecting disorders of the pul-
monary parenchyma and mediastinum. For CTEPH patients with coexisting inter-
stitial lung disease or emphysema, CT will be able to define the extent and location
of the parenchymal lung process. Reperfusion of severely diseased lung paren-
chyma following an endarterectomy is likely to result in an undesirable outcome,
and thereby should exclude a patient from surgical consideration. For those patients
whose V/Q scan demonstrates absence or near-complete absence of perfusion to an
entire lung, CT is an essential study to rule out extrinsic pulmonary vascular com-
pression from mediastinal adenopathy, fibrosis, or neoplasm [77].

Expanding experience using magnetic resonance (MR) imaging and magnetic
resonance angiography (MRA) to visualize the pulmonary vascular bed in patients
with chronic thromboembolic pulmonary hypertension has established this imaging
modality as a reliable means to determine surgical candidacy for CTEPH patients [78].
Kreitner and colleagues have shown that contrast-enhanced MRA is able to demon-
strate the vascular changes typical for CTE disease. In a study of 34 CTEPH patients,
wall-adherent thromboembolic material involving the central pulmonary arteries
down to the segmental level could be demonstrated; intraluminal webs and bands as
well as abnormal vessel tapering and “cutoffs” were also detected. Further they
showed that MRA was superior to digital subtraction angiography in determining
the proximal location of resectable chronic thromboembolic material [79]. An addi-
tional study comparing magnetic resonance techniques with conventional contrast
angiography involved 29 patients with either CTEPH or idiopathic pulmonary arte-
rial hypertension (IPAH). Nikolaou and colleagues showed that the combined inter-
pretation of MR perfusion imaging and MR angiography led to a correct diagnosis
of IPAH or CTEPH in 26 (90 %) of 29 patients when compared to the reference
diagnosis based on V/Q scintigraphy, digital subtraction angiography, or CT angi-
ography. The interpretation of MR angiography alone had a sensitivity of 71 % for
wall-adherent thrombi, 50 % for webs and bands, and between 83 and 86 % for
detection of complete vessel obstruction and free-floating thrombi when compared
to DSA or CT angiography [80]. More recently, Rajaram and colleagues retrospec-
tively evaluated the accuracy of contrast-enhanced MR angiography compared to
CT pulmonary angiography in a group of 53 CTEPH patients. The sensitivity and
specificity of MRA in detecting proximal and distal vessel chronic thromboembolic
disease were 98 and 94 %, the sensitivity of MR diagnosis of central vessel disease
considerably improved when images were analyzed with unenhanced proton MRA
(50-88 %). Overall, MRA identified more stenosis, poststenotic dilatation, and
occlusive lesions when compared with CT angiography in this particular study [81].
However, in a small study of 24 CTEPH patients in whom all three diagnostic
modalities were performed within a 3-day period, Ley and colleagues compared
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digital subtraction angiography, ECG-gated multidetector CT angiography, and
contrast-enhanced MR angiography in the detection of vascular changes associated
with chronic thromboembolic disease. Based on comparison with reference stan-
dards, it was concluded that multidetector CT provided the best image quality and
highest level of sensitivity and specificity for detection of vascular abnormalities at
the main, lobar, and segmental levels [82].

Additional features of magnetic resonance imaging that can be useful in the eval-
uation of CTEPH patients include cine imaging which allows an assessment of RV
and LV function, providing data on end-systolic and end-diastolic volumes, ejection
fraction, and muscle mass [83, 84]. Furthermore, phase contrast imaging may be
used to measure cardiac output, along with pulmonary and systemic arterial flow.
In CTEPH patients undergoing PEA, this technique has been used to measure
changes in aortic and pulmonary arterial blood flow before and after surgery [79].

Surgical Approach to Chronic Thromboembolic Disease

The goals in the evaluation of patients with suspected CTEPH are to first establish
the diagnosis, and then to determine whether or not pulmonary thromboendarterec-
tomy is feasible. The appropriate interpretation of the angiographic studies reviewed
in the previous section determines the proximal extent, and as a result, the surgical
accessibility of the organized thrombi present. Equally essential in the determina-
tion of whether any particular CTEPH patient is a surgical candidate, particularly as
it relates to an assessment of perioperative risks, is defining the severity of pulmonary
hypertension and the degree of cardiac dysfunction at rest with right heart catheter-
ization. Early surgical experience supported the observation that patients with
severe pulmonary hypertension (pulmonary vascular resistance >1,000 dyn/s/cm=)
bear a greater perioperative mortality risk. Hartz et al. reported that a preoperative
PVR over 1,100 dyn/s/cm™ was associated with 41 % mortality—compared to less
than 6 % if PVR was less than 1,100 dyn/s/cm™ [85]. Dartevelle and colleagues
reported an increased postoperative mortality of 20 % for patients with preoperative
PVR over 1,200 dyn/s/cm= compared to 4 % mortality if the preoperative PVR was
less than 900 dyn/s/cm™ [86]. Although the San Diego group has reported a declin-
ing overall operative mortality risk following thromboendarterectomy surgery over
the past several years, the most recent report reveals that in 500 patients operated
between 2006 and 2010, those patients with a preoperative PVR > 1,000 dyn/s/cm™3
experienced a mortality rate of 4.1 % compared to 1.6 % in those patients with a
PVR less than 1,000 dyn/s/cm™ [25].

For symptomatic CTEPH patients with minimal pulmonary hypertension at rest,
exercise hemodynamic measurements should be undertaken. In these cases it is
likely the normal compensatory mechanisms of recruitment and dilation of the pul-
monary vasculature have been overcome, and with exercise, an elevation in pulmo-
nary artery pressure as cardiac output increases can be observed. This hemodynamic
information provides objective evidence to explain an individual’s symptoms, and



6 Chronic Thromboembolic Pulmonary Hypertension 129

may reflect a reduction in pulmonary vascular reserve from chronic thrombotic
obstruction of a limited amount of the pulmonary vasculature, or equally plausible,
an indication of a clinically relevant stage in the development of severe CTEPH in
which there is coexisting small vessel hypertensive changes.

There are a number of considerations in the determination of whether an indi-
vidual patient with CTEPH might be a candidate for thromboendarterectomy sur-
gery (Table 6.1). Despite advancements in diagnostics and an expanding surgical
experience, there remains considerable subjectivity in this assessment. The most
critical factor determining operative candidacy is the presence of surgically acces-
sible chronic thromboembolic lesions, as established by angiographic (conven-
tional, CT, MR) studies. However, interpretative experience and knowledge of
surgical capabilities at any specialized clinical center will dictate what lesions can
be endarterectomized. As surgical experience is gained, not only is it possible to
resect main pulmonary artery and lobar level disease, but also more distal, segmen-
tal chronic thromboembolic lesions [25]. Although early experience with PTE sur-
gery focused on the treatment of patients with pulmonary hypertension and right
heart dysfunction, indications for surgical intervention have expanded to include
those patients with chronic thromboembolic disease who experience exertion-
related pulmonary hypertension, as well as those who are primarily symptomatic
from elevated dead space ventilation [20].

As important is the recognition when surgical intervention might be ill-advised.
Patients exhibiting significant comorbidities (e.g., severe emphysema, end-stage
malignancies) that not only place them at extraordinary perioperative risk, but
would prevent the hemodynamic and functional status benefit following PTE sur-
gery from being realized should not be considered operative candidates. Furthermore,
when the degree of pulmonary hypertension appears out of proportion to the extent
of accessible chronic thromboembolic disease apparent by angiography, and surgi-
cal resection is not expected to result in a substantive improvement in pulmonary
hemodynamics, surgery should be avoided. With appropriate waveform analysis,
data obtained with right heart catheterization has the potential to objectively assess
the degree of concurrent small vessel disease in CTEPH, essentially “partitioning”
the different elements (proximal versus distal) of pulmonary vascular resistance.

Table 6.1 Selection of patients for pulmonary thromboendarterectomy

* Surgically accessible CTE® disease (main, lobar, segmental) with:
1. Pulmonary hypertension and right heart dysfunction, or
2. Exertion associated pulmonary hypertension, or
3. Elevated dead space ventilation
* Relative contraindications:
1. Pulmonary hypertension out of proportion to the extent of CTE present
2. Endarterectomy of CTE lesions not expected to improve pulmonary hemodynamics
3. Comorbidities to a degree post-PTE hemodynamic and functional benefits would not be
realized

2Chronic thromboembolic
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Though specialized equipment is required and obtaining adequate occlusion
waveforms may be difficult in this patient population, the available data from this
technique underscores the heterogeneity of pulmonary vascular lesions present in
CTEPH. Patients with operable disease usually exhibit a greater degree of upstream
resistance (Rup) [87]. This information may further predict outcomes following
endarterectomy. In a small series of 26 CTEPH patients, Kim and colleagues, utilizing
pulmonary artery occlusion waveform analysis, demonstrated an inverse correlation
between the percent upstream resistance and postoperative mean pulmonary artery
pressure and pulmonary vascular resistance. In addition, all 4 deaths in this series
occurred in patients in whom the Rup was less than 60 % [88]. This finding, how-
ever, was not observed in Toshner’s study, where both CTEPH patients who died
following endarterectomy exhibited an upstream resistance of 68 and 73 % [87].

Pulmonary thromboendarterectomy is the unique surgical intervention to remove
obstructive, adherent chronic thromboembolic lesions from within the pulmonary
vascular bed. During the three decades since the first attempts in the early 1960s to
surgically treat CTEPH, there were a number of essential technical modifications
which have led to the current success of this procedure [§9-91]. Performance of a
median sternotomy provides access to the central pulmonary vessels of both lungs,
while avoiding disruption of the extensive bronchial artery collateral circulation and
pleural adhesions that may develop following longstanding pulmonary arterial
obstruction. Furthermore, if additional cardiac procedures are necessary, such as
coronary artery bypass or valve surgery, there is access to the heart via the sternot-
omy [92]. The use of cardiopulmonary bypass with periods of hypothermic circula-
tory arrest is a mainstay of the surgical procedure. Deep hypothermia provides for
tissue protection, while intermittent circulatory arrest periods avoids back-bleeding
from bronchial artery to pulmonary artery anastomoses and provides the necessary
bloodless field to perform the meticulous and optimal dissection of chronic throm-
boembolic material from the pulmonary vessels. The importance of this phase of the
operation has grown as dissection from the segmental arteries has become techni-
cally feasible, making adequate visualization of these more distal vessels imperative
[25]. Modifications of this technique have been employed with the intent of mini-
mizing neurologic risks of deep hypothermia and circulatory arrest periods. Those
described include the use of moderate hypothermia (23—-32 °C), aortic bronchial
artery occlusion with a balloon catheter, shortening circulatory arrest periods
(20 min periods to 7 min) with more frequent reperfusion periods, antegrade cere-
bral artery perfusion with and without total circulatory arrest, and application of
negative pressure in the left ventricle [93-97]. Whether any of these technical modi-
fications result in substantive benefits in postoperative outcomes has not been con-
vincingly established. However, within the experience of a single practice over a
prolonged period, utilizing moderate hypothermia and shorter circulatory arrest
periods, Morsolini and colleagues demonstrated an improvement in postoperative
respiratory function with a reduction in ventilator days and postoperative infections,
along with a trend toward fewer neurologic events despite an increase in total circu-
latory arrest times [97].
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Published results have shown that the majority of patients undergoing PTE
surgery experience both short- and long-term pulmonary hemodynamic improve-
ment as a result of this operation. A reduction in mean pulmonary artery pressure
with augmentation in cardiac outcome is a consistent observation, though results
vary between experienced centers [25, 29, 98—101]. In a recent report of the surgical
outcomes in a series of 500 patients undergoing PTE between 2006 and 2010,
Madani and colleagues showed a reduction in PVR from a preoperative mean value
of 719.0+£383.2 to 253.4+148.6 dyn/s/cm™ postoperatively. Mean preoperative
pulmonary artery pressure was 45.5+11.6 mmHg, declining to 26.0+8.4 mmHg
after surgery. The preoperative cardiac output in this group of patients was
4.3+1.4 L/min, improving to 5.6+ 1.4 L/min postoperatively [25]. As longer term
data have become available, the hemodynamic and resultant functional status
improvements are sustained in most patients. A favorable impact on long-term sur-
vivorship is also noted [102—-106].

Though the definition of residual pulmonary hypertension varies between report-
ing centers, there are patients who do not achieve normal pulmonary pressures and
right heart function following PTE surgery. Occurrence estimates vary between 5
and 35 % of operated patients, though long-term information as to what level of
residual pulmonary hypertension negatively impacts functional status and survivor-
ship is lacking [102, 105, 107-109]. Possible explanations for this postoperative
outcome include residual chronic thromboembolic disease that could not be surgi-
cally resected, or a significant amount of coexisting distal vasculopathy.

Mortality rates reported from centers performing PTE surgery have declined
over the years, currently in the range of 2.2-11.4 % [25, 98-101], the lower periop-
erative mortality figures at centers with more extensive experience. For “low risk”
patients based on a preoperative PVR < 1,000 dyn/s/cm=, postoperative mortality
rates have been reported to be as low as 1.3 % [110]. However, the presence of
residual pulmonary hypertension post-endarterectomy represented a considerable
risk factor for doing poorly in the postoperative period; this same study noting a
mortality rate of 30.6 % for those individuals left with a PVR>500 dyn/s/cm= fol-
lowing surgery. However, as has been the experience for CTEPH centers world-
wide, the overall decline in mortality rates reflects expanding surgical capabilities,
better understanding of the natural history of the disease leading to earlier and more
selective surgical referral, improved diagnostic techniques, and better coordinated
postoperative care.

Medical Therapy for Chronic Thromboembolic Disease

Over the past couple decades, a number of novel pulmonary arterial hypertension
(PAH) specific medical therapies, including prostacyclin analogs, endothelin
receptor antagonists (ERA), phosphodiesterase-5 (PDE-5) inhibitors, and most
recently, stimulators of soluble guanylate cyclase (sGC), have been developed and
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proven to be effective in the treatment of various types of small vessel pulmonary
arterial disease. With the heterogeneity in pulmonary vascular lesions known to
exist in CTEPH [43, 111], and especially given the similarities in small vessel
pathology shared with idiopathic PAH, efficacy studies have understandably been
pursued in subgroups of patients with chronic thromboembolic disease [26].
Acknowledging that the optimal treatment option for patients with CTEPH is a
thromboendarterectomy, the most targeted subgroup where medical therapy has
been tested includes those patients deemed to have inoperable CTEPH. Other
patient groups where PAH specific medical therapy might prove to be of benefit are
in post-thromboendarterectomy patients exhibiting residual pulmonary hyperten-
sion and as a “therapeutic bridge” in those patients with operable chronic thrombo-
embolic disease who exhibit severe pulmonary hypertension and right heart
dysfunction. Only a limited amount of information is available examining disease
modifying therapies for each of these indications.

The majority of data addressing medical therapy for inoperable CTEPH come
from trials with the dual endothelin receptor antagonist, bosentan. In a meta-analysis
involving 11 studies comprising 269 patients (39 patients with persistent pulmonary
hypertension following endarterectomy), treatment with bosentan was associated
with an improvement in 6-min walk distance (6MWD) of 35.9 m after 3—6 months
of therapy, with further modest gain of 21 m at 1 year for patients receiving drug for
a more extended period. Approximately 25 % of patients experienced an improve-
ment in NYHA functional class at 3—6 months. Hemodynamic data available
from 7 studies (185 patients) revealed a weighted improvement in cardiac index
(0.23 L/min/m?) and weighted reductions in mean pulmonary artery pressure
(2.62 mmHg); 5 studies (164 patients) reported a weighted mean reduction of PVR
-159.7 dyn/s/cm™ (20 % of baseline) [112]. The only randomized controlled trial
examining the efficacy of bosentan in inoperable CTEPH was reported in 2008. Jais
and colleagues enrolled 157 patients (bosentan use in 77 patients), with approximately
28 % having previously undergone PTE surgery. Compared to baseline, 16-week
treatment with bosentan resulted in an improvement in pulmonary hemodynamic
parameters: a 24.1 % reduction in PVR, a decline in total pulmonary resistance
(treatment effect: —193 dyn/s/cm=>) with a rise in cardiac index (treatment effect:
0.3 L/min/m?). There was also a decrease in NT-proBNP levels (=622 ng/L) in the
bosentan-treated patients relative to those receiving placebo. However, at 16 weeks,
there was no definable improvement in exercise capacity (6MWD) and no statisti-
cally significant treatment effect of bosentan on WHO functional class [113].

Available studies examining the efficacy of other classes of PAH specific medi-
cal therapy for patients with inoperable CTEPH are even more limited. In a double-
blind, placebo-controlled, 12-week pilot study, Suntharalingham and colleagues
enrolled 19 patients with inoperable CTEPH, assessing the benefit of sildenafil (9
patients receiving drug) in this group. Although there was no significant difference
detected in 6BMWD (primary end point), an improvement in WHO functional class
and PVR was noted. Control subjects were then transferred to open-label sildenafil
use and reassessed at 12 months. Significant improvement in 6-min walk distance,
activity and symptom scores (CAMPHOR), cardiac index, PVR, and NT-proBNP
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values (1,000to 811 pg/mL) wasnoted [114]. In alarger patient group, Reichenberger
and colleagues conducted an open-label study of sildenafil (50 mg three times a
day) in 104 patients with inoperable CTEPH. After 3 months of therapy, there was
amodest decrease in pulmonary vascular resistance (863 =38 to 759 +£62 dyn/s/cm™),
with an increase in 6MWD from 310+11 to 36115 m; this distance further
improved to 366 + 18 m after 12 months of sildenafil [115]. In a single center uncon-
trolled observational study, 28 patients with severe inoperable CTEPH were treated
with subcutaneous treprostinil. Right heart catheterization was repeated in 19
patients after 19+ 6.3 months of treatment. Treprostinil therapy was associated with
not only a significant reduction in PVR but also an improvement in 6MWD, WHO
functional class, BNP levels, and cardiac output. Five-year survival rate was 53 %
compared with 16 % in untreated historical controls [116]. The use of intravenous
epoprostenol in patients with inoperable CTEPH has also been examined. Cabrol
and colleagues retrospectively analyzed 27 patients with inoperable CTEPH who
were treated with epoprostenol. After 3 months of therapy, there was a decrease in
mean pulmonary artery pressure (56+9 to 51 +8 mmHg), total pulmonary resis-
tance (29.3+7.0 to 23.0+5.0 U/m?), and an increase in 6MWD of 66 m. NYHA
functional class improved by one class in 11 of 23 patients [117]. Riociguat, a solu-
ble guanylate cyclase stimulator and the first such agent in this unique class of PAH
modifying therapies, has been trialed in patients with pulmonary hypertension and
inoperable CTEPH. In a multicenter, open-label, uncontrolled phase II trial, 41
patients with inoperable CTEPH (four patients also receiving bosentan) were treated
with riociguat for 12 weeks. An overall improvement in 6MWD of 55 m (17.0-
105.0) from a baseline of 390.0 m (330.0-441.0) was noted. In a subgroup of 30
patients undergoing follow-up right heart catheterization, there was a significant
decline in mean PA pressure (median improvement of -4.5 mmHg from a baseline
of 42.5 mmHg), accompanied by a significant decrease in PVR and SVR, along
with a rise in cardiac index [118]. A double-blind, placebo-controlled study of 261
patients examining the efficacy of riociguat in the treatment of inoperable, residual,
or recurrent CTEPH demonstrated a placebo corrected difference in 6-min walk
distance of 46 m at 16 weeks [119]. Positive secondary endpoints included a
246 dyn/s/cm™ placebo corrected change in pulmonary vascular resistance, and
improvement in functional class and NT-proBNP levels. This important study has
resulted in specific regulatory approval of riociguat to treat inoperable or residual
thromboembolic pulmonary hypertension.

Additional information regarding the use of PAH specific medical therapy in
patients with residual pulmonary hypertension following PTE surgery is limited to
data extracted from studies involving patients with inoperable disease. Condliffe
and colleagues performed a retrospective observational study analyzing patients
with inoperable CTEPH as well as those with persistent post-PTE pulmonary hyper-
tension. Seventy of the 198 patients who survived PTE surgery (35 %) exhibited
persistent pulmonary hypertension which was defined as a mean PA pressure
>25 mmHg and PVR of 240 mmHg dyn/s/cm™ or greater. Using treatment criteria
of a mean PA pressure of 30 mmHg or greater and/or WHO functional class III or
worse, 8 % of survivors were receiving disease modifying therapy at 3 months, with
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an increase to 18 % at 2 years following surgery. An intention-to-treat analysis of
patients with a baseline 6MW test demonstrated the average improvement in
distance walked was 97.0+14.6 m at 3 months and 103.1+22.7 m at 12 months.
One- and three-year survival for those with post-PTE pulmonary hypertension was
99 % and 94 %, which was nearly identical for those patients without residual pul-
monary hypertension [102]. In the BENEFiT study, as noted above, bosentan had a
significantly positive effect on pulmonary hemodynamics but not on exercise capac-
ity, both in patients with inoperable CTEPH and those with persistent pulmonary
hypertension after PTE [113].

Medical therapy has also been used as a “therapeutic bridge” prior to thrombo-
endarterectomy, the presumption being that if pulmonary hypertension and right
heart function can be improved in high-risk patients, a reduction in postoperative
mortality might be realized. Nagaya and colleagues administered intravenous pros-
tacyclin at a mean dose of 6 + 1 ng/kg/min for a duration of 46+ 12 days prior to PTE
surgery in 12 patients with operable CTEPH, each with a PVR>1,200 dyn/s/cm™>.
This resulted in a significant preoperative reduction in PVR, 1,510£53-1,088 +
58 dyn/s/cm™ and a decline in plasma BNP levels. Postoperatively, one patient in
the treatment group died (8.3 %) during the first 30 days, none in the group of 21
patients with a preoperative PVR < 1,200 dyn/s/cm=. Most notable in study was the
observation that the pulmonary hemodynamic outcome in both patient groups was
comparable [120]. More recently, Reesink and colleagues conducted a randomized,
controlled single-blind study using bosentan as a bridge to pulmonary endarterec-
tomy surgery. Twenty-five patients with operable CTEPH were enrolled, 13 receiv-
ing bosentan for 16 weeks. Comparative differences from baseline between the
groups, with therapeutic benefit achieved in those patients receiving bosentan,
showed a change in total pulmonary resistance of 299 dyn/s/cm=, mean PA pressure
11 mmHg, cardiac index of 0.3 L/min/m?, and 6MWD of 33 m. However, postop-
erative pulmonary hemodynamic outcomes were similar between the patient groups
(though postoperative mean PA pressure and TPR were lower in the bosentan group,
this did not achieve statistical significance). Three patients died in the no-bosentan
group postoperatively, compared to no deaths in the bosentan-treated patients.
Otherwise, for those who survived surgery, the short-term postoperative clinical
course between groups was comparable (ICU days, ventilator days, occurrence of
lung injury) [121].

Additional investigation is necessary as to the indications and optimal use of
PAH specific medical therapies in patients with chronic thromboembolic pulmo-
nary hypertension. Presented data suggest modest improvements in functional sta-
tus and pulmonary hemodynamics in patients with inoperable CTEPH at short-term
follow-up. However, a recent longer term observational study (32 patients over a
mean follow-up of 3.4 years) revealed that even with advancement of medical
therapies, the 1- and 3-year rates of freedom from clinical worsening were 74 %
and 60 %, respectively. Mortality during this time period was 34 % (11 of 32
patients) [122]. These findings further underscore the importance of ensuring that
the chronic thromboembolic lesions in any individual are inoperable given the
superior hemodynamic outcomes achieved with thromboendarterectomy surgery.
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Disease modifying therapy also appears to have benefit for those patients with
residual pulmonary hypertension following surgery. The level of pulmonary hyper-
tension that is clinically important and the appropriate time to initiate therapy fol-
lowing surgery are issues that require clarification. Existing data have not justified
the routine use of PAH specific medical therapy in patients with operable CTEPH,
though there may be clinical benefit achieved in a subgroup of these patients with
severe pulmonary hypertension and right heart dysfunction. Jensen and colleagues,
in a retrospective analysis of patients referred for PTE surgery between 2005 and
2007, suggested that use of PAH specific medical therapy in patients with surgical
CTEPH (19.9 % of patients in 2005, 37.0 % in 2007) was associated with a signifi-
cant delay in time to referral, without having a discernible benefit on postoperative
hemodynamic outcomes [123].

Percutaneous Transluminal Pulmonary Angioplasty

Recently, percutaneous transluminal pulmonary angioplasty (PTPA) has been rec-
ognized as an alternative approach to PTE especially in patients who exhibit lesions
in segmental, subsegmental, and more distal pulmonary arteries. This approach,
first described for treatment of CTEPH in 2001 [124], utilizes balloon angioplasty
to open pulmonary arterial vessels that are partially occluded by thrombotic lesions.
A wire is passed distal to the partially occluding lesion and balloon expansion is
used to compress the lesion and dilate the vessel. Pulmonary vascular lesions in
segmental or more distal arteries that indicate intravascular bands or webs, intimal
irregularities, or abrupt narrowing are most appropriate for this approach. Lesions
than exhibit pouch defects and complete vascular occlusion are usually not amena-
ble to PTPA. Patients with large proximal clot burden are more likely to derive
greater benefit from PTE but may be considered for this approach if they have other
comorbidities that make their operative risk unacceptable or if the patient is unwill-
ing to undergo surgery. Although experience with this technique is still limited, a
recent, retrospective analysis at a single center found that the 2-year outcome in
patients selected for PTPA was similar to that of those undergoing PTE [125]. This
study examined the outcome of 136 results with CTEPH. Twenty-nine patients
received medical therapy only, 39 underwent PEA, and 68 underwent PTPA.
Patients were treated with PTPA if they rejected PEA or if they had increased
perioperative risk of PEA due to advanced age, poor physical condition, right heart
failure, or comorbidities. Mean pulmonary arterial pressure (mPAP) and PVR
decreased 46 and 49 %, respectively, in the PTE group and 40 and 49 % in the PTPA
group. The 2-year survival rate was 97 % in the PTE group and 98.5 % in those
treated with PTPA. The occurrence of right heart failure and revascularization was
2.6 and 2.8 % for those treated with PTE and 2.9 and 2.9 % for those undergoing
PTPA. Complications of PTPA included reperfusion pulmonary edema, 7.0 %;
hemosputum or hemoptysis, 5.6 %; vessel dissection, 2.3 %; pulmonary artery per-
foration by guidewire, 0.9 %. Patients reviewed in this study were highly selected
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and treated by a team of physicians with extensive experience in this technique.
Randomized prospective studies are needed to determine true differences in safety
and efficacy between PTE and PTPA, but at the present time, PTPA may provide a
reasonable alternative to PTE in properly selected patients who are unwilling to
undergo surgery or who have a high risk of perioperative complications.
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Chapter 7
Schistosomiasis-Associated Pulmonary
Arterial Hypertension

Rita de Cassia dos Santos Ferreira, Angela Pontes Bandeira,
and Ana Licia Coutinho Domingues

Abstract Schistosomiasis is the third most common endemic disease and has been
considered the most common cause of pulmonary arterial hypertension (PAH) in the
world. Around 6 % of people with chronic schistosomiasis in endemic areas are
affected. Schistosomiasis-associated pulmonary arterial hypertension (Sch-PAH) is
classified by the World Health Organization as group 1 pulmonary arterial hyperten-
sion because it has clinical, pathological, and hemodynamic characteristic that are
similar to idiopathic pulmonary arterial hypertension. Sch-PAH is a severe disease
that affects mainly middle-aged women. Symptoms and signs of right-heart insuf-
ficiency may be present, such as dyspnea, syncope, and peripheral edema. It has
been demonstrated that Sch-PAH has a more benign clinical course and a better
survival than idiopathic pulmonary hypertension. There are few reports of any ben-
eficial effect from specific therapy directed toward group 1 PAH in this population
of patients. The mechanisms responsible for the development of pulmonary hyper-
tension in patients with schistosomiasis are unknown. There is growing evidence
that vessel obstruction and granulomatous reaction to pulmonary embolization of
eggs is not the sole mechanism that causes the disease. Further studies are needed to
better elucidate the pathogenesis of Sch-PAH and to develop targeted therapies for
this devastating disease.
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Abbreviations

6MWT 6-min walk test

CT Computed tomography

HIV Human immunodeficiency virus
1L Interleukin

INF vy Interferon y

mPAP Mean pulmonary artery pressure
PAH Pulmonary arterial hypertension
PAP Pulmonary artery pressure

PAOP Pulmonary artery occlusion pressure
PASP Pulmonary artery systolic pressure
PH Pulmonary hypertension

PVR Pulmonary vascular resistance
PWP Pulmonary wedge pressure

Sch-PAH  Schistosomiasis-associated pulmonary arterial hypertension
TGF p Transforming growth factor f

Thcells T helper cells

TNF a Tumuor necrosis factor o

Introduction

Schistosomiasis is a parasitic disease that is acquired from infected freshwater
snails. It is considered to be the third most important endemic disease in the world
and it is estimated that 240 million people are infected with the Schistosoma species
worldwide. The most common organisms reported are Schistosoma japonicum,
S. haematobium, and S. mansoni [1], the latter being responsible for almost all cases
of pulmonary hypertension [2]. The disease is endemic in 74 countries, including
those of Eastern South America, the Caribbean Islands, East Asia, some parts of
China, and the Middle East. However, more than 80 % of infected people are found
in sub-Saharan Africa. Approximately 6 % of those afflicted develop pulmonary
hypertension making schistosomiasis the leading cause of pulmonary arterial hyper-
tension (PAH) in the world [3].

Schistosomiasis

People become infected with Schistosoma through contact with contaminated water
due to agricultural, domestic, and recreational activities (Fig. 7.1). The parasite’s
life cycle (Figs. 7.2 and 7.3) involves a freshwater snail host that is penetrated by
miracidia, the larvae released from the eggs deposited in the urine (S. haematobium)
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Fig. 7.1 An endemic area of schistosomiasis in Northeast of Brazil, where conditions of poor
sanitation favor the dissemination of the disease

Fig. 7.2 Biomphalaria glabrata, a snail host of Schistosoma mansoni, found in Brazil
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Fig. 7.3 Life cycle of
schistosomiasis (WHO
2012): Blue: Eggs from the
parasite are released in the
water and hatch into
miracidia. The miracidia
infects the snail host. The
snail releases cercariae into
water. Orange: Cercariae
penetrate the human skin
exposed to water and the
worms go to target organ
where they mate and release
eggs. Most of these are
excreted in the feces (S.
mansoni and S. japonicum)
and urine (S. haematobium)

or feces (S. mansoni and S. japonicum) of infected people. These miracidia multiply
asexually within the snail where they become sporocysts before being released as
cercariae. After 4-6 weeks, hundreds of motile, forked-tail cercariae go into the
water and penetrate the normal skin of a human host and transform into schistoso-
mula. After 2-3 days, the schistosomula reach the lungs by venous circulation.
Around the ninth day of infection, they go through the systemic circulation into the
liver where they remain while maturing into adult worms and mating. Eventually,
adult worms make their way to the mesenteric vein (S mansoni and S. japonicum) or
to the vesical plexus and veins draining the ureters (S. haematobium) where they
reside and lay their eggs. S. mansoni enter the systemic circulation on the fourth
week. The adult worms mate and migrate to the superior hemorrhoidal plexus and
inferior mesenteric vein, where the females lay their eggs. The adult worms can live
for up to 30 years, with an average of 5-10 years, producing up to 300 ova per day
[2, 4]. A great proportion of these (60 %) are eliminated with feces that will hatch
with water contact, releasing the miracidium and initiating a new cycle.

Many eggs that are not eliminated from the body via feces are transported via the
hepatic portal vein to the liver where they become lodged and cause granuloma
formation. The inflammatory reaction within the granulomas is a stimulus to the
production of fibrosis. After many years of infections and reinfections, large sheets
of fibrosis can be formed in the liver, depending on the parasite burden and the
patient’s immune response leading to a condition known as Symmer’s fibrosis. The
hepatocytes are not destroyed, but the fibrosis around the portal vein causes a block-
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age of hepatic blood flow and secondary portal hypertension. This leads to the open-
ing of portal systemic anastomoses to decompress the portal system [5, 6]. These
collaterals may permit the passage of worms and eggs into the pulmonary circula-
tion and induce an immune response and granulomatous reaction in the pulmonary
arterial bed leading to pulmonary arterial vascular remodeling and development of
PAH in some individuals [7].

Schistosomiasis has a very large spectrum of clinical manifestations [5]. In the
acute phase, a macula-papular rash can occur at the site of penetration of cercariae
into the skin. This skin reaction occurs some hours after the exposure, can last for
several days, and usually disappears spontaneously. It is named cercarial dermatitis
and occurs more commonly in people who have not been exposed to the parasite,
previously. The lungs can be affected in the acute and chronic phase of the disease.
The acute phase, known as Katayama syndrome, occurs predominantly in people
that come from non-endemic areas or nonimmune hosts. It is a systemic hypersen-
sitivity reaction that appears a few weeks (16-90 days) after infection and is caused
by the passage of migrating schistosomula and egg antigens through the lungs and
other parts of the body.

Clinical symptoms include fever, chills, weight loss, headache, anorexia, nausea,
vomiting, dry cough, dyspnea, wheezing, and diarrhea. Physical exam may reveal
hepatomegaly, splenomegaly, and skin lesions. Liver abscess, brain pseudo-tumors,
and myeloradiculopathy are also described in a small number of cases. The symp-
toms last for 2—12 weeks. Hypereosinophilia is a hallmark of this phase. Eggs of the
parasites can be found in the feces about 40 days after infection. A chest X-ray can
reveal micronodules, pulmonary condensations, and pleural effusion [2]. On chest
computed tomography (CT) nodular lesions can be seen, sometimes with a halo
signal and ground glass pattern [8] (Fig. 7.4). This syndrome is believed to be the
result of an immunologic process that occurs in nonimmune patients as a reaction to
circulating parasite antigens [9, 10].

I_J

Fig. 7.4 Computed
tomography of the thorax of
a 29-year-old male patient
with Katayama syndrome
showing subpleural and
peribronchovascular nodules,
some with halo sign, and
focal ground glass opacities
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Chronic schistosomiasis appears several months or years after infection and
patients can be asymptomatic or present variable manifestations. The hepatointesti-
nal form can present with abdominal pain and intestinal transit alterations, with or
without mild periportal fibrosis and without portal hypertension. This can result in
iron-deficiency anemia and constitutional symptoms such as weight loss, malnutrition,
and chronic fatigue. The associated hepatomegaly, particularly enlargement of the
left lobe with periportal fibrosis, defines the hepatic form. The hepatoesplenic form
is associated with splenomegaly in addition to the intestinal symptoms. It is one of
the most severe manifestations of the disease, due to portal hypertension that leads
to the formation of esophageal and hemorrhoidal variceals that can rupture, leading
to severe bleeding that is often the main cause of death in these patients [35, 6].

Patients with chronic S. haematobium infection have chronic inflammation of the
venous plexus around the bladder, resulting in hematuria, fibrosis with ureteral
obstruction, and nephrolithiasis. Squamous cell carcinoma of the bladder can also
develop. Other manifestations of the disease include pseudo-tumor formation, glo-
merulonephritis, infertility in women, neurologic manifestations, and ectopic dis-
ease in the eyes, skin, and urogenital tract [2, 4].

Hepatopulmonary syndrome and pulmonary arterial hypertension (PAH) are the
two main types of chronic pulmonary manifestations. Hepatopulmonary syndrome
is characterized by the presence of portal hypertension, arterial hypoxemia, and
intrapulmonary vascular dilatation [11]. It can be found in 10 % of patients with the
hepatosplenic form of schistosomiasis [12]. This form was previously defined as the
cyanotic form of schistosomiasis, a more severe phase of hepatopulmonary syn-
drome, described by Faria et al. [13]. Schistosomiasis-associated pulmonary arterial
hypertension (PAH) (Sch-PAH) is defined as an increase in mean pulmonary arterial
pressure (mPAP)>25 mmHg at rest and pulmonary wedge pressure (PWP)
<15 mmHg in the setting of schistosomotic disease [13].

Epidemiology

As described earlier, nearly 240 million people are infected with the Schistosoma
species in the world and about 10 % have severe disease [1, 14]. The true prevalence
of Sch-PAH in these individuals is unknown, because the majority of the studies are
hospital based with small samples and without a uniform definition of the schisto-
somal disease and accurate assessment of pulmonary arterial pressure (PAP). A
recent systematic review noted that more than 50 % of the studies reporting preva-
lence of Sch-PAH were from Brazil and less than 20 % from Africa, which accounts
for the major burden of schistosomiasis disease [15]. In a rare study that used a
random community-based sample, investigators found that the prevalence of Sch-
PAH in infected people with schistosomiasis ranged from 0 to 28.3 % (4+8 %).
When only people with hepatosplenic disease were considered, the prevalence
ranged from O to 60 % (18.1+15.9 %) and when the proportion of pulmonary hyper-
tension (PH) was estimated in areas endemic for S. mansoni, it was 6.3—-46.5 %. The
study concluded that the prevalence of PH is 6.1 % in those infected with
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schistosomiasis, and 15.1 % in patients with hepatosplenic schistosomiasis, and that
Sch-PAH represents 30.8 % of all causes of PH in areas where schistosomiasis is
endemic [15]. In these studies, there was no homogeneity in the definition of
PH. Some studies defined PH on clinical grounds or histologically. Others assess PH
by echocardiogram using different limits of systolic pressures, and others assessed
PH by cardiac catheterization. Moreover, several studies did not use exclusion cri-
teria for other causes of PH or other liver diseases in these prevalence studies.

Schistosoma mansoni is the only species present in Brazil where 2.5-6 million
people are infected. It continues to cause severe forms of the disease, being respon-
sible for at least 700 hospital admissions and 492 deaths a year. The disease is
endemic in nine states and has focal transmission areas in ten states [16]. Two impor-
tant hemodynamic series found mPAP>20 mmHg in 23 % of 137 patients [17] and
13 % of 141 patients [18] with portal hypertension. De Cleva et al. [19] found a
median mPAP of 20-25 mmHg in 8 (22 %) and mPAP>25 mmHg in 2 (6 %) of 36
patients with hepatosplenic disease, before they underwent surgery for esophagogas-
tric devascularization and splenectomy or distal splenorenal shunt in order to avoid
digestive hemorrhage from esophageal varices. Lapa et al. [20] reported a prevalence
of 18.5 % (IC 95 %: 10.8-29.5 %) in patients with a hepatosplenic form of the dis-
ease from a PH referral center in Sao Paulo, Brazil. In that study, PH was defined as
pulmonary systolic arterial pressure (PSAP)>40 mmHg as assessed by transthoracic
echocardiogram. However, only 7.8 % (IC 95 %: 3.3-16.7 %) had mPAP > 25 mmHg
on the right-heart catheterization and only 4.7 % (IC 95 %: 1.5-12.7 %) of all cases
had precapillary PH with pulmonary artery occlusion pressure (PAOP)< 15 mmHg.
At the same time, PWP has been reported to represent up to 30 % of the PH patients
followed up at referral centers in Brazil [21-23].

One limitation of prevalence studies in Sch-PAH is that it is believed that PH
occurs almost exclusively in people with the hepatosplenic form of schistosomiasis,
which limits the populations studied. These patients represent only 5 % of infected
people and this strategy can underestimate the true prevalence [15]. Few studies
have included patients without this severe form of schistosomiasis. Lambertucci
et al. [24] conducted a study in an endemic area, where 66.3 % of the population had
schistosomiasis. Abdominal ultrasound revealed liver fibrosis in 54 % of examined
subjects (246) and 25 (11.7 %) of 213 subjects were submitted to echocardiogram
showed evidence of PH. However, PASP was estimated by pulmonary arterial accel-
eration time and the median value found was 31 +8.8 mmHg. In another hospital-
based study in Brazil, Ferreira et al. [25] found a prevalence of 10.7 % (CI 95 %:
5-19.4 %) using echocardiographic assessment of pulmonary arterial pressure (PAP)
in 84 consecutive patients attending an outpatient schistosomiasis clinic who were
found to have periportal fibrosis on abdominal ultrasound. The authors included
patients with the hepatointestinal and hepatosplenic form of schistosomiasis and
defined PH as PASP>35 mmHg; however, all patients with PH had PASP > 40 mmHg.

Considerably less information is available regarding the prevalence of Sch-PAH
in Africa. Studies carried out in the Sudan, Zimbabwe, and Ethiopia found very low
levels of Sch-PAH, but these studies were not recent and were not specifically aimed
at this problem [15]. In sub-Saharan Africa, where most people infected with schis-
tosoma live, studies of prevalence of PH are lacking.
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In general, if we consider that around 200 million people have schistosomiasis in
the world, and that of these 120 million have symptomatic disease and 5 % have
hepatosplenic disease, approximately 270,000 patients may have Sch-PAH, making
it the main cause of PAH in the world [3].

Pathology

Pulmonary vascular remodeling in PAH is characterized by intimal thickening,
medial smooth muscle cell hypertrophy, and fibrosis and obstructive lesions of dis-
tal precapillary vessels known as plexiform lesions. Inflammatory infiltrate is often
demonstrated around the adventitia of the affected vessels. Plexiform lesions con-
sist of a network of vascular channels lined by endothelial cells and a core of myo-
fibroblastic or less well-differentiated cells. These changes are nearly always seen
in cases of severe idiopathic PAH (IPAH) and PAH associated with HIV infection,
liver cirrhosis, CREST syndrome, and congenital left to right cardiac shunts [26].
These histologic features have also been described in Sch-PAH [27], and, in addi-
tion to the similar degree of increase in PAP and pulmonary vascular resistance
(PVR), justified the classification of Sch-PAH as group 1 PAH [28].

In the initial pathologic description of Shaw and Ghareeb [29], focal and wide-
spread pulmonary arterial lesions in patients who died of Sch-PAH were attributed
to the direct action of the eggs attacking the arterioles. The eggs were demonstrated
in the arteriolar lumen producing necrosis of the inner layers of the vessels, with
posterior obliteration of the lumen by endarteritis. Intimal thickening, hypertrophy
of the media, and collagenous thickening of the adventitia were described along
with recanalization by new tortuous vessels called angiomatoid structures.
Granulomas were described around extravascular eggs. In 1954, Faria described
similar pathologic alterations encountered in specimens of lungs obtained in nec-
ropsies: endarteritis in small pulmonary arterial branches, necrotizing arteritis,
thrombosis, and intimal fibrous thickenings. However, granulomatous reaction
around the vessels was rarely seen and the pulmonary vascular changes found were
not directly related to the presence of eggs. The author suggested that the anatomi-
cal changes caused by the Schistosoma’s eggs had a secondary role in the pathogen-
esis of PAH. Interestingly, patients with schistosomiasis without cor pulmonale
exhibited eggs retained in smaller branches of the vessels, probably because there
was less endarteritis in these cases, permitting the passage of eggs more distally.
The most important changes seen were in the intima and media layers of pulmonary
arteries and arterioles. The lumen of the vessels could have been filled by concentric
or eccentric mass of fibrous tissue associated with medial hypertrophy [30].
Plexiform lesions were demonstrated in more than 80 % of lungs obtained in nec-
ropsy studies. These structures continued distally with dilated angiomatoid thin-
walled channels [31, 32]. Other authors believed that the embolization of eggs was
necessary for the occurrence of arteritis and that PAH would be the result of a
peripheral vascular blockage caused by the disseminated granulomata [33, 34].
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Recently, a study of 18 lung specimens from individuals who had died from
Sch-PAH demonstrated plexiform lesions in all samples and 89 % showed evidence
of arterial medial thickening. Only 4 (22 %) of the 18 samples had granuloma, con-
trasting with prior studies, and S. mansoni eggs in pulmonary samples were not
found. A dark pigment was found adjacent to vascular lesions. Its origin is not
known, but it had an identical appearance to anthracotic pigment [35].

Pathogenesis

In schistosomiasis, most of the pathology is caused by the T-cell-dependent immune
response of the host directed against the eggs of the parasite, which results in chronic
granulomatous inflammation and ultimately in fibrosis [36]. The main organ
affected is the liver where the eggs of the parasites are trapped along the periportal
tissues, which leads to inflammation, tissue eosinophilia, collagen deposition, and
fibrosis of the periportal spaces with secondary portal-vein obstruction and subse-
quent portal hypertension and development of collateral vessels [6]. The granuloma
formation is a process which is predominantly CD4+ T helper (Th) cell dependent.
The CD4+ Th cell response evolves from a Th1l- to a Th2-dominated response fol-
lowing egg production. The type 1 T-cell response occurs with the liberation of
several cytokines: IL-1, IL-12, interferon-y (INF-y), transforming growth factor-f
(TGF-), and TNF-a. They modulate the release of several chemokines. After the
liberation of eggs and egg-derived antigens, a Th2 cell response is elicited to limit
the primary response, which occurs around 8 weeks from infection. In this phase the
liberation of IL-4, IL-5, IL-10, and IL-13 predominates. The formation of granulo-
mas seems to limit the infectious process, in spite of the fact that it provokes the
main pathology of the disease [36-38]. The Thl- and Th2-associated cytokines
have different roles in the regulation of fibrogenesis. For example, IL-13 has an
important role in fibrogenesis whereas TNF-a, INF-y, and IL-12 seem to have an
anti-fibrotic activity and IL-10 has an important regulatory effect in the balance of
Th1 and Th2 responses, clearly regulating liver pathology. It is produced from Treg
cells and/or Th2 cells. There is some agreement that chronically infected patients
with intestinal, hepatointestinal, and hepatosplenic forms of the disease have a dom-
inant Th2 cytokine profile [39, 40], whereas a predominance of the Th1 cytokines is
observed in acutely infected patients [36, 37, 39].

Much less is known about the immune mechanisms in Sch-PAH. Today it is
recognized that inflammation is an important aspect of most types of PAH and that
T-cells, and other immunomodulatory cells are part of this process [41]. In PAH,
there appears to be an initial insult to the endothelium, such as hypoxia, mechanical
stress, or an infectious process. Secondarily, an inflammatory process occurs which
leads to the activation of an immune response and cytokine and chemokine produc-
tion that propagates this inflammation and leads to the production of growth factors,
culminating in vascular remodeling [41]. Genetic determinants may also be important
in the development of PAH [42]. In familial PAH, 80 % of patients have a mutation
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in the gene encoding the bone morphogenetic protein receptor type 2 (BMPR 1I), a
member of the TGF-f superfamily. This mutation is also found in 25 % of patients
with IPAH. This mutation is the most important known risk factor to PAH and may
interact with environmental agents including chronic infection to initiate the devel-
opment of PAH. It is not yet known if this type of mutation enhances the develop-
ment of PAH in patients infected with schistosomiasis.

Perivascular infiltration of inflammatory cells around remodeled vessels has con-
sistently been demonstrated in animal models of PAH, including the mouse model
of Sch-PAH and in patients with IPAH [43]. The cells involved are T-cells, macro-
phages, B cells, mast cells, and dendritic cells in the adventitia and media of mus-
cular pulmonary arteries. With the activation of the immune response, cytokines and
chemokines are produced, propagating further inflammation and associated produc-
tion of growth factors which drive vascular remodeling. In IPAH there is an eleva-
tion of serum levels of cytokines, including IL-1-f, IL-6, and IL-8 and chemokines
such as chemokine ligand 2/monocyte chemotactic protein-1, CCLS, and CXC3CL1/
fractalkine [44]. IL-6 and TGF-f induce differentiation of TH17 cells that are highly
proinflammatory. Treg cells also participate in the process balancing Th1 and Th2
responses [41].

In schistosomiasis, the passage of eggs into pulmonary capillaries through por-
tosystemic anastomoses is the main mechanism historically proposed for the devel-
opment of PAH. PH was felt to occur due to mechanical obstruction of distal
pulmonary vessels due to egg impaction, focal arteritis, and inflammation related to
the formation of granulomas around the eggs. Crosby et al. [45] showed that
infected mice with eggs in the lungs had significant pulmonary hypertension, vas-
cular remodeling, and right ventricular hypertrophy, whereas infected mice without
lung egg deposition did not exhibit these changes. Pulmonary vascular remodeling
was more severe in arterioles near granulomas, suggesting that the presence of eggs
and granulomas drove the process of vascular remodeling in this model of Sch-
PAH [45]. However, this model is not entirely applicable to human disease, because
Sch-PAH can occur without portal hypertension. Furthermore, in animal models,
mice are infected with cercariae and then rechallenged with intravenous adminis-
tration of eggs that can go directly to the lungs in an attempt to mimic what is sup-
posed to occur in humans via the development of collateral shunts. In this model,
infected mice develop a widespread arterial vasculopathy, often with a perivascular
inflammatory cellular infiltrate, with pulmonary vascular remodeling affecting
media and intimal layers of pulmonary arteries, but without plexiform lesions [35, 43].
These alterations were reduced in mice lacking IL-13RaR 1, with loss of the IL-13
function, in a nonstatistically significant manner, while in mice lacking IL-13Ra2,
with gain of the IL-13 function, there was an increase in intimal thickness. These
infected animals had an increase in right ventricle maximum pressure, mainly if
they had a gain of the IL-13 function. Enhanced IL-13 signaling caused PAH in this
model. The authors suggested that the enhanced lung inflammatory response trig-
gered by the challenge with eggs correlates with the development of experimental
Sch-PAH. The granulomas formed are composed of macrophages, eosinophils, and
cells containing smooth muscle actin, which could represent myofibroblasts and/or
differentiated smooth muscle cells [43]. Crosby et al. [45] demonstrated that IL-13
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but not IL-4 stimulated the migration of pulmonary artery smooth muscle cells in
transwell assays. Altered TGF-f signaling was investigated through the expression
of Smad2/3 in lungs of schistosomiasis-infected mice and their expression was
increased in granulomas and pulmonary arteries. Nevertheless, the absolute levels
of TGF-p were not altered in infected mice [45]. In specimens of human lungs
obtained at autopsy, there was an intense p-Smad2/3 activity in the smooth muscle
cells with thickened media and in vascular channels within the plexiform lesions [35].
Smads are proteins that can be phosphorylated after the attachment of TGF-f in cell
receptors and which can move to the nucleus of cells, altering essential cell func-
tions. There is evidence that the TGF-p system stimulates the proliferation of pul-
monary arterioles in PAH, and leads to vasculogenesis, including intimal hyperplasia
and growth of the medial layer [42, 46]. More recently, Graham et al. [47] demon-
strated that a mouse model of Sch-PAH submitted to pharmacological blockage of
the TGF-f ligand and receptor and that mice lacking Smad3 were significantly
protected from pulmonary vascular remodeling and PAH. This blockage also led to
a decrease in IL-4 and IL-13 concentrations [47]. Accordingly, Ferreira et al. [48]
demonstrated significantly increased serum levels of TGF-P1 in patients with Sch-
PAH compared with patients with schistosomiasis without PAH, suggesting that
this growth factor may contribute to vascular remodeling in this disease. Studies
using animal models demonstrated a correlation between cytokines and pulmonary
remodeling and between the numbers of muscularized small peripheral vessels and
the lung egg burden. In these models pulmonary vascular remodeling is character-
ized by a marked perivascular inflammatory infiltrate, heterogeneous severe thick-
ening of the media of small pulmonary arteries, and the occurrence of plexiform-like
lesions in the absence of PAH [45].

It is interesting to note that in the animal model of Sch-PAH, the development of
disease requires mice sensitization with cercariae prior to intravenous egg adminis-
tration, suggesting that a potent pulmonary inflammatory response and inflamma-
tory cell infiltrate are needed rather than the hepatic disease with shunting of eggs
and parasites to lungs. The injection of eggs alone was not sufficient to cause right
ventricular hypertension, so the embolic disease alone does not seem to cause
experimental PAH [43]. Studies with lung samples collected at autopsies of indi-
viduals with Sch-PH demonstrated pulmonary vascular remodeling with plexiform
lesions and arterial medial thickening in all 18 samples examined, but failed to find
eggs of the parasite. Antibodies against S. mansoni-soluble egg antigens (SEA) did
not detect significant amounts of egg antigens in the human lung species, although
they were identified in lungs of experimentally infected mouse and human intestine
specimens. Rare fragments of S. mansoni eggs in human lung specimens were only
identified using anti-SEA antibodies within granulomas and not adjacent to the pul-
monary vascular lesions. In spite of the presence of vascular remodeling in patients
who died of Sch-PAH, significant immunohistochemically antigenic material was
not found, suggesting that after an initial acute inflammatory response, vascular
lesions are established and can progress or persist independently of the presence of
the antigens. These findings corroborate with the persistence of vascular remodeling
in patients treated against the parasite [35]. On the other hand, a total or partial
regression of liver lesions occurs with parasite treatment [49].
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Clinical Presentation of Sch-PAH

In endemic areas, chronic pulmonary disease is common and PH is the most severe
complication of the disease. It is almost exclusively found in Schistosomiasis man-
soni [7] and is more commonly encountered in patients with hepatosplenic disease.
In one study from Brazil, 48.9 % of patients with Sch-PAH had the hepatosplenic
form of schistosomiasis, 27.6 % had hepatointestinal disease, and 23.4 % were sple-
nectomized [50]. In Brazil, the splenectomy has been used as a treatment for upper
digestive hemorrhage secondary to rupture of esophageal varices [51, 52]. The fact
that almost 30 % of patients with Sch-PAH had the hepatointestinal form of the
disease suggests that pulmonary embolism of worms or eggs through portosystemic
anastomoses is not a prerequisite for the development of PH in schistosomiasis [50].

There are no clinical symptoms that are characteristic of Sch-PAH as compared
to other types of PAH. Patients generally have symptoms that are the result of
progressive right heart failure such as dyspnea on exertion, weakness, fatigue, cough,
giddiness and syncope, palpitation, and chest pain that are the main symptoms [25].
Hemoptysis can also occur. Chest pain is usually caused by right ventricular angina
and syncope results from depressed cardiac output and low systemic blood pressure.
On physical exam, the lungs are usually clear. Peripheral edema, ascites, anasarca,
or jugular vein distension can be seen. A prominent pulmonic component of the
second heart sound may be present along with right ventricular heave and murmurs
of tricuspid or pulmonic valve insufficiency. Less commonly, patients exhibit cya-
nosis and rarely digital clubbing is seen. Hepatomegaly secondary to schistosomal
disease (left lobe enlargement) or congestion and splenomegaly can be seen in
patients with the hepatosplenic form [7, 53].

Patients with Sch-PAH are usually middle aged and are more often women. In a
study by Japiassu et al. [54], the mean age was 46.9+12.6 years and 70.6 % were
women. About half of the patients are in NYHA functional class IIT or I'V at the time
of presentation [54, 55].

Diagnosis Workup

In patients suspected of Sch-PAH, the aim of the diagnostic workup is to confirm or
exclude the diagnosis of both PAH and schistosomiasis. At the same time, other
causes of PH and liver disease need to be evaluated. Finally, the severity of the
disease and the patient’s prognosis should be assessed.

Diagnosis of Schistosomiasis

The diagnosis of schistosomiasis is based on a suggestive epidemiological history
with the identification of parasite eggs in stool examination or rectal biopsy. Some
patients may refer a history of treatment of the disease. Nevertheless the great
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majority of patients with chronic disease present no viable eggs on stools and the
diagnosis is made by abdominal ultrasound findings of left liver enlargement or
periportal fibrosis with or without splenomegaly (hepatosplenic and hepatointesti-
nal forms, respectively) [5—7]. Periportal fibrosis is often classified in accordance
with Niamey methods as pattern C (peripheral periportal thickening), pattern D
(central periportal thickening), pattern E (central periportal thickening with echo-
genic patches expanding into parenchyma), or pattern F (very advanced central and
peripheral periportal thickening) [56]. Serologic testing is not a viable tool in
endemic areas, because a great proportion of individuals will have prior exposure to
infection and present antibodies to Schistosoma without developing chronic schis-
tosomal disease [57].

PAH Diagnosis

Echocardiogram with Doppler ultrasound is the main tool used to evaluate PAP in
patients suspected of Sch-PAH. Abnormalities seen on echocardiogram are the
same as those demonstrated in patients with other causes of PAH, including right
ventricular and atrial chamber enlargement, bowing of the interventricular septum
toward the left ventricle during diastole, and an increased pressure gradient across
the tricuspid valve [58]. Although there is a good correlation between measure-
ments of PAP pressure obtained by echocardiogram and right heart catheterization,
echocardiogram is less accurate and can underestimate or overestimate PAP pres-
sure in a significant number of individuals [59]. It is helpful to exclude other causes
of PAH, such as congenital left to right cardiac shunts, left ventricular dysfunction,
or valvular heart disease. As in other causes of PAH, some echocardiographic signs
are associated with a poorer prognosis, including the presence of a pericardial effu-
sion and a tricuspid annular plane systolic excursion (TAPSE)< 1.5 [60].

Electrocardiography can demonstrate right ventricular hypertrophy or strain,
signs of right atrial enlargement and right bundle branch block, and the presence of
arrhythmias [53], but it lacks sensitivity for diagnoses of PH.

Right heart catheterization is a mandatory step to confirm the diagnosis of PAH
and estimate the severity of the disease. It is important to confirm the presence of
precapillary pulmonary hypertension by demonstrating an elevated PAP and a nor-
mal pulmonary capillary wedge pressure (PWP) (<15 mmHg) and to measure the
cardiac index, pulmonary arterial saturation of oxygen, and pulmonary vascular
resistance (PVR). Right heart catheterization also allows acute pulmonary vasodila-
tor testing to determine if the patient may respond to treatment using calcium chan-
nel blockers [60, 61]. In the study of Japiassu et al. [54], most cases were considered
to be severe. In this study, pulmonary vasoreactivity testing with inhaled nitric oxide
was positive in only 3 patients (3.5 %). Increased PVR was associated with worse
functional class and shorter 6-min walking distance (6-min walk test, 6MWT).
There were also significant correlations between pulmonary artery oxygen satura-
tion and functional class and 6MWT. This study found that PVR was a more reliable
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parameter of disease severity than mPAP or cardiac index [54]. Other studies suggest
that Sch-PAH patients have less severe hemodynamic derangements at diagnosis
than patients with IPAH. In one study [55], mPAP and PVR were lower in Sch-PAH
and cardiac output was higher, but no differences were seen in right atrial or pulmo-
nary capillary wedge pressure. In this study no schistosomotic patient had an acute
response to vasodilator challenge, compared to 16.2 % of patients who responded in
the idiopathic group [55].

Chest radiography can be helpful in the initial evaluation of the Sch-PAH
patients. A PA and lateral chest film can reveal reticulations, cardiomegaly second-
ary to dilatation of the right ventricle and atrium, enlarged main pulmonary arteries
with tapering of the distal vasculature, prominent hila, and straightening or camber
of the pulmonary arch in more than 50 % of the patients with pulmonary hyperten-
sion (Fig. 7.5) [25]. Aneurismal dilatation of the pulmonary trunk has also been
reported [62].

Similar to other forms of PAH, pulmonary function tests are usually normal or
demonstrate mild restrictive or obstructive defects [25]. When present, it is impor-
tant to further evaluate significant obstructive or restrictive patterns to ensure that
other pulmonary diseases that can be responsible for PH are not present [60, 61, 63].
Computed tomography (CT) pulmonary angiogram and vantilation-perfusion scin-
tigraphy to assess interstitial lung disease and thromboembolic disease that could
account for PH should be considered in these cases [60, 64]. Chest CT findings
commonly seen in other forms of PAH such as increased ratio of pulmonary trunk
to ascending aorta, dilatation of right cardiac chambers, bulging or straightening of
the interventricular septum, tapering of intrapulmonary arteries, dilatation of periph-
eral vessels, increased segmental artery-to-bronchus ratio, and mosaic pattern of
attenuation are also seen in Sch-PAH (Fig. 7.6) [65]. In one study of 44 patients with
Sch-PAH, multidetector chest CT revealed a pulmonary trunk diameter of
4.31+1.16cm (range: 2.2-7.8 cm), right pulmonary artery diameter of 3.21 £0.79 cm
(range 1.90-4.2 cm), and left pulmonary artery diameter of 2.97+0.73 cm (range

Fig. 7.5 X-ray of a patient
with schistosomiasis-
associated pulmonary
hypertension showing
cardiomegaly due to
increased right ventricle and
atria and bulging of the
pulmonary artery trunk
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Fig. 7.6 Computed
tomography of the thorax of a
42-year-old female patient
with schistosomiasis-
associated pulmonary
hypertension, showing
enlarged diameter of
pulmonary artery trunk
compared with the diameter
of aorta

1.60-5.4 cm). 29.5 % of the patients had calcified nodules, 15.9 % had undeter-
mined nodules, and 13.6 % both types of nodules [66].

The 6 minute walk test (6MWT) is a simple, inexpensive, and standardized test
that can be helpful in assessing prognosis and response to treatment [60, 67]. In the
series of Sch-PAH reported by Japiassu et al., the mean 6MWT was 360.1+£75.3 m
in patients with NYHA class I/Il and 158.8+95.5 m in patients with NYHA class
MI/TV [54].

Blood Tests and Immunology

Serological tests to detect HIV infection, connective tissue disease, and hepatitis are
routinely performed in the evaluation of PAH [60, 61] and should be done in patients
suspected of Sch-PAH as well. In Sch-PAH, serum levels of AST, ALT, and biliru-
bin are usually normal, but the levels of alkaline phosphatase and y-GT tend to be
higher [32]. Eosinophilia may be present in patients having continuous exposure to
the parasite and active infection. The serum brain natriuretic peptide level, as in
other forms of PAH, can be used as a prognostic marker and to follow the response
to therapy [60, 68, 69].

Treatment

Treatment of Sch-PAH should first be directed toward control of schistosomal
infection. The administration of praziquantel in patients with Sch-PAH is recom-
mended because it is targeted at killing the adult worms, thereby preventing
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further dissemination of eggs, and because it halts the progression of disease.
Prednisone at a dose of 1 mg/kg/day, starting one day prior with a slow taper over
4 weeks, is also recommended, because praziquantel can elicit acute cor pulmo-
nale. Contrary to the reversion or reduction of liver lesions and fibrosis that can be
seen following treatment of schistosomiasis [49, 72], parasite treatment seems to
have little or no effect on cardiac manifestations including PH [7]. Perhaps a better
response to treatment could be expected if the treatment was administered in the
initial phase of the development of the pulmonary vascular remodeling. Crosby
et al. demonstrated that treatment with praziquantel reversed pulmonary vascular
remodeling and prevented pulmonary hypertension in a mouse model of Sch-PAH
[71]. On the other hand, only one case has reported improvement in pulmonary
hemodynamics after treatment of schistosomiasis alone in a human patient with
Sch-PAH [72].

Diuretics, supplemental oxygen, and angiotensin receptor antagonist are com-
monly used to reduce right ventricular overload and improve symptoms in patients
with Sch-PAH. Beta blockers have been used to help prevent variceal bleeding in
patients with hepatic and hepatosplenic schistosomiasis, but their effects are uncer-
tain in patients with Sch-PAH [73]. Benefits of anticoagulants in these patients have
not been studied and caution must be observed in those with portal hypertension and
esophageal varices or other bleeding risks.

There are few studies regarding the use of specific PAH treatments for patients
with Sch-PAH patients and those that exist consist of case reports or small case
series [62, 74—76]. Bandeira et al. reported a favorable response to sildenafil in 13
functional class III/IV patients with Sch-PAH [74]. Significant improvement in
functional class and 6MWT was observed, as well as a reduction in PASP, without
significant adverse effects [74]. Loureiro et al. found significant improvement in
pulmonary hemodynamics as assessed by cardiovascular magnetic resonance in
seven patients with Sch-PAH who were treated with sildenafil for 3 months [75].
In a retrospective study of 12 functional class III/IV Sch-PAH patients treated for
34.9+15.5 months, seven patients received phosphodiesterase-5 inhibitors, four
received endothelin receptor antagonists, and one was given both as initial therapy
[76]. The drugs were well tolerated and the majority of patients (9 of 12) improved
at least one functional class. Cardiac index, 6MWT distance, and PVR also
improved significantly, but no significant difference was seen in mPAP. Based on
these limited findings and the similarities between Sch-PAH and other forms of
PAH, the use of specific PAH therapy in patients with Sch-PAH is recommended
following presently available guidelines for the treatment of WHO group 1 PAH
[77]. Caution and careful monitoring of liver function should be used when treat-
ing hepatosplenic schistosomiasis patients with endothelin receptor antagonists.
Considering the very low percentage of Sch-PAH patients with a positive pulmo-
nary vasodilator response [54, 55], it is unlikely that calcium channel blockers
will be effective in Sch-PAH patients and may be quite dangerous in those with
right heart failure or limited cardiac output.
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Prognosis

A survival study carried out in Sao Paulo, Brazil, enrolled 54 Sch-PAH patients and
95 IPAH patients. The schistosomotic patients were treatment naive, whereas 94 %
of IPAH patients were treated with specific IPAH drugs. Survival rates at 1, 2, and 3
years were 95.1 %, 95.1 %, and 85.9 % for Sch-PAH and 95 %, 86 %, and 82 %, for
IPAH patients, respectively (p=0.49). The presence of high mPAP or PVR, NYHA
class IV, or low 6MWT distance were associated with poorer prognosis. The sur-
vival rates presented in both groups were higher when compared to the survival
estimated by the National Institute of Health equation for IPAH patients, suggesting
that Sch-PAH patients have a more favorable hemodynamic profile at diagnosis
and a more benign clinical course, even without treatment compared with IPAH
patients [55]. A recent survival study with PAH patients in the USA found that the
7-year survival rate was significantly better than the median survival of 3 years
reported in the NIH registry, probably reflecting the new therapies for PAH. In this
analysis, the subgroup of portopulmonary hypertension had a worse 2-year survival
than patients with IPAH [78]. In conclusion, Sch-PAH patients have better progno-
sis in general when compared to other forms of PAH including PAH associated with
portopulmonary hypertension.

Conclusions

Chronic schistosomal infection is likely the leading cause of PAH in the world.
Although there are many questions regarding the mechanisms by which schisto-
somal infection induces pulmonary vascular remodeling that is similar to that seen
in other forms of PAH, it appears that Sch-PAH is not due to mechanical obstruction
of pulmonary vessels by parasite ova, alone. It is not known if there is a genetic
susceptibility that increases the risk of PAH in schistosomiasis as occurs in heritable
or IPAH. Shunting of portal blood into the systemic veins and inflammatory
responses to parasite ova likely contribute to pulmonary vascular disease in Sch-
PAH. Proper diagnosis entails establishing a diagnosis of schistosomiasis and
excluding other causes of PAH. Treatment of Sch-PAH is aimed at eradication or
control of schistosomal infection, treatment of right heart failure, and implementa-
tion of PAH-specific therapies mindful of the limited data on their efficacy and their
potential adverse effects on cardiac output and liver function. Presently, the under-
standing of the pathological features, treatment response, and overall prognosis of
Sch-PAH lags behind what is known about other forms of PAH. In order to advance
the treatment of this serious disease, further studies of the pathogenesis and clinical
management of Sch-PAH are needed along with the development of strategies that
retard the spread of schistosomal infection and lead to the earlier diagnosis of schis-
tosomal disease.
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Chapter 8
Approach to the Patient with Elevated
Pulmonary Arterial Pressure

Jason S. Fritz and Harold I. Palevsky

Abstract Pulmonary hypertension (PH) refers to a mean pulmonary arterial
pressure >25 mmHg and may be related to elevations in left atrial pressure, pulmo-
nary vascular resistance, cardiac output, or combinations thereof. When the mecha-
nism of PH is related to an elevation in vascular resistance, the term pulmonary
arterial hypertension is used, and may occur in the presence or absence of certain
associated conditions. Identification of this subset is important as these patients are
at an elevated risk of morbidity and mortality related to progressive right heart fail-
ure. Symptoms are nonspecific, and the clinician must maintain a high index of
suspicion in order to minimize diagnostic delay, particularly when the history and
results of ancillary testing do not suggest an alternative explanation for cardiopul-
monary symptoms. Echocardiography provides valuable information that can aid
the clinician in estimating the degree of PH, as well as gauge the likelihood that any
observed elevations in pulmonary pressures are related to left atrial hypertension.
In addition, relatively simple metrics of right ventricular size and function can be
obtained. When such abnormalities exist in isolation, the clinician should have a
high suspicion for pulmonary vascular disease. Right heart catheterization remains
the gold standard for confirming the presence of PH, determining its hemodynamic
basis, and guiding therapeutic decisions. Assessing hemodynamics with exercise
may be informative in patients with predominantly exertional symptoms who dis-
play normal or equivocal values at rest.
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Abbreviations

2DE 2-Dimensional echocardiography
6MWT 6-min Walk test

ABG Arterial blood gas

AcT Acceleration time

ANA Antinuclear antibody

ANCA Antineutrophil cytoplasmic antibody

APAH Associated pulmonary arterial hypertension
APVD Anomalous pulmonary venous drainage
ASD Atrial septal defect

AV Aortic valve

BMPR2  Bone morphogenetic protein receptor type 2
BNP Brain natriuretic peptide

CcO Cardiac output

CPET Cardiopulmonary exercise test

CT Computed tomography

CTA Computed tomographic angiography

CTD Connective tissue disease

CTEPH  Chronic thromboembolic pulmonary hypertension
CXR Chest X-ray

DLco Diffusing capacity of the lung for carbon monoxide
ECG Electrocardiogram

FVC Forced vital capacity

FVE Flow velocity envelope

HFpEF  Heart failure with preserved ejection fraction
HIV Human immunodeficiency virus

HPAH Heritable pulmonary arterial hypertension
IPAH Idiopathic pulmonary arterial hypertension
IvC Inferior vena cava

JVD Jugular venous distention

LA Left atrium

LV Left ventricle

LVEF Left ventricular ejection fraction

LVH Left ventricular hypertrophy

mPAP Mean pulmonary artery pressure

MV Mitral valve

NIH National Institutes of Health

NYHA New York Heart Association

PAH Pulmonary arterial hypertension

PASP Pulmonary artery systolic pressure

PCWP Pulmonary capillary wedge pressure

PDA Patent ductus arteriosus

PE Pulmonary embolism
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PFT Pulmonary function test

PH Pulmonary hypertension

PIOPED Prospective Investigation of Pulmonary Embolism Diagnosis
PoPH Portopulmonary hypertension

PSG Polysomnogram

PVOD Pulmonary veno-occlusive disease
PVR Pulmonary vascular resistance
0, Pulmonary blood flow

O, Systemic blood flow

RA Right atrium

RAP Right atrial pressure

RHC Right heart catheterization

RNP Ribonucleoprotein

ROC Receiver operating characteristic
RV Right ventricle

RVOT Right ventricular outflow tract

RVSP Right ventricular systolic pressure

SLE Systemic lupus erythematosus

SVR Systemic vascular resistance

TAPSE  Tricuspid annular plane systolic excursion
TGG-p Transforming growth factor beta

TR Tricuspid regurgitation

TR, Velocity of the tricuspid regurgitation jet
V/Q Ventilation/perfusion

VSD Ventricular septal defect

WHO World Health Organization

Introduction

The evaluation of the patient with elevated pulmonary pressures requires a consis-
tent and methodical approach aimed at identifying the correct etiology of the pul-
monary hypertension (PH), assessing its physiologic impact, and choosing
appropriate therapy. A recent population-based echocardiographic study from
Olmsted County, Minnesota, suggests that up to 20 % of the general population
exhibits an estimated right ventricular systolic pressure (RVSP) >35 mmHg
(although this threshold may include individuals who do not have PH as determined
by invasive testing) [1]. This fraction is likely to be significantly higher among
patients referred for subspecialty evaluation [2, 3]. The identification of PH may be
the result of a deliberate search in a dyspneic patient known to be at risk for PH
(e.g., screening a patient with systemic sclerosis), or alternatively, may be found
incidentally when diagnostic testing (i.e., an echocardiogram) is performed for
another reason. The clinical classification of PH is divided into five groups, most
recently updated at the 2013 Fifth World Symposium on PH held in Nice, France [4],
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and takes into account both hemodynamics and underlying pathophysiology
(Table 8.1). The list of conditions associated with PH is long, however, and estab-
lishing a precise etiologic diagnosis is crucial to inform both prognosis and thera-
peutic strategy. Due to its grave implications for long-term survival if left untreated,
early diagnosis of pulmonary arterial hypertension (PAH) is essential to allow insti-
tution of appropriate disease-modifying therapies. However, symptoms are often
nonspecific and the presence of common comorbidities can create diagnostic confu-
sion and delay accurate diagnosis [5], underscoring the importance of a methodical
evaluation. Despite increasing awareness and scientific study of pulmonary vascular
diseases over recent decades, certain tests recommended by current diagnostic algo-
rithms [6—8] for the evaluation of PH remain underutilized [9]. Contemporary reg-
istries confirm the unfortunate reality that 70—-80 % of PAH patients are in New York
Heart Association (NYHA) functional classes III or IV at time of diagnosis [10-12],
a statistic that has changed little over the preceding 25 years [13]. This chapter will
present a practical overview of the approach to a patient with documented or sus-
pected pulmonary hypertension.

Hemodynamic Basis of PH: An Introduction
with Clinical Correlation

While a more detailed overview of pulmonary hemodynamics is presented in Chap.
10, a working knowledge of the hemodynamic basis of PH is extremely helpful in
directing the clinical approach to the patient and so will be reviewed here in brief.

Current guidelines define PH as mean pulmonary artery pressure (mPAP)
>25 mmHg with the patient at rest [6—8]. The definition of abnormal PAP response
to exercise was considered as part of the 2013 WHO Nice deliberations, but no
consensus was reached due to the lack of available data. Changes in pulmonary
vascular and left ventricular compliance with aging make it difficult to determine
normal and abnormal rises in PAP during exercise leading to the recommendation
that exercise-induced PAP not be included in the definition of pulmonary hyperten-
sion [14]. It is crucial to note that while the pressure cutoff of 25 mmHg defines the
presence or absence of disease by convention, it provides no information regarding
its etiology. Application of Ohm’s law is used to describe the relationship between
pressure and flow in the pulmonary circulation, but this assumes nonpulsatile, lami-
nar flow within uniform, nondistensible vessels—all of which do not apply to the
pulmonary vascular bed. With this limitation in mind, Ohm’s law dictates that
mPAP is the product of pulmonary blood flow (Q,) and resistance across the pulmo-
nary bed (pulmonary vascular resistance [PVR]), added to pulmonary venous pres-
sure. In the absence of an anatomic shunt, Q, is approximately equal to systemic
blood flow (Q; or cardiac output [CO]). Pulmonary venous pressure is difficult to
measure directly in routine practice, so pulmonary capillary wedge pressure
(PCWP) is used as a more readily obtained surrogate. Thus, an increase in mPAP
may occur as a result of increases in Q,, PVR, or PCWP (Fig. 8.1). Each will be
discussed in turn below.


http://dx.doi.org/10.1007/978-1-4939-2636-7_10

8 Approach to the Patient with Elevated Pulmonary Arterial Pressure 169

Table 8.1 Clinical classification of pulmonary hypertension [4]

Group Subgroup
1. Pulmonary arterial 1.1. Idiopathic PAH
hypertension (PAH) 1.2. Heritable
1.2.1. BMPR2

1.2.2. ALK, endoglin, SMAD9Y, 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

1’. Pulmonary veno-occlusive disease (PVOD) and/or
pulmonary capillary hemangiomatosis (PCH)

1”. Persistent pulmonary hypertension of the newborn (PPHN)
2. Pulmonary hypertension 2.1. Left ventricular systolic dysfunction
owing to left heart disease | 2.2, Left ventricular diastolic dysfunction
2.3. Valvular disease

2.4. Congenital/acquired left heart inflow/outflow obstruction
and congenital cardiomyopathies

3. Pulmonary hypertension 3.1. Chronic obstructive pulmonary disease
owing to.lung diseases and/ | 3.2, Interstitial lung disease
or hypoxia 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 disease
4. Chronic thromboembolic pulmonary hypertension (CTEPH)

5. Pulmonary hypertension 5.1. Hematologic disorders: myeloproliferative disorders,
with unclear multifactorial splenectomy, chronic hemolytic anemia
mechanisms 5.2. Systemic disorders: sarcoidosis, pulmonary Langerhans

cell histiocytosis, lymphangioleiomyomatosis,
neurofibromatosis, vasculitis

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

5.4. Others: tumoral obstruction, fibrosing mediastinitis,
chronic renal failure segmental PH

Reproduced with permission from reference [4]
ALK] activin receptor-like kinase type 1, BMPR2 bone morphogenetic protein receptor type 2,

HIV human immunodeficiency virus
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Fig. 8.1 Schematic representation of hemodynamic etiologies of increased pulmonary artery
pressure. mPAP mean pulmonary arterial pressure, Q, pulmonary blood flow, PVR pulmonary
vascular resistance, PCWP pulmonary capillary wedge pressure, LV left ventricle, PH pulmonary
hypertension, PAH pulmonary arterial hypertension, AV aortic valve, MV mitral valve

Elevated Q,

Disorders associated with isolated elevations in pulmonary blood flow are relatively
uncommon causes of pulmonary hypertension, since an otherwise healthy pulmo-
nary vascular bed has the ability to recruit additional underperfused vasculature to
accommodate increases in flow without a significant increase in pressure [15, 16].
In some circumstances, however, this reserve is impaired and elevations in Q, may
drive, at least in part, a rise in mPAP. Usually, diagnosis of the primary condition
predates the discovery of pulmonary hypertension, and there are frequently other
symptoms that tend to dominate the clinical picture rather than the pulmonary
hypertension per se. For these reasons, disorders associated with isolated increases
in CO are not explicitly represented as a separate etiologic category in the current
PH classification scheme [4].

Systemic conditions classically associated with an elevated CO include chronic
anemia, pregnancy, hyperthyroidism, liver disease, and left-to-right shunts on the
basis of either congenital heart disease, arteriovenous fistulae, or certain other dis-
orders (e.g., Paget’s disease of bone, multiple myeloma). In anemia, elevated CO is
a physiologic response aimed at maintaining adequate systemic oxygen delivery in
the face of reduced oxygen carrying capacity. Modest levels of anemia commonly
encountered in outpatient practice are not likely to cause significant elevations in
CO, as a seminal hemodynamic study suggested a hemoglobin threshold of <7 g/dL
is required to obligate a rise in CO in humans [17]. The increased metabolic demands
of pregnancy imparted by the developing fetus also necessitate a rise in cardiac
output, mediated by increases in both preload (due to plasma volume expansion)
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and heart rate and a reduction in systemic vascular resistance (SVR) [18]. Despite
higher pulmonary blood flow, however, significant rises in PAP in healthy subjects
typically do not occur presumably due to concomitant reductions in PVR [19].
Hyperthyroid states may be associated with elevated CO, wherein thyroid hormone
can directly augment myocardial contractility as well as reduce SVR [20].
Interestingly, associations between abnormal thyroid function and PAH have been
reported in up to half of such patients although hypothyroidism has been identified
more commonly than hyperthyroidism [21, 22]. Thyroid disorders are particularly
common in patients with APAH related to autoimmune disorders, potentially
reflecting a common autoimmune basis in these patients. The potential pathogenic
role of abnormal thyroid function in the development of PAH remains unclear; how-
ever, the association between thyroid dysfunction and pulmonary vascular disease
is recognized by its inclusion in Group 5 (PH with unclear multifactorial mecha-
nisms) of the current classification scheme [4].

Patients with end-stage renal failure who have an arteriovenous fistula for dialy-
sis access are at risk for development of high cardiac output if the fistula flow
becomes excessive. If such patients are undergoing hemodynamic catheterization,
temporary occlusion of the fistula may enhance understanding of the contribution of
the fistula to the high output state. Measurement of the fistula flow can be achieved
by use of ultrasound or Fresenius clearance method [23]. If the fistula is resulting in
excessive flow, banding of the fistula may be helpful. Arteriovenous malformations,
particularly abdominal, also may result in high flow states.

Thus, while all these conditions can contribute to elevated cardiac output, they
are rarely the sole cause of significant, symptomatic PH. However, they all may
serve to unmask or exacerbate an underlying primary pulmonary vasculopathy (i.e.,
a process characterized by abnormal PVR) by superimposing an obligatorily
increased Q, on an already restricted pulmonary vascular bed. In such a scenario,
the normal plasticity of the pulmonary circulation is impaired which results in
higher mPAP at any given level of flow.

In the context of a discussion on elevated pulmonary blood flow and PH, two
conditions deserve additional comment. The first relates to elevations in Q, occur-
ring in the context of a left-to-right anatomic shunt. Congenital defects in this cat-
egory include ventricular septal defect (VSD), atrial septal defect (ASD), and
patent ductus arteriosus (PDA), as well as more complex lesions such as truncus
arteriosus, transposition of the great vessels, and syndromes characterized by sin-
gle ventricle physiology. Anomalous pulmonary venous drainage (APVD) is
another type of congenital defect associated with left-to-right shunting wherein one
or more pulmonary veins return oxygenated blood to a systemic vein (most often
the superior vena cava) or right atrium, and commonly co-exist with an ASD (usu-
ally sinus venosus type). In the case of VSD, ASD, or PDA, large defects typically
present in infancy. However, smaller defects (in particular ASD) may go unnoticed
for decades and not come to medical attention until well into adulthood [24, 25].
Initially, such anatomic defects cause PH by virtue of increased pulmonary blood
flow mediated by the left-to-right shunt (elevated Q,:Q,), and PVR is normal.
Over time, the increase in pulmonary blood flow can incite pathogenic changes
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within the pulmonary arterioles resulting in an obliterative pulmonary vasculopathy
characterized by an elevated PVR. A higher pressure burden as seen in cases of
VSD or PDA, combined with the detrimental effects of high flow and shear stress,
may be an important factor in the more rapid development of pulmonary vascular
disease in these subsets. As the process progresses, right-sided pressures increase,
right ventricular insufficiency ensues, and the shunt may reverse (or become bidi-
rectional) with resultant hypoxemia, known as Eisenmenger syndrome. Careful
hemodynamic characterization with attention to the relative contributions of ele-
vated Q, and/or PVR to elevated PAP and utilization of pulmonary vasodilator
challenge to assess reversibility are crucial to determine whether correction of the
defect and/or institution of pulmonary vasoactive therapy is warranted.

Cirrhosis of the liver, particularly when advanced, is also associated with a
hyperdynamic state characterized by elevated systemic and pulmonary blood flow,
reduced SVR [26], and potentially increased cardiac filling pressures due to exces-
sive salt and water retention. When abnormal pulmonary pressures are identified in
this population, it is more frequently related to elevated cardiac output and/or PCWP
[27, 28]. However, similar to the case of an anatomic shunt, it is critical to distin-
guish this scenario from that where the primary hemodynamic abnormality is an
elevation in PVR. This latter condition is known as portopulmonary hypertension
(PoPH) and occurs in ~5 % of patients with chronic liver disease being evaluated for
liver transplant [28, 29]. The presence of portal hypertension is a prerequisite for the
development of PoPH, although there is no clear association between the etiology
or severity of portal hypertension and the presence or severity of PoPH [30, 31].
PoPH is classified within Group 1 of the current PH classification scheme, displays
pathologic changes identical to those seen in idiopathic PAH [32], and harbors a worse
prognosis compared to patients with chronic liver disease without PoPH [33, 34].
Significant, untreated PoPH is associated with increased mortality in the setting of
liver transplantation [33, 35, 36] and may represent a contraindication to the pro-
cedure. Patients being evaluated for liver transplantation should be screened for
pulmonary hypertension by echocardiography and if found should be further evalu-
ated by right heart catheterization [37].

Elevated PCWP

Elevation in left atrial pressure and subsequent pulmonary venous hypertension, as
reflected by elevated PCWP, is the final common pathway by which various forms
of left heart disease can cause PH. Systolic, restrictive, or infiltrative cardiomyopa-
thies as well as mitral or aortic valvular disease all can lead to a rise in left atrial
pressure that is transmitted back to the pulmonary arteries via the pulmonary veins.
Heart failure with preserved ejection fraction (HFpEF) is increasingly recognized as
a cause of chronic dyspnea, congestive heart failure, and PH. A community-based
study of subjects >65 years of age suggests an overall prevalence of CHF of ~9 %,
over half of which are associated with normal EF on echocardiography [38].
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Comorbidities that frequently associate with HFpEF include older age, female sex,
hypertension, atrial fibrillation, and obesity [39—41]. PH may be exceedingly com-
mon in elderly patients with HFpEF; a community-based echocardiographic study
(wherein an RVSP >35 mmHg defined the presence of PH) has indicated an overall
prevalence of PH in this population of 83 %, compared with 8 % in elderly hyper-
tensive patients without HFpEF [42].

Occasionally, pulmonary venous hypertension may exist in the absence of left
atrial hypertension in the setting of pathologic processes that primarily affect the
pulmonary veins. Rarely, bulky adenopathy (such as that seen in sarcoidosis [43],
tuberculosis [44], histoplasmosis, or other chronic granulomatous diseases or
metastatic malignancy) or fibrosing mediastinitis [45] may lead to pulmonary vein
obstruction. More recently, catheter ablation with pulmonary vein isolation, used
for the treatment of atrial fibrillation, has been associated with the development of
pulmonary vein stenosis and subsequent PH [46, 47].

Elevated PVR

Abnormalities in PVR may result from a broad array of pathophysiologic mecha-
nisms, and thus, this hemodynamic abnormality encompasses a heterogeneous
group of disorders spanning Groups 1, 3, 4, and 5 of the PH classification scheme.
This chapter uses the term PAH (pulmonary arterial hypertension) to refer to con-
ditions in this category wherein the primary pathophysiologic determinant is an
elevated PVR.

Group 1 PAH

This group includes idiopathic (IPAH; formerly “primary pulmonary hyperten-
sion”), heritable (HPAH), and drug/toxin-mediated forms of pulmonary arterial
hypertension as well as those associated with certain underlying conditions
(APAH), namely congenital heart disease with left-to-right shunts, connective tissue
disease (CTD), HIV infection, portal hypertension, and schistosomiasis infection.
Two other rare forms of PH include pulmonary veno-occlusive disease (PVOD),
characterized by obliterative lesions in the septal and preseptal pulmonary veins, and
pulmonary capillary hemangiomatosis (PCH), characterized by extensive prolifer-
ation of the pulmonary capillaries into alveolar septa, bronchial walls, and the
pleura; these entities are subclassified as Group 1. PVOD may represent up to
10 % of PAH cases otherwise thought to be idiopathic [48]. It presents with symp-
toms similar to IPAH, but is associated with more severe derangements in oxygen-
ation and diffusion capacity. PVOD can cause unique chest imaging findings not
found in other forms of PH that should raise suspicion for this diagnosis (see section
“Chest Computed Tomography (CT)”). Occult alveolar hemorrhage on bronchoal-
veolar lavage is also suggestive [49]. Patients with PVOD treated with pulmonary
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vasoactive therapy can develop life-threatening pulmonary edema due to pulmonary
arteriolar vasodilation in the setting of fixed venous outflow obstruction [50].

All of the above entities are associated with similar pathologic findings within
the pulmonary vascular bed, including medial hypertrophy, intimal and adventitial
fibrosis, in situ thrombosis, and the advanced plexiform lesion [51]. As the disease
process progresses and PVR rises, the afterload imposed on the right ventricle
increases and higher pressures are required to maintain a given level of cardiac
output.

Group 3 PH

Group 3 includes primarily respiratory-related disorders characterized by hypox-
emia and/or hypoventilation, including all forms of obstructive and restrictive lung
disease, neuromuscular or chest wall/skeletal disorders, and sleep-disordered
breathing (obstructive sleep apnea and obesity hypoventilation syndrome). Patients
in this group have been uniformly excluded from all of the pivotal, randomized,
controlled trials of targeted PAH therapies. Although hypoxic vasoconstriction and
subsequent vascular remodeling may be a final common pathway for the develop-
ment of PH in many of these disparate conditions [52, 53] (discussed in greater
detail in Chap. 4), other unique pathobiologic mechanisms exist that can contribute
to elevations in PAP and PVR in each particular disorder. COPD, for example, is
uniquely associated with hyperinflation, which can contribute to an elevated PVR
due to increased alveolar pressure and compression of intra-alveolar vessels [54].
In idiopathic pulmonary fibrosis, there may be “spillover” of the inflammation in the
epithelial compartment into the adjacent endothelial compartment, contributing to
vascular obliteration and a rise in PVR [55, 56].

Group 4 PAH

Pulmonary arterial hypertension in this category is thought to occur from vascular
obstruction due to recurrent embolic and/or in situ thrombotic events with organiza-
tion and incorporation of the thrombotic material into the vessel wall. The inci-
dence of chronic thromboembolic pulmonary hypertension (CTEPH) may be as
high as 3.8 % up to 2 years after an embolic event [57]. However, because not all
patients with CTEPH can recollect a discrete embolic event, the true incidence of
the disease may be higher. While pulmonary arterial obstruction by organized
thrombi is the sine qua non of CTEPH, patients can exhibit histopathologic changes
in the small pulmonary arterioles that are indistinguishable from those seen in
IPAH, and these have been observed to occur in regions of the lung spared from
large-vessel obstruction [58].

Pulmonary thromboendarterectomy is a technically demanding procedure in
which proximal organized thrombi are surgically removed. Individuals with more
proximal, surgically accessible disease appear to derive the greatest benefit from
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the procedure [59], underscoring the importance of a meticulous characterization of
the burden of pulmonary vascular disease and its location based on information
from RHC, CT angiogram, pulmonary angiography, and, at some centers, pulmo-
nary angioscopy [60]. Chapter 6 of this text presents a more in-depth discussion of
CTEPH.

Group 5 PH

Group 5 represents a collection of disorders that have been associated with pulmonary
arterial hypertension due to unique and/or ill-defined mechanisms. The current
classification scheme subdivides such entities into specific categories, including
hematologic (myeloproliferative disorders, splenectomy, chronic hemolytic ane-
mias), systemic (sarcoidosis, pulmonary Langerhans cell histiocytosis, neurofibro-
matosis, lymphangioleiomyomatosis, neurofibromatosis, vasculitis), metabolic
(glycogen storage disease, Gaucher disease, thyroid disorders), and other (tumor
obstruction, fibrosing mediastinitis, chronic renal failure on dialysis).

Although some forms of Group 5 PH such as those associated with sarcoidosis
and metabolic disorders closely resemble Group 1 PAH, every randomized con-
trolled trial of PAH therapy has excluded patients with Group 5 disease.

Clinical Approach: History

A detailed history provides a wealth of information in the evaluation of a patient
with known or suspected PH. Relevant elements of the history can provide informa-
tion regarding the likelihood of PH being present, its potential cause or causes, and
inform the clinician as to its severity and response to treatment.

The most common symptom associated with most forms of PH is dyspnea, par-
ticularly dyspnea on exertion. It is reported in virtually all patients and is often of a
progressive nature. Other common symptoms include fatigue, exertional near-
syncope or syncope, chest pain, edema, and palpitations [13]. The degree of dys-
pnea should be quantitated, and an assessment of functional class performed
according to WHO criteria [61], modeled on the New York Heart Association func-
tional class schema for patients with CHF (Table 8.2). Patients with PH may have a
progressive decline in their functional capacity resulting in gradual curtailment of
activities to a level where dyspnea is minimized. This can result in an apparent
overestimation of functional ability by some patients, which can be elucidated with
an assessment of specific activities and asking the patient how easily he or she can
perform such activities now as compared with a point in the past (e.g., “How easy is
it for you to climb two flights of stairs now as compared with 6 months or a year
ago?” or “Are there any activities you used to do that you have stopped recently?”).
Soliciting the perspective of a close contact can be helpful in corroborating or refin-
ing the patient’s assessment. Young patients, particularly those who are athletic or
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Table 8.2 WHO functional class assessment for PH
Class | Patients with PH but without resulting limitation of physical activity. Ordinary
I physical activity does not cause undue dyspnea or fatigue, chest pain, or near-syncope.
Class | Patients with PH resulting in slight limitation of physical activity. They are
II comfortable at rest. Ordinary physical activity causes undue dyspnea or fatigue, chest
pain, or near-syncope.
Class | Patients with PH resulting in marked limitation of physical activity. They are
11 comfortable at rest. Less than ordinary activity causes undue dyspnea or fatigue, chest
pain, or near-syncope.
Class | Patients with PH with inability to carry out any physical activity without symptoms.
v These patients manifest sights of right heart failure. Dyspnea and/or fatigue may even
be present at rest. Discomfort is increased by any physical activity.

Reproduced with permission from [61]
PH pulmonary hypertension

otherwise very fit, may report only a decrement in their ability to tolerate prolonged
exercise which may be erroneously ascribed to deconditioning; this may in fact
represent early pulmonary vascular disease with an impaired CO response to higher
workloads.

The development of exertional chest discomfort or syncope is a potentially omi-
nous sign of significant right ventricular (RV) ischemia and/or dysfunction and
should impart an element of expediency to the diagnostic workup or modification of
treatment in cases of known PAH. Anginal chest pain in PAH may arise due to
increased oxygen demand from increased RV muscle mass, reduced oxygen supply
due to reduced right coronary artery flow with impaired microcirculation due to
right ventricular hypertrophy, and in some cases compression of the left main coro-
nary artery by an enlarged pulmonary artery [62, 63]. In the seminal, prospective
primary pulmonary hypertension registry, syncope eventually occurred in >1/3 of
subjects [13] and is caused by the inability of the RV to increase CO in the face of
increased demand and/or systemic vasodilation. Beyond the impairment to flow
attributed to elevations in PVR, pathologic ventricular interaction results in reduced
left ventricular diastolic compliance, which further limits the ability to maintain left
ventricular stroke volume and adequate systemic perfusion pressure [64—67]. The
abrupt onset of dyspnea in a patient with other clinical features to suggest PH should
prompt consideration of acute pulmonary embolism (PE), either in isolation or
superimposed on a background of chronic thromboembolic disease.

During the initial diagnostic phase, additional historical elements should be elic-
ited to help formulate the differential diagnosis. A relatively short survey of comor-
bid conditions and possible associated symptoms will help the clinician quickly
discern potential etiologic categories that may account for PH, and is summarized
in Table 8.3. From a statistical perspective, given the relative rarity of idiopathic
PAH, one should maintain a high index of suspicion of secondary pulmonary hyper-
tension, keeping in mind that the most common cause of right heart failure is left
heart failure. As such, consideration of various forms of left heart disease should be
a priority in otherwise “undifferentiated” PH. Significant left ventricular systolic
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Table 8.3 Historical elements and associated signs and symptoms pertinent to the evaluation of
known or suspected pulmonary hypertension

PH

Focused historical elements Associated signs or symptoms category
Family history of pulmonary Group 1
hypertension, sudden death, or
ill-defined heart failure
Known congenital heart disease, Cyanosis, polycythemia
protracted illness during infancy,
“blue baby”
Use of prescription weight loss
pills (“fen-phen” or congeners),
methamphetamine use
Known or suspected HIV/AIDS, Generalized wasting, “track marks”
IV drug use
Liver disease or cirrhosis Ascites, jaundice, encephalopathy,

varices, or hemorrhoids
Travel to or residence in areas with Malnutrition/wasting,
endemic Schistosomiasis hepatosplenomegaly
Known or suspected connective Rash, telangiectasias, Raynaud’s
tissue disease phenomenon, photosensitivity,

sclerodactyly, esophageal problems,

oral ulcers
Valvular disease, coronary disease, Orthopnea, paroxysmal nocturnal Group 2
cardiomyopathy, atrial fibrillation dyspnea
Smoking history, any “chronic Chronic cough or sputum production, Group 3
lung problems,” occupational snoring, witnessed apneas
exposures, sleep disturbances
Prior history of deep venous Asymmetric edema Group 4
thrombosis or pulmonary
embolism, hypercoagulable state
Myoproliferative disorder, Group 5

splenectomy, chronic dialysis
PH pulmonary hypertension

dysfunction or aortic or mitral valvular disease is usually readily apparent on
transthoracic 2DE. An increasingly common clinical problem is that of differenti-
ating pulmonary venous hypertension related to HFpEF (PH-HFpEF) and PAH.
As discussed previously, PH appears to be a common occurrence in HFpEF [42].
Echocardiographic clues to the presence of HFpEF include Doppler features of
significant diastolic filling abnormality and presence of left atrial enlargement.
Conversely, some patients with PAH, particularly when more advanced, may
display echocardiographic evidence of impaired left ventricular filling due to patho-
logic ventricular interaction [68]. In a cross-sectional study comparing PH-HFpEF
and PAH, historical features more frequently associated with PH-HFpEF included
older age and the presence of systemic hypertension or coronary artery disease [69].
(It should be mentioned that in this study, those with PH-HFpEF had some element
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of pulmonary vascular disease as the authors required an elevation in PVR or
transpulmonary gradient as part of the definition of PH-HFpEF.) However, it is
important to recognize that the presence of PAH is not protective against the devel-
opment of these more common comorbidities and thus can co-exist. Moreover,
while the classic presentation of IPAH is that of a young woman with progressive
dyspnea, PAH is being diagnosed with increased frequency in the elderly; contem-
porary registries suggest that >20 % of PAH subjects are >60 years of age [10, 11].

If suspicion of left heart disease as a primary cause of PH is relatively low, then
a thorough search should be undertaken to identify other associated or secondary
causes of PH. Connective tissue diseases are the most common underlying condi-
tions predisposing to the development of PAH, and as such CTD features should be
sought out. In a single-center cohort of elderly patients (>65 years of age) referred
for evaluation of PH, the presence of CTD was found to be a strong predictor of
PAH [70]. Scleroderma (both limited and diffuse forms) and mixed connective tissue
disease are the two specific CTDs most commonly associated with PAH, followed
by systemic lupus erythematosus (SLE), and less frequently rheumatoid arthritis,
polymyositis/dermatomyositis, and Sjogren syndrome [11, 71, 72]. Occasionally,
PAH may occur in the absence or precede the development of other symptoms or
exam findings to suggest scleroderma (“scleroderma sine scleroderma’) or another
specific CTD. A directed history aimed at symptoms of esophageal dysfunction,
Raynaud’s phenomenon and autoantibody testing may help identify a “latent” CTD
[73, 74]. A history of medical problems in the postnatal period or childhood heart
murmur should be obtained as a clue to potential underlying congenital heart dis-
ease. The presence of chronic cough, sputum production, or wheezing may indicate
underlying obstructive or restrictive lung disease. Snoring, witnessed apneas,
morning headaches, or excessive daytime sleepiness suggests the presence of sleep-
disordered breathing. A prior history of deep venous thrombosis or PE may raise the
suspicion for CTEPH, although 25-50 % of CTEPH patients lack prior knowledge
of any thrombotic event [75-77]. Large PE, unprovoked and/or multiple embolic
events, younger age, or the presence of certain medical conditions, such as splenec-
tomy, ventriculo-atrial shunts, inflammatory bowel disease, or positive antiphospho-
lipid antibodies, may predispose to the development of CTEPH [57, 76, 78].

A social history should be performed, documenting any pertinent travel or occu-
pational history, anorexigen (Aminorex or fenfluramine derivatives) or recreational
(stimulants, including amphetamine compounds [79]) drug exposure, and risk fac-
tors for liver cirrhosis, HIV or viral hepatitis infection. While PAH associated with
HIV infection remains relatively rare, the diagnosis should be considered in any
patient with HIV with dyspnea of unknown origin, irrespective of the level of
immune compromise [80]. A family history is necessary to assess for heritable
PAH, which in a majority of cases is caused by mutations in the gene encoding the
TGF-p receptor BMPR2 and displays an autosomal dominant pattern of inheritance
[81-84]. However, due to incomplete penetrance, patients with heritable PAH may
not always recollect a family member known to be afflicted with the disease.
Alternatively, affected family members of previous generations may have been mis-
diagnosed as having another cardiopulmonary condition given a relative lack of
awareness of PAH in preceding decades.
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Clinical Approach: Physical Examination

In concert with a focused history, the physical examination can offer critical insights
into the possible causes of PH and it severity. An anatomic-based approach is pre-
sented here.

Head and Neck

Underlying conditions that can predispose to PH often have manifestations in the
head and neck. Sarcoidosis may be associated with cranial nerve deficits, parotid or
lacrimal gland enlargement, ocular findings (uveitis, conjunctival nodules), or
hypopigmentation around the hairline. Lymphadenopathy might suggest sarcoid-
osis or a lymphoproliferative disorder. Scleral icterus suggests hepatobiliary dys-
function. Proptosis in conjunction with an enlarged thyroid may be indicative of
Graves’ disease. An enlarged tongue, or periorbital purpura, may suggest systemic
amyloidosis. Stigmata of connective tissue disease include malar rash, oral ulcers,
loss of naso-labial folds, microstomia, and telangiectasias. A preponderance of tel-
angiectasias involving mucous membranes should also raise suspicion of hereditary
hemorrhagic telangiectasia (Osler-Weber-Rendu syndrome). A short, thick neck
with low-riding soft palate or tonsillar crowding should raise the possibility of
obstructive sleep apnea. Hypoxemic patients may display peri-oral cyanosis.
Ulceration of the nasal septum may be seen in either sarcoidosis or ANCA-
associated vasculitis. Aortic stenosis may result in a delayed carotid upstroke,
whereas a bounding pulse may indicate aortic insufficiency or a hyperdynamic cir-
culation, as seen in advanced cirrhosis, hyperthyroid states, or left-to-right shunting.
An assessment of jugular venous pressure should be made in all patients as a sur-
rogate for right atrial pressure; prominent v waves within the venous pulse contour
indicate the presence of tricuspid regurgitation.

Cardiovascular

For obvious reasons, a careful cardiac examination is required in all patients with
suspected PH. A prominent pulmonary component of the second heart sound (P,)
heard best over the left sternal border in the second to fourth intercostal space is
present in most patients with idiopathic PAH, but requires practice to appreciate [13].
Regurgitant murmurs related to tricuspid, and less commonly pulmonic, insufficiency
may be found. An RV lift and right-sided S, are clues to RV hypertrophy. A right-
sided S; indicates compromised RV function and correlates with reduced cardiac
output [13]. Right-sided gallops are best appreciated along the left sternal border.
Fixed splitting of the second heart sound is observed in the setting of an ASD; a
pansystolic murmur may indicate the presence of a VSD, whereas a constant,
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machine-like murmur is classically associated with a PDA. Murmurs associated
with either aortic or mitral valve pathology and S; or S, gallops heard best towards
the apex suggest underlying left-sided heart disease. Systemic hypotension with a
narrow pulse pressure, tachycardia, and cool extremities are ominous signs of a low
cardiac output state. Patients suspected of having left-to-right shunting should
undergo a search for arteriovenous communications, including iatrogenic fistulae
such as those created intentionally for hemodialysis or inadvertently during femoral
vascular cannulation.

Pulmonary

Patients with idiopathic, heritable, or toxin-mediated PAH typically have an unre-
markable pulmonary examination. In patients with PH due to left-sided heart dis-
ease and cardiogenic edema, rales may be appreciated along with dullness to
percussion signifying the presence of pleural effusions; the latter finding may also
be associated with liver disease. Fine, Velcro-type rales suggest fibrotic lung dis-
ease. Wheezing or rhonchi should prompt consideration of chronic obstructive pul-
monary disease. Patients with chronic thromboembolic disease may exhibit a
pulmonary artery bruit, caused by turbulent blood flow through narrowed proximal
pulmonary arteries. The bruit is heard best by auscultation of the interscapular area
during a breath hold.

Gastrointestinal

Hepatomegaly, pulsatility of the liver, and ascites may be seen in the setting of
chronic elevations in right heart pressure due to PH of any cause. Concomitant sple-
nomegaly or the presence of caput medusae suggests underlying portal hyperten-
sion, whereas isolated splenomegaly may be indicative of a lymphoproliferative
disorder. Ascites can be a presenting manifestation of constrictive pericarditis.
Occasionally, patients with PAH treated with epoprostenol may develop ascites in
the absence of portal hypertension [85]. Epoprostenol therapy also has been associ-
ated with progressive splenomegaly when used for the treatment of patients with
portopulmonary hypertension [86, 87].

Skin, Muscles, and Joints

A thorough musculoskeletal and skin examination should be performed with par-
ticular attention to findings that may implicate an underlying connective tissue dis-
ease, such as skin thickening, sclerodactyly, rash, telangiectasias (which could also
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indicate liver cirrhosis), synovitis, or ulcerative lesions. Clubbing of the digits may
be seen with interstitial or chronic hypoxemic lung disease, cystic fibrosis, bronchi-
ectasis, thoracic malignancy, congenital cyanotic heart disease, pulmonary veno-
occlusive disease (PVOD), and chronic inflammatory states such as inflammatory
bowel disease or endocarditis. Muscle wasting may reflect generalized malnutrition
or neuromuscular disease. In patients receiving vasodilator therapy for PAH (in par-
ticular prostacyclin analogues), flushing of the skin may be noted.

Diagnostic Testing

Echocardiography

In contemporary practice, 2DE remains the most common modality leading to sus-
picion of PH and the most common screening tool used to assess patients suspected
of having PH. It can readily estimate pulmonary arterial systolic pressure (assuming
certain conditions are met) and also provides supplementary anatomic and physio-
logic information that can help elucidate the underlying pathophysiologic mecha-
nisms responsible for PH as well as gauge its severity vis-a-vis right heart function.
2DE is best used as a screening tool when PH is suspected due to the presence of
certain symptoms or examination findings. 2DE is discussed in more detail in Chap.
9, but a brief discussion will be presented here.

When faced with an echocardiogram reporting elevations in pulmonary arterial
systolic pressure (PASP), the clinician must attempt to answer several questions:

1. Is the reported PASP accurate?

2. If accurate, does the patient indeed have PH?

3. If PH is present, what is the etiology?

4. To what degree is the presence of PH impacting circulatory function?

2DE is an imperfect diagnostic test with limitations in both sensitivity and speci-
ficity. Nevertheless, an understanding of its strengths and limitations will allow the
clinician to risk-stratify a patient with cardiopulmonary symptoms and help direct
the remainder of the diagnostic evaluation.

Echocardiography laboratories typically calculate and report PASP using the
modified Bernoulli principle, according to the following equation:

PASP ~RVSP ~4xTR > + RAP

PASP will equal RV systolic pressure (RVSP) in the absence of pulmonic valve
stenosis. TR, and RAP denote Doppler-derived velocity of the tricuspid regurgita-
tion (TR) jet and an estimate of right atrial pressure, respectively. While there is
some debate as to the upper limit of normal of 2DE-derived PASP, a value of
40 mmHg is reasonable based on the available evidence, although older subjects
may require a higher cutoff [1, 88]. In carefully studied populations, there is a strong
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correlation between 2DE- and RHC-derived values for PASP using traditional linear
regression analysis when comparative measurements are obtained in close temporal
proximity [89, 90]. However, suboptimal visualization or improper Doppler inter-
rogation of the TR jet may lead to inaccurate estimates of TR,,;; the error associated
with this inaccuracy is then magnified exponentially. Also, some patients will have
insufficient TR to measure TRvel. Estimates of RAP based on an assessment of
inferior cava collapsibility are also prone to error [91]. Contemporary studies of PH
referral populations using Bland-Altman analysis suggest that ~50 % of 2DE-derived
PASP estimates are inaccurate; both over- and underestimation occur, though the
magnitude of underestimation appears to be greater [91, 92]. Thus, 2DE estimates
of PASP should be viewed as simply one piece of information as part of a broader
2DE assessment of the right heart—pulmonary circulation—left heart axis.

Because the hemodynamic definition of PH requires knowledge of the mean
PAP, PASP from 2DE cannot be used to define the presence or absence of
PH. Although techniques exist to derive mPAP from acceleration time within the
RV outflow tract (RVOT) [93], they are not commonly reported on most echocardio-
grams. Alternatively, mPAP may be estimated using formulas based on PASP [94,
95]; however, such methods are not recommended to replace invasive determination
of mPAP by RHC, wherein other hemodynamic variables pertinent to the evaluation
of patients with suspected pulmonary vascular disease can be obtained.

If the 2DE-derived PASP is consistent with PH, perhaps the most critical issue
the clinician faces is determining the likelihood that the PH is arterial (i.e., PAH) vs.
venous (related to left atrial hypertension) in origin, given the ramifications for
prognosis and management. In such cases, RHC is required to confirm (or refute)
the suspicion and guide therapy. While RHC has a relatively low risk of complica-
tions, performing RHC on all patients with elevated PASP on 2DE is neither practi-
cal nor desirable. At present, the ideal approach to noninvasively gauge the pretest
probability of pulmonary vascular disease so as to optimize use of RHC is unknown.
In practice, this decision is influenced by several factors, including the patient’s risk
of harboring PAH, results of other noninvasive testing (discussed below), and fea-
tures on 2DE.

Beyond estimation of PASP, a thorough survey of parameters of right and left
heart chamber size and function can be extremely helpful in assessing the likelihood
that PAH is present. In general, the greater the extent of abnormalities related to
right heart size and/or function, the higher the likelihood of PAH. When abnormali-
ties in left heart size and/or function dominate the echocardiographic picture, there
is a greater likelihood of pulmonary venous hypertension [96]. Simple indices of
right heart pressure or volume overload easily seen on an apical four-chamber view
include an RV:LV size ratio >1, flattening or leftward bowing of the interventricular
septum, and encroachment of the RV into the apex. The presence of a mid- or late-
systolic “notch” within the RVOT Doppler flow velocity envelope strongly predicts
the presence of a PVR >3 Wood units [97]. A reduced tricuspid annular plane
systolic excursion (TAPSE) is an easily obtainable surrogate of compromised RV
longitudinal shortening and cardiac output, and has prognostic value in PAH [98—100].
When such findings are seen in the absence of significant left heart abnormalities,
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the clinician should increase his/her suspicion that PAH is present. In contrast, left
ventricular systolic or diastolic dysfunction, left ventricular enlargement or hyper-
trophy, left atrial enlargement, or significant aortic or mitral valvular disease sug-
gests a substrate for increased left atrial pressure and thus pulmonary venous
hypertension. A 2DE-based prediction rule incorporating left atrial size, Doppler-
based parameters from the RVOT (acceleration time, presence of notching), and
lateral mitral E:e’ (a surrogate for left atrial filling pressure) was recently shown to
have an area under the receiver operator characteristic (ROC) curve of 0.92 for the
identification of PAH [101]. A pericardial effusion, while not specific for PAH, has
been consistently associated with a poor prognosis in this group [102—105]. Lastly,
2DE (with or without agitated saline contrast) may disclose evidence of an intracar-
diac shunt, which could be the cause of PH (e.g., ASD, VSD, PDA), or, in the case
of a PFO, may explain significant shunt-type hypoxemia in a patient with idiopathic
or other types of PAH and elevated right heart pressures. If suspicion of an intra-
cardiac shunt is high but transthoracic 2DE is nondiagnostic, transesophageal
echocardiography [106] or cardiac magnetic resonance [107] should be performed.
A comparison of various 2DE parameters which can help the clinician distinguish
pulmonary arterial vs. venous hypertension is provided in Table 8.4.

The issue of diastolic dysfunction in the context of PH deserves additional
comment. The clinician should recognize that diastolic dysfunction may worsen
with exercise due to further impairment in filling time secondary to increased
heart rate, and as such may be underappreciated as a cause of exertional dyspnea
based on 2DE parameters obtained at rest. In such situations, assessment of dia-
stolic function with exercise 2DE may be informative [108]. While diastolic dys-

Table 8.4 Echocardiographic parameters to distinguish pulmonary arterial from pulmonary
venous hypertension

Pulmonary arterial hypertension Pulmonary venous hypertension

2-D Imaging

Normal LV ejection fraction Reduced LV ejection fraction

Normal or size or small (underfilled) LV Dilated LV

Dilated RA/Normal LA Normal RA/Dilated LA

No LVH LVH

RV:LV size ratio>1 RV:LV size ratio< 1

RV apex-forming RV not apex-forming

Reduced RV function/TAPSE Normal RV function/TAPSE

Doppler imaging

Grade I or no diastolic dysfunction Grade II-1II diastolic dysfunction
Minimal or no mitral/aortic valve disease >Moderate mitral/aortic valve disease
Systolic notching of FVE in RVOT No systolic notching of FVE in RVOT
AcT of FVE in RVOT <70 ms AcT of FVE in RVOT >95 ms

Adapted with permission from [96]

LV left ventricle, RA right atrium, LA left atrium, RV right ventricle, LVH left ventricular hypertro-
phy, TAPSE tricuspid annular plane systolic excursion, FVE flow velocity envelope, RVOT right
ventricular outflow tract, AcT acceleration time
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function appears to be very common, particularly in the elderly or those with other
comorbidities as discussed previously, patients with PAH due to pulmonary vascular
disease may also exhibit impaired left ventricular relaxation as a consequence of
pathologic right — left ventricular interaction [66, 109]. A recent study of idiopathic/
heritable PAH patients found an 88 % prevalence of Grade 1 diastolic dysfunction
(impaired relaxation) [68]. Thus, the simple presence of mild diastolic dysfunction or
impaired relaxation in the setting of an elevated PASP should not be considered
synonymous with pulmonary venous hypertension. Rather, the clinician should
attempt to integrate this finding with the overall clinical picture and echocardio-
graphic assessment of left and right heart function to arrive at an assessment of the
likely etiology of PH.

Using 2DE as a screening tool in populations considered at high risk for PAH
has been recommended by various professional societies, although this is largely
based on expert opinion [6-8]. Regular screening with 2DE seems reasonable for
patients with a family history of PAH or with known BMPR?2 mutations given that
~20 % of carriers will ultimately develop PAH [110, 111]. In dyspneic patients with
scleroderma but without significant lung disease, ~8 % will have PAH by RHC [112].
Screening of patients with the scleroderma spectrum of diseases is recommended.
The DETECT study provides useful guidance in this regard [113]. Screening methods
in this setting can include a combination of PFTs with diffusion capacity for carbon
monoxide (DLco), serum levels of brain natriuretic peptide (BNP) or its N-terminal
pro-hormone (NT-proBNP), and echocardiography. As mentioned previously, given
the elevated morbidity associated with uncontrolled portopulmonary hypertension
in the setting of liver transplantation, 2DE should be performed in all patients being
considered for this procedure [37].

Chest X-ray (CXR)

Given its relative low cost and ease, the CXR can provide useful information in the
evaluation of patients with suspected PH; however, its suboptimal sensitivity pre-
cludes its use as a primary screening modality [114]. General CXR findings of PH
include enlarged main pulmonary arteries and right-sided cardiac chamber enlarge-
ment; however, such changes may not be apparent in less advanced PH. In the NIH
primary PH registry, 90 % of subjects displayed prominence of the main pulmonary
artery [13]. An obliterated retrosternal air space as visualized on the lateral projec-
tion specifically suggests RV hypertrophy. When PAH is present and related to
increased PVR, rapid tapering (or “pruning”) of the pulmonary arteries may be
seen. In contrast, when PH is related to increases in left atrial pressure or high pul-
monary flow from an anatomic shunt, increased vascular markings and Kerley B
lines may be observed; a similar pattern is associated with PVOD where the resis-
tance to blood flow through the small pulmonary veins can result in areas of
increased pulmonary capillary pressure. Focal areas of oligemia or an abrupt cutoff
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of a pulmonary artery should raise suspicion for CTEPH [115], particularly when
pleural abnormalities are present which may represent sequelae of prior infarcts
[116, 117]. Calcification of the pulmonary arteries has been described in congenital
heart disease with reversed shunts (Eisenmenger syndrome) [118], and occasionally
large pulmonary artery aneurysms may develop in cases of long-standing PAH. CXR
may be particularly useful in assessing for associated conditions that may cause PH,
such as hyperinflation (COPD), increased reticulation/cystic changes/honeycomb-
ing (interstitial lung disease/pulmonary fibrosis), or reduced lung volumes that may
be associated with hypoventilation (obesity hypoventilation syndrome, neuromus-
cular, or skeletal conditions).

Electrocardiogram (ECG)

Like CXR, the ECG is a readily obtainable ancillary tool that may corroborate a
suspicion for PH, but is of limited sensitivity, particularly in the detection of early
disease [114]. While a majority of patients with significant PAH will display find-
ings of right axis deviation, RV hypertrophy or RV strain, up to 13 % of patients will
have a normal ECG [13, 119]. Recently, a QRS duration of >120 ms was found to
be an independent predictor of mortality in a small cohort of IPAH subjects [120].
When evaluating a patient with known PH who is clinically deteriorating, the ECG
can confirm suspicion of a tachy- or bradyarrhythmia as a contributing factor.

Pulmonary Function Tests (PFTs) and Arterial Blood
Gas (ABG) Analysis

PFTs are commonly obtained in the evaluation of the dyspneic patient. In the con-
text of suspected PH, they are extremely important in determining whether airway
or parenchymal lung processes are present which may account for PH (i.e., Group
3 PH). A mild restrictive defect may be seen in IPAH [13, 121] and may be related
to bronchial and vascular smooth muscle hypertrophy [122] or respiratory muscle
weakness [123, 124]. Interestingly, IPAH has also been associated with peripheral
airway obstruction [125, 126]. Thus, mild perturbations in pulmonary function indi-
ces should not immediately implicate the presence of intrinsic lung disease, but
should trigger consideration of such potential etiologies; in such cases, chest CT
can be very useful in refining the clinical assessment. The attribution of PH to
intrinsic parenchymal or airway disease engenders uncertainty when spirometric or
lung volume parameters fall within moderate grades of dysfunction, as studies have
not typically proven a strong correlation between the severity of lung disease and
the presence or severity of PH, although PH is typically associated with more
advanced lung disease [43, 127-133]. Recently, PH has been identified as a
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significant complication of the combined pulmonary fibrosis and emphysema
syndrome [134, 135]. These patients may display relatively preserved (“pseudonor-
malized”) spirometry and lung volumes due to the counterbalancing effects of coex-
istent restriction and obstruction, but typically have significant reductions in DLco
and abnormal CT imaging.

It appears that an assessment of DLco may be a more specific marker of pulmonary
vascular disease, particularly when reduced “out of proportion” to reductions in lung
volumes. A reduced DLco is common in IPAH (found in 75 % of patients [121]),
and in the scleroderma population may signal the occult presence or future develop-
ment of PH [136]. In a cohort of scleroderma patients suspected of having PH based
on certain clinical characteristics, a percent-predicted FVC/DLco ratio of >2 dis-
played a negative and positive predictive value of ~70 % for the diagnosis of PAH
[137]. Utilizing a lower cutoff (>1.6) [138] may improve the sensitivity of this
parameter for the detection of PAH, though comparative data are lacking. In prac-
tice, the finding of an isolated reduction in DLco in the absence of significant anemia
should heighten one’s suspicion for the presence of pulmonary vascular disease.

ABG analysis should be performed to confirm a suspected hypoventilatory dis-
order, and may also quantify severity of hypoxemia. If shunt physiology is sus-
pected, the ABG should be performed after inspiring 100 % oxygen for 20-30 min
via a tight-fitting mask which can permit estimation of the right-to-left shunt frac-

tion (QJ/Q,) [139].

Ventilation-Perfusion (V/Q) Scintigraphy

The V/Q study remains an integral component of the workup of patients with sus-
pected PH, mainly to exclude the presence of chronic thromboembolic disease. In
CTEPH, perfusion images will demonstrate at least one (or multiple) segmental or
larger mismatched defects [140, 141]. V/Q has demonstrated superior sensitivity
over CT angiography for the diagnosis of CTEPH. In one study where digital sub-
traction pulmonary angiography was used as the reference standard, V/Q scan dis-
played 97.4 % sensitivity and 98.5 % negative predictive value for the diagnosis of
CTEPH (where a positive test was defined as an intermediate or high probability
result), whereas CT angiography only displayed 51.3 % sensitivity and 79.7 %
negative predictive value [142]. Thus, a normal V/Q scan essentially rules out
chronic thromboembolism. A positive scan, however, cannot be used to make defin-
itive statements regarding the anatomic extent of clot burden as the V/Q tends to
underestimate the amount of disease observed at pulmonary angiogram or endarter-
ectomy [143]. Patients with IPAH may also display an abnormal pattern on V/Q,
described as a diffuse patchy abnormality or “mottled” appearance [13]. While it
has been suggested that a high-probability scan due to PVOD may mimic CTEPH
[144], a larger series has recently failed to confirm this association [145]. Rarely,
tumor microemboli can lead to a clinical presentation very similar to CTEPH with
mismatched defects seen on V/Q scanning [146, 147]. If right-to-left shunt is sus-
pected, the clinician can request additional perfusion images be obtained over the
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brain and kidneys; detection of tracer in these regions implicates the presence of an
anatomic shunt [148], but does not disclose the specific location (intracardiac,
intrapulmonary, etc.).

Chest Computed Tomography (CT)

When performed for other reasons, findings on CT that may suggest the presence of
pulmonary hypertension include an enlarged pulmonary artery (>29 mm in diame-
ter [149] or pulmonary artery:aorta diameter ratio >1 [150]) and/or enlarged right-
sided cardiac chambers with or without septal shift [151, 152], pericardial effusion
[153], or reflux of contrast into the IVC and hepatic veins in the setting of elevated
right atrial pressure [154]. In patients with chronic dyspnea and clinical concern for
PH, nonenhanced CT scanning of the chest should be considered to exclude paren-
chymal lung disease, particularly when suggested by examination or PFT findings.
This may be particularly important in patients with collagen vascular diseases who
may be at risk for various types of interstitial disease (e.g., nonspecific, usual, or
lymphocytic interstitial pneumonia or organizing pneumonia). PVOD is associated
with several specific findings on chest CT that may aid in identifying the diagnosis
and are related to the consequences of postcapillary venular obstruction to pulmo-
nary blood flow, such as bilateral pleural effusions, mediastinal lymphadenopathy,
and prominence of the interlobular septae and/or centrilobular opacities [155, 156].
This pattern may also be seen with pulmonary venous hypertension arising from left
heart disease.

Contrast-enhanced CT angiography (CTA) can provide useful information
regarding the anatomy of the pulmonary vasculature. Results from the Prospective
Investigation of Pulmonary Embolism Diagnosis (PIOPED) II study indicate that
CTA has an overall sensitivity of 83 % for the diagnosis of acute PE; its NPV is
96 % when clinical pretest probability is low, but falls to only 60 % when clinical
suspicion is high [157]. CTA may prove useful for mapping proximal clot burden in
CTEPH, but displays limited sensitivity for the detection of peripheral small vessel
involvement as discussed previously [142]. Endoluminal CTA findings of CTEPH
include eccentric or concentric luminal irregularities, abrupt cutoffs, webs, and
pouches [158]. Additional findings that may implicate CTEPH include bronchial
artery dilation [159, 160] and mosaic attenuation of the lung parenchyma [158,
161], because of either hypoperfusion of obstructed segments or regional air trap-
ping secondary to vascular-mediated alterations in small airway tone. CTA can also
identify other nonthrombotic lesions of the pulmonary vascular bed. Takayasu’s
arteritis is a large-vessel vasculitis which may affect the pulmonary circulation in a
significant number of cases and may be misdiagnosed as CTEPH [162]. The pres-
ence of concomitant aortic disease should raise the suspicion for Takayasu’s,
although isolated pulmonary arteritis has been reported [163]. Other CTA findings
that may differentiate this entity from CTEPH include circumferential pulmonary
arterial wall thickening and delayed mural enhancement [164, 165]. Pulmonary
artery aneurysms may be seen in Behget’s disease [165, 166].
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Overnight Oximetry and Polysomnography (PSG)

Overnight pulse oximetry in the home is a relatively simple test to search for noc-
turnal hypoxemia. Nocturnal oxygen desaturation may occur in the IPAH popula-
tion in the absence of sleep-disordered breathing [ 167]. Correction with supplemental
oxygen is intuitive but it is not known whether such a strategy improves outcomes.
Standard polysomnography is the gold standard for the diagnosis of obstructive
sleep apnea.

Exercise Testing

The 6-min walk test (6MWT) is a submaximal test of exercise capacity that has been
employed extensively in the evaluation and management of patients with PH. It is
inexpensive, reproducible, and easy to perform by most patients, even those with
more advanced disease. In the PAH population, results from the 6MWT have been
shown to correlate with functional class, hemodynamics (CO and total pulmonary
resistance), as well as peak oxygen consumption as determined by cardiopulmonary
exercise testing [168]. Contemporary, prospective cohort studies indicate that the
6MWT has independent prognostic value in PAH in addition to parameters related
to right heart function [102, 169]. Although a matter of some debate, it appears that
it is the absolute value of 6MWT that is prognostically most relevant rather than the
magnitude of change over time, as studies have failed to show a consistent associa-
tion between improvements in walk distance on-therapy and outcomes [170-172].
Values below 300-380 m at baseline or after a period of time on-treatment have
been associated with a worse prognosis in various studies [168, 173-175].

Cardiopulmonary exercise testing (CPET) is a maximal exercise study which is
more labor-intensive, but provides the most comprehensive, integrative assessment
of cardiac, pulmonary, and peripheral muscle function at progressively higher work-
loads. Abnormalities on CPET associated with pulmonary vascular disease include
areduced peak oxygen uptake, increased ventilatory inefficiency (as reflected by an
elevated ratio of minute ventilation to CO, production [Vg/Vce,] and reduced
end-tidal CO,), and reduced oxygen pulse [176]; however, these are not specific to
pulmonary vascular disease and can be seen in obstructive and restrictive disorders
as well as left heart failure. This combination of derangements is more likely to
represent PAH when other ancillary tests (chest imaging, PFTs, 2DE, etc.) do not
suggest an alternate diagnosis. One study of IPAH subjects found peak oxygen
uptake to be an independent predictor of mortality [177], prompting some to advo-
cate a treat-to-target (goal-oriented) strategy incorporating this parameter to help
guide therapeutic decisions [178]. However, this approach has not been externally
validated and therefore the use of CPET for this purpose remains center-dependent.
Marked elevation of Vi/Vq, in the absence of major ventilatory abnormality on
PFTs can be a sign of right-to-left shunting or thromboembolic PH. CPET is dis-
cussed in more detail in Chap. 11.
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Serologic Tests

Serologic tests can provide useful information in establishing potential etiologies of
PH as well as help guide therapy. From a diagnostic perspective, serologies play a
central role in confirming chronic viral hepatitis or HIV infection. The presence of
certain autoantibodies may suggest the presence of an underlying connective tissue
disease when considered in the context of appropriate clinical features. In the origi-
nal NIH primary PH registry, 29 % of subjects had a positive antinuclear antibody
(ANA) [13]. In scleroderma, anticentromere antibodies are usually associated with
limited disease, and anti-Scl-70 antibodies with diffuse disease. The presence of anti-
bodies against U3-RNP (fibrillarin) is associated specifically with PAH [179, 180].

In cases of CTEPH, the only consistent hypercoagulable abnormality identified
has been the presence of antiphospholipid antibodies, found in up to 20 % of cases
[181, 182]. Most patients, however, do not have any identifiable abnormality in
coagulation, and therefore the lack of any laboratory-identified hypercoagulable
state cannot be used to exclude the possibility of CTEPH.

BNP and NT-proBNP are proteins released from myocardial tissue in the setting
of pressure or volume overload. Serum levels of BNP peptides may be elevated in
patients with PAH and RV dysfunction, and lower levels have been associated with
better outcomes [102, 175, 183, 184]. It is important to note that BNP is not specific
to the RV and can be elevated in left-sided congestive heart failure and in renal dys-
function. In cases where PH is suspected to be related to HFpEF, BNP may be par-
ticularly unreliable, as a recent study demonstrated that 29 % of symptomatic
outpatients with HFpEF and hemodynamically confirmed elevations in PCWP had
anormal BNP level [41]. Studies in left-sided heart failure suggest that elevations in
BNP or NT-proBNP may be attenuated by obesity, possibly related to either under-
production or increased peripheral clearance by adipose tissue [185—187]. A recent
analysis of a PAH cohort has shown that, despite higher right-sided filling pressures,
obese PAH patients have lower BNP levels than those who are not obese [188].

Other laboratory tests frequently obtained include complete blood count and gen-
eral chemistries including indices of renal and hepatic function. Anemia should raise
suspicion of a possible hemolytic disorder in the appropriate clinical context. Among
patients with nonhemolytic PAH, iron deficiency and/or frank anemia occurs in
~25-60 % and has been shown to be a negative prognostic factor [189-191]. Anemia
can also be seen as a side effect of treatment with endothelin receptor antagonists
(ERAs). Thrombocytopenia should raise consideration of cirrhosis, HIV infection,
or autoimmune disease. Prostacyclin therapy can also induce thrombocytopenia
which in some cases may be related to splenomegaly [86]. Right-sided heart failure
can lead to congestive hepatopathy; this pattern usually is characterized by a pre-
dominant rise in unconjugated bilirubin with minimal elevation in alkaline phospha-
tase and transaminases [192], though more dramatic rises in these latter parameters
can be seen with severe RV failure and low cardiac output. Alternatively, a predomi-
nant liver injury pattern with elevated transaminases has been associated with ERA
therapy [193, 194] which is dose-dependent and reversible upon discontinuation.
Hyponatremia occurs in the setting of right heart failure and has been associated
with worse prognosis [195].
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Right Heart Catheterization (RHC)

For reasons discussed previously, RHC remains the gold standard for the diagnosis
and characterization of elevated pulmonary artery pressures and is discussed in
detail in Chap. 10. RHC serves to confirm the presence of PH, elucidate its hemo-
dynamic origin, and, in cases of precapillary PAH, assess the extent of pulmonary
vasoreactivity in response to a short-acting pulmonary vasodilator. Distinguishing
between pre- and postcapillary causes of PH is critical, and thus requires an accu-
rate assessment of left-sided filling pressures. Pressure measurements should always
be made at end expiration. Failure to do so, or using the digital average reported by
the pressure recorder, may result in an underestimation of PCWP and thus misclas-
sification of left heart disease as pulmonary arterial hypertension, particularly in
patients with concomitant hypoxic lung disease or morbid obesity [196]. When
there is a high suspicion for pulmonary venous hypertension but measured PCWP is
normal or borderline, a direct measurement of left ventricular end-diastolic pressure
(LVEDP) may help avoid misclassification [197]. RHC by itself is very safe with an
extremely low risk of mortality (<0.2 %) [198, 199].

Assessment of PA Pressures with Exercise

Given that many patients only complain of symptoms with a certain amount of
activity, assessing the hemodynamic response to exercise makes intuitive sense to
better characterize changes in pressures, flow, and resistance in an attempt to define
the predominant pathophysiology. While previous definitions of PH included an
exercise criterion (mPAP >30 mmHg at peak exercise), current consensus state-
ments have eliminated a definition of exercise-induced PH [6, 7]. This decision was
largely based on growing uncertainty as to what constitutes a normal physiologic
response of the pulmonary vascular bed to exercise. A recent literature synthesis on
the topic concluded that ~20 % of healthy subjects aged <50 years will exceed an
mPAP of 30 mmHg when exercised in the supine position, with an upper limit of
normal (defined as 2 standard deviations above the mean) of 37 mmHg at maximal
exercise. Older healthy subjects (>50 years) may in fact have greater rises in pulmo-
nary pressures; in this subgroup, the mean mPAP during “slight” exercise was
29.4+8.4 mmHg, yielding an upper limit of normal of 46 mmHg. Older subjects
display higher PCWP with exercise than do younger subjects (16.8+6.5 vs.
10.9+3.9 mmHg) [200].

With these concerns is mind, data exist to suggest that exercise-induced PH may
be clinically relevant. Grunig et al. have demonstrated greater rises in PASP with
exercise in both asymptomatic carriers of the BMPR2 mutation [201] and relatives
of patients with idiopathic and heritable PAH [202]. Tolle and colleagues described
CPET characteristics of patients with exercise-induced PAH (defined as a maximum
mPAP >30 mmHg with PCWP <20 mmHg). This group displayed decrements in
aerobic capacity and hemodynamic perturbations that were intermediate between
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normals and those with resting PAH [203]. Steen et al. performed exercise 2DE on
patients with scleroderma who, based on certain clinical characteristics, were
deemed to be at higher risk for PH. Exercised-induced PH by 2DE was defined as
an increase in the PASP of >20 mmHg from baseline. They found that 44 % of
patients displayed a positive exercise 2DE, which was confirmed to be PAH by
RHC in 81 % of patients; in 12.5 % of cases the positive 2DE was due to pulmonary
venous hypertension from diastolic dysfunction [204]. Mild elevations in PA pres-
sure with moderate exercise have been associated with reduced exercise capacity in
scleroderma [205]. In a large registry of CTD-associated PAH in the United
Kingdom, 16 % of patients in the absence of significant lung disease had exercise-
induced PAH as defined by invasive hemodynamic criteria of a mean PAP over
30 mmHg during exercise. Of these, 19 % displayed progression to resting PAH
and four out of five reported deaths in this subgroup were attributed to PAH [206].
At present, however, it is unknown whether specific interventions aimed at reducing
peak PA pressures in these populations will have a benefit on longer-term outcomes.
Recently, a small, uncontrolled pilot study of ambrisentan in scleroderma-spectrum
patients with exercise-induced PAH suggested a beneficial effect on hemodynamics
and 6-min walk distance [207].

Assessing invasive hemodynamics may be particularly helpful in patients with-
out clear risk factors for PAH and where occult HFpEF is suspected. In a study of
55 patients with exertional dyspnea with normal LVEF, BNP level, and resting
hemodynamics, 58 % of subjects displayed abnormal increases in left-heart filling
pressures (defined as PCWP >25 mmHg) with exercise [208]. In the series of
patients undergoing CPET and exercise RHC for the evaluation of unexplained dys-
pnea reported by Tolle et al., 27 % of subjects were identified as having left
ventricular diastolic dysfunction [203].

Concluding Remarks

Pulmonary hypertension can occur in many contexts. Echocardiographic diagnosis
of PH has become increasingly common due to increased use of 2DE for the assess-
ment of various cardiac and pulmonary complaints. Differentiation of pulmonary
arterial from pulmonary venous hypertension is crucial to identify patients with an
elevated risk of morbidity and mortality and allow institution of appropriate thera-
pies. Ultimately, the diagnosis of PAH must be made at right heart catheterization.
A thorough history, physical examination, laboratory investigation, and use of ancil-
lary tests will aid the clinician in formulating a pretest probability of pulmonary
vascular disease.

Table 8.5 summarizes various clinical features that should trigger suspicion for
the presence of pulmonary arterial hypertension. In general, the greater number of
such features, the higher the likelihood of PAH. In such patients, RHC should be
pursued, and measurement of exercise hemodynamics should be considered if rest-
ing values are not informative.
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Table 8.5 Summary of clinical features that should increase suspicion for the presence of PAH

Predisposing Symptoms and
conditions exam findings Echocardiogram | PFTs ECG
* BMPR2 * Progressive e Relatively * Relatively |+ Rightward
mutation dyspnea normal left normal axis
carrier * Edema heart spirometry | RV strain
* Anorexigenor |e* Ascites » Dilated or and lung
stimulant use e Lack of dysfunctional volumes
« CTD orthopnea RV * Reduced
* Portal * Prominent P, * Rightward DLco
hypertension « JVD septal shift * FVC%/
e Congenital ¢ Lack of rales DLco% >
heart disease * Hepatomegaly 1.6-2.0
* Prior PE
e HIV

BMPR?2 bone morphogenetic protein receptor type 2, CTD connective tissue disease, PE pulmo-
nary embolism, H/V human immunodeficiency virus, JVD jugular venous distention, RV right
ventricle, DLco diffusing capacity of the lung for carbon monoxide, FVC forced vital capacity
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Chapter 9
Echocardiography

Paul Forfia

Abstract In this chapter we aim to explore the role of the echocardiographic-Doppler
examination in the evaluation and management of patients with pulmonary hyper-
tension (PH). Too often, the echo-Doppler examination is primarily viewed as a
method of “screening” for the presence of PH by Doppler estimation of increased
pulmonary arterial pressure (PAP). While Doppler pressure estimation is impor-
tant, an overemphasis on PAP estimation often occurs without recognition of the
inherent imprecision of these methods and importantly, often neglects critically
important two-dimensional (2D) and additional Doppler parameters that provide
pivotal diagnostic, prognostic, and therapy-guiding information. It is the integration
of relevant 2D and Doppler parameters that provide a comprehensive view of the
underlying pathophysiology of PH. For example, several signature findings, well
studied and validated, will help in differentiating the two major causes of PH,
namely, PH that is caused by pulmonary venous hypertension (PHpyy;) from PH that
is caused by pulmonary vascular disease (PHpyp).

Keywords Pulmonary hypertension ¢ Echocardiogram ¢ Echocardiography e
Doppler ultrasound

Normal Anatomy and Physiology of Right
Ventricle-Pulmonary Circulation Unit

The right ventricle (RV) lies anterior to the left ventricle (LV). They are separated
by the interventricular septum (IVS) that is curved anteriorly, giving the RV a cres-
cent shape. The RV free wall is a thin structure (3—5 mm) which extends from the
anterior and posterior aspects of the IVS. The cavity of the RV is comprised of
inflow (sinus) and outflow (conus) regions, separated by a muscular ridge called the
crista supraventricularis. The outflow region is a smooth funnel shaped structure
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that ends with the pulmonic valve (PV). In contrast, the inflow region includes
several structures including the tricuspid valve (TV) apparatus (leaflets, chordae
and papillary muscles) as well as the body of the RV. The moderator band is a
muscle band that connects the RV free wall to the septum and, in addition to more
extensive trabeculations and higher insertion of the TV, is one of the distinguishing
features of the RV cavity from that of the LV [1, 2].

The morphology of the RV is designed to couple to a low resistance circuit,
namely the pulmonary circulation. The thin-walled RV is capable of generating the
same amount of flow as the LV due to the low resistance of the pulmonary vascula-
ture. Should pulmonary vascular resistance increase, i.e., in pulmonary vascular
disease (PVD), uncoupling of the RV-pulmonary circulation can occur manifesting
by the classic morphological triad of increased RV size and altered shape, RV sys-
tolic dysfunction, and variable degrees of bowing of the IVS during systole and
diastole. The extent of the above changes is contingent upon the degree of uncou-
pling of the RV-pulmonary circulation unit, which is often proportional to the rise in
pulmonary vascular resistance. This critical observation forms the cornerstone of
the echocardiographic assessment of PVD [3-6].

Adaptation to chronic pulmonary hypertension usually manifests as hypertrophy
rather than dilation of the RV. This hypertrophy helps, as in the case of Eisenmenger’s
syndrome, to maintain the coupling of the RV-pulmonary circulation unit for longer
periods of time, hence preserving RV function and perhaps accounting for the better
prognosis of such patients compared with other forms of pulmonary arterial hyper-
tension (PAH) [7].

Echocardiographic Variables in the Assessment of RV
Function and Morphology

The use of Doppler echocardiography (DE) in the evaluation of patients with known
or suspected PVD is centered on the assessment of the morphology and function of
the RV. Both direct and indirect components of this assessment exist and have prog-
nostic significance.

Measures of RV Systolic Function

Unlike the LV, the morphology of the RV, as discussed above, does not allow for
accurate estimation of RV volumes, and hence RV ejection fraction (RVEF) by con-
ventional 2D echocardiography. 3D echocardiography, on the other hand, holds
promise in this regard given its accuracy and feasibility.

Recognizing the limitations of volumetric based global RV functional assessment,
an alternative method for quantitative global RV functional assessment uses RV
area rather than volume [8—10]. Right ventricular fractional area change (RVFAC)
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Fig. 9.1 (a) Tricuspid annular plane systolic excursion (TAPSE) in M-mode obtained in the apical
four chamber view. The distance between the end-diastolic (a) and end-systolic points (b) is the
TAPSE (2.3 cm). (b) Illustrates the RV end-diastolic length (7.8 cm) from the tricuspid valve plane
to the RV apex. It also demonstrates the RV end-diastolic area (20.5 cm?). (¢) Represents the RV
end-systolic length (5.6 cm). The difference between these two measurements is the 2D TAPSE
(2.2 cm). It also demonstrates RV end-systolic area (12.5 cm?). RVFAC is therefore [(20.5—12.5/
20.5)x 100]=40 %

is obtained from the apical four chamber view, using planimetry of the RV area at
end-diastole and end-systole ((RVFAC=RV Areag,—RV Areags/RV Areagp] x 100)
[10]. However, limited visualization of the RV free wall, particularly when the RV
is dilated, as well as suboptimal endocardial definition does limit the reproducibility
and applicability of this measure in some instances (Fig. 9.1b, c) [8-10].

The orientation of muscle fibers of the RV dictates that the majority (77 %) of
area change during systole occurs in the longitudinal direction [3, 11]. Systolic dis-
placement of the RV base, referred to as tricuspid annular plane systolic excursion
or (TAPSE) correlates strongly (r=0.79-0.92) with RV ejection fraction derived
from radionuclide angiography [4]. TAPSE can be derived from 2D echo or M-Mode
and is highly reproducible due to its freedom from geometric assumptions and lack
of reliance on endocardial definition (Fig. 9.1). A normal TAPSE ranges from 2.4 to
2.7 cm [11-14]. A TAPSE< 1.8 cm predicts a stroke volume index <29 ml/m? with
87 % accuracy, and is associated with increased hospitalization rates for right heart
failure and decreased survival in patients with PAH [10, 12]. Ghio et al. recently
showed in a PAH cohort that a TAPSE < 1.5 cm was associated with a nearly three-
fold higher event rate (death or emergent lung transplant) versus subjects with a
TAPSE>1.5 cm [15]. Of note, Raina et al. have demonstrated that compared to
normal subjects, patients who undergo cardiac surgery demonstrate a change in the
pattern of their RV contraction, such that their average TAPSE was 1.6 cm while
maintaining normal global RV function. In the post-operative subjects, there was a
loss of longitudinal RV contraction relative to transverse shortening. This is likely
related to geometric changes in the RV that occur following pericardiotomy.
Therefore, a global measure of RV function such as RVFAC is preferred in patients
with prior cardiac surgery and pericardiotomy [16].

Another method of longitudinal RV function assessment utilizes the velocity of
RV longitudinal shortening via tissue Doppler imaging TDI (denoted S’). S” corre-
lates strongly with TAPSE and is similarly a reproducible method of RV function
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Fig. 9.2 Right ventricular Tissue Doppler imaging obtained along the basal one-third of the RV
free wall in the longitudinal plane. The peak longitudinal shortening velocity is denoted as S” and
is measured at 14 cm/s in panel (a), and 8 cm/s in panel (b). Right ventricular myocardial perfor-
mance index (in panel b) can be obtained from the isovolumic contraction time (IVCT), relaxation
time (IVRT), and ejection time (RVET)

assessment [17]. An S’ <10 cm/s predicts a cardiac index <2.0 1/min/m? with 89 %
sensitivity and 87 % specificity [18]. Additionally, the RV TDI signal can be inte-
grated to measure the longitudinal tissue displacement, which is numerically identi-
cal to TAPSE. Using ROC curve analysis, an RV tissue displacement >1.5 cm
predicted an RV stroke volume index >30 ml/m? (AUC 0.79); changes in RV tissue
displacement strongly correlated to changes in RV stroke volume index in response
to intravenous epoprostenol infusion (Fig. 9.2) [19].

The myocardial performance index (MPI) integrates systolic and diastolic
parameters in a single measure. Using tissue Doppler signals the time intervals of
isovolemic contraction (IVCT), isovolemic relaxation (IVRT), and RV ejection time
(RVET) are measured to derive the MPI (IVRT +IVCT/RVET) (Fig. 9.2). A higher
MPI value is associated with worse RV function and survival in PAH [20].

An additional method of assessing RV function is the averaged longitudinal RV
free wall strain as assessed by speckle tracking [21]. In this study, persistence of or
progression to a severe reduction in free wall systolic strain (<—12.5 %) at 6 months
was associated with greater disease severity and diuretic use. higher mean pulmo-
nary artery pressure, and poorer survival (4-year mortality 43 % vs. 23 %, p=0.002).
After adjusting for age, functional class, and RV strain at baseline, patients with
>5 % improvement in RV free wall systolic strain had a greater than sevenfold
lower mortality risk at 4 years (hazard ratio 0.13, 95 % confidence interval 0.03—
0.50, p=0.003).

All echocardiographic measures of RV function assessment are load (especially
afterload) dependent. Although this can be viewed as a limitation, the fact that RV
dysfunction in PAH is largely afterload dependent allows changes in RV function to
inform the clinician on responses (or lack thereof) to PH specific medical therapy.
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Right Ventricular Size, Shape, Septal Position

The first response of the RV to a rise in pulmonary arterial load is RV dilatation,
which serves as a compensatory response which may assist in the maintenance of
RV stroke volume (heterometric autoregulation). The normal RV measures approxi-
mately 2.5-3.5 cm at end-diastole, with a planimetered area of 15-18 cm?. Of note,
the presence of RV dilatation does not always signify RV systolic dysfunction.
A dilated RV with normal or dynamic function often signifies excess preload
only, with the rise in RV function occurring in response to volume loading and
increased sarcomere length. This is often the case in primary tricuspid valve and
pulmonic valve regurgitation as well as in the presence of systemic to pulmonary
shunt conditions. A practical rule is that in the absence of moderate or greater tricus-
pid or pulmonic regurgitation, a dilated and hyperdynamic RV should alert the
clinician to the presence of a systemic to pulmonary shunt.

A practical way to estimate RV size is to compare RV dimensions to LV dimen-
sions (or area) in the apical four chamber view. RV dimensions are obtained at the RV
base, approximately 1 cm apical of the tricuspid annulus. A diastolic RV/LV diam-
eter ratio of 0.5-0.7 is considered normal, with increasing RV:LV ratios in patients
with mild (0.8-1.0), moderate (1.1-1.4), and severe (>1.5) RV dilatation. A useful
rule of thumb is that the RV:LV ratio should be <1.0, and any value >1.0 is strongly
suggestive of RV dilatation, often coinciding with RV dysfunction (Fig. 9.3) [22].

The apex of the heart is normally formed by the LV. In cases of RV enlargement
related to increased RV afterload, the RV will occupy or share the apex of the heart
(apex-forming RV). This is associated with widening (opening) of the angle of the
RV apex which is normally acute in the apical four chamber view. Lopéz-Candeles

Fig. 9.3 (a and b) Apical four chamber view. Panel (a) demonstrates a normal RV:LV dimension
ratio (<1.0) and normal RV shape, given the relative tapering of the RV dimension from base to
apex. Note the relatively acute RV apex angle in this patient with a normal PVR. Panel (b) repre-
sents a patient with PAH, whom has a markedly increased RV:LV ratio (1.5). Note the relative lack
of tapering of RV dimensions from base to apex and the open RV apex angle. The RV is apex-
sharing with the LV. These findings is panel b are highly consistent with PH related to a high PVR
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showed that a relatively large or “open” RV apical angle was a common finding in
the setting of chronic pulmonary hypertension, relating inversely to decreases in
TAPSE and RV fractional area change [23]. In our experience, a dilated and open RV
apex angle is quite specific for PH related to high afterload conditions such as PAH
and CTEPH. In PVH and other PH conditions where the PVR is normal, the RV
apex angle will remain rather acute or “closed,” imparting an inverted triangle shape
to the RV, where the dimension tapers quickly from base to RV apex (Figure 9.3).

As the RV dilates, the potential space in the pericardium is obliterated leading to
pericardial constraint. With increasing constraint of the heart, further dilatation of
the RV leads to shifting of the IVS from right to left (an example of diastolic ven-
tricular interdependence), leading to a fall in LV cavity size and impaired LV dia-
stolic filling [24]. As a result, the transmitral Doppler filling pattern will demonstrate
reversal of early (E) versus late (A) diastolic waveforms on pulsed wave Doppler
mitral inflow (so-called E to A reversal) in patients with PAH or CTEPH [25].
Confusion can sometimes arise if the clinician wrongly assumes that reversal of E/A
ratio (often reported as “Grade I diastolic dysfunction”) equates to elevated LA
pressure and hence attributes the PH to left sided diastolic dysfunction. In the pres-
ence of RV dilation and significant right to left septal shifting, the presence of a
reversed E/A ratio is a strong indicator of normal left atrial pressure. Moreover,
when septal IVS shift is due to PAH or CTEPH and alleviated by treatment, LV
diastolic filling returns to normal [26, 27].

Additionally, RV dysfunction is associated with a delay in the time to peak RV
contraction, which leads to mechanical RV/LV dyssynchrony [28]. This RV/LV
dyssynchrony leads to systolic septal flattening which is characteristic of high RV
afterload states. Magnetic resonance imaging studies have shown relatively strong
correlations between the degree of RV systolic septal bowing and pulmonary vascu-
lar resistance [26, 28]. Systolic septal flattening is nearly always present in PAH and
CTEPH, and thus functions as a reliable and practical indicator of increased pulmo-
nary arterial afterload (Fig. 9.4).

Mild to moderate pericardial effusion is a common finding, occurring in about
50 % of patients with PAH [29]. It has long been recognized as poor prognostic sign
in PAH, often signifying relative RV decompensation (Fig. 9.4b). The accumulation
of pericardial fluid in PAH likely occurs due to chronically elevated RA pressure,
which in turn impairs coronary venous return and results in transudation of fluid
into the pericardial space [30]. Importantly, attempts at pericardial drainage (surgi-
cal or catheter based) should be avoided unless there is compelling evidence of
tamponade, as the effusion is typically the result and not the cause of RV failure in
this setting and mechanical drainage of the effusion in some series was associated
with unacceptably high mortality rates [31]. Others have achieved success in drain-
ing pericardial effusions in PAH with low procedural mortality [32]. In our experi-
ence, in the absence of frank tamponade, pericardial effusions may resolve over
weeks or months if the PAH and RV failure respond to diuresis and PH specific
medical therapy.

RA enlargement is another indirect measure of RV dysfunction. An increased
RA area index is predictive of increased mortality in PAH. While RA dilatation
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Fig. 9.4 (aand b) Short axis images at the midventricular level demonstrating mild (a), and more
marked (b) systolic septal flattening in patients with mild, and more advanced pulmonary vascular
disease. The presence of systolic septal flattening is present in PH associated with a high PVR,
however, is typically absent in PH in the setting of a normal PVR (i.e., PVH). Also note the pres-
ence of a small to moderate size pericardial effusion (panel b), which is indicative of a high right
atrial pressure, poor RV function and worse prognosis in PAH

might be seen as simply a marker of progressive RV failure and worsening TR,
more recent work suggests that RA systolic function may account for upwards of
50 % of total longitudinal RV shortening in patients with PAH [33-35]. Therefore,
the RA may play a larger role in maintaining total right heart function than previ-
ously appreciated.

Doppler Examination

Pulmonary arterial load (the afterload of the RV) and pulmonary artery pressure
should not be viewed as synonymous. Afterload is the force that opposes flow,
whereas pressure results from the interaction between flow and afterload. Since
pressure does not oppose flow, it cannot be considered afterload. This fundamental
physiologic distinction is supported by the fact that PA pressure correlates poorly
with RV function and prognosis in patients with PAH [35]. Moreover, there are
conditions where pressure is low and afterload is high (i.e., acute PE) and where
pressure is high and afterload is low (i.e., systemic to pulmonary shunt with PH
from high pulmonary blood flow). RV afterload is better represented by pulmonary
vascular resistance rather than pressure. Thus, practically speaking when a clinician
notes PH+RV dysfunction a high PVR should be suspected, whereas when PH is
present without RV dysfunction, low PVR PH conditions are far more likely, such
as left-sided diastolic HF.

Despite its shortcomings as a measure of RV afterload, PA pressure remains an
important component in the evaluation of established or suspected pulmonary
hypertension since some elevation is nearly always present in varying degrees in
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patients with PVD. A pulmonary artery systolic pressure (PASP) of 40 mmHg has
been traditionally accepted as the upper limit of normal in most subjects, although
the upper limit of PASP may be slightly higher in advancing age. The echocardio-
graphic discovery of an elevated PA pressure is usually, although not ideally, what
triggers further workup for PH, and therefore, it is important to review the echocar-
diographic assessment of PA pressure [36-38].-

The PASP is most commonly estimated through continuous wave Doppler inter-
rogation of the tricuspid regurgitant jet velocity, which provides an estimate of the
pressure gradient between the RV and the RA [39]. This gradient, when added to RA
pressure, should equal the systolic RV pressure, which in turn should equal PASP in
the absence of pulmonic valve stenosis. In the latter case, the PASP can still be esti-
mated by subtracting the gradient across the pulmonic valve from peak RV systolic
pressure. This approach utilizes the modified Bernoulli equation: PASP~4v?+
estimated RA. The v represents the velocity of the tricuspid regurgitant jet. The use
of a high quality TR jet signal with a clearly defined peak velocity ensures the high-
est chance of an accurate and reproducible PASP estimate (Fig. 9.5).

The most common method of RA pressure assessment utilizes inferior vena cava
(IVC) size and collapsibility with inspiration [40, 41]. Unfortunately, this method
has not proved very reliable, likely because the size of the IVC is governed not only
by the RA pressure, but also by the compliance of the IVC and the degree to which
the negative pleural pressure is transmitted to it [42—44]. Another way of estimating
RA pressure was recently described. Using the ratio of tricuspid inflow E velocity

TR Vmax 3.59 mis|
| TR maxPG 51.49 mqu

Fig. 9.5 Apical four chamber view with continuous wave Doppler interrogation across the tricus-
pid valve. The peak velocity is 3.6 m/s, thus estimating a pressure gradient between the right ven-
tricle and right atrium of 51 mmHg. This added to an RA pressure estimate will estimate PA
systolic pressure. The high quality Doppler signal with a clearly defined peak lends to more repro-
ducible and reliable pressure estimation
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to tricuspid annular tissue Doppler E, wave velocity (E/E,) yielded values that
correlated well (r=0.8) with invasively measured pressures [45]. However, given
the significant variation in these techniques, we prefer to use the clinically estimated
RA pressure, when possible.

Data on the accuracy of Doppler echo assessment of PA pressure have been dis-
appointing [42, 46]. This is largely due to the fact that in many patients the ideal
conditions of a high quality TR jet signal, proper Doppler alignment, and accurate
RA pressure estimation do not exist. Fisher et al. examined the correlation between
Doppler estimated and invasively measured PA systolic pressure in a cohort of 65
patients with more severe pulmonary hypertension (62 % with pulmonary arterial
hypertension) [42]. Using Bland-Altman analysis, 48 % of the patients had an esti-
mated PA systolic pressure that was 10 mmHg or more different from invasively
obtained measurements. Pressure overestimations were due to either overestimation
of the peak velocity signal, or an overestimation of the RA pressure by IVC size and
collapsibility assessment (Fig. 9.6). Underestimations were also common, and
more pronounced (=30 mmHg) than overestimations (+19). Suboptimal TR jet
signal quality was the most common reason for PASP underestimation (Fig. 9.6).
Nonetheless, in the study by Fisher et al., the absence of TR did not necessarily
equate to the absence of pulmonary hypertension, as four of the six subjects with no
TR had severe pulmonary hypertension by catheterization. In addition, 12 of the 16
patients in whom PA pressure was underestimated by Doppler had evidence of RV
enlargement and/or dysfunction on their Doppler echo exam. Thus, if the PASP
estimate is <40 mmHg in the presence of significant RV dilation, dysfunction or

Fig. 9.6 (a) Example of pulmonary artery systolic pressure underestimation by continuous wave
Doppler method. Note the Doppler signal dropout and a poorly defined peak TR velocity. The peak
velocity is estimated at 2.62 m/s, estimating an RV to RA gradient of about 28 mmHg and PA
systolic pressure of 40 mmHg. A right heart catheterization within 24 h of the echo examination
revealed a pulmonary artery systolic pressure of 75 mmHg. (b) Example of pulmonary artery sys-
tolic pressure overestimation by the continuous-wave Doppler method. The reported peak velocity
is 3.4 m/s, estimating a gradient between the RV and the RA of 46 mmHg. However, the true peak
velocity is 2.3 m/s (denoted by horizontal line), estimating a RV-RA gradient of only 21 mmHg.
This figure highlights the importance of measuring the peak velocity carefully, as the peak velocity
is squared, thus amplifying the error
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Fig. 9.7 Pulsed wave Doppler signals from the RV outflow tract. Panel (a) demonstrates a non-
notched flow velocity envelope. Panel (b) is more triangular with a late-systolic notching pattern.
Panel (c¢) has a pronounced mid-systolic notching pattern. The difference in the shape of the
Doppler patterns is largely determined by differences in pulmonary vascular resistance, not PA
pressure. Also shown are times to peak velocity or acceleration times (AcT) from the same pulse
wave Doppler interrogation of the right ventricular outflow tract. Panel (a) an AcT=123 ms, con-
sistent with normal mean pulmonary artery pressure and resistance. Panel (b) illustrates an
AcT=78 ms, in a patient with a pulmonary vascular resistance (PVR) of 6 WU. Panel ¢ demon-
strates marked mid systolic notch and shorter AcT, in this case associated with a PVR of 11 WU

septal flattening, the clinician should remain highly suspicious for the presence of
significant PH and the patient should be referred for right heart catheterization.

An alternative or complementary method of pulmonary artery pressure assess-
ment utilizes the acceleration time (AcT) (Fig. 9.7) of the pulsed wave Doppler flow
velocity envelope in the right ventricular outflow tract (RVOT Doppler) [mean
PAP=79-0.45 (RVOT AcT)] [47]. This measure is simple, reproducible, and
inversely correlates with mean PA pressure (mPAP). Moreover, AcT may be a better
marker of pulmonary artery impedance/right ventricular afterload than pressure;
thus, in two patients with equal mPAPs, the patient with a high AcT (i.e., >100 ms)
will have a relatively normal PVR, whereas a patient with an AcT less than 100 ms
is more likely to have an increased PVR and right ventricular afterload.

In addition to systolic and mean PA pressures, the diastolic PA pressure (PADP)
can be derived from the end-diastolic point of the pulmonary regurgitation signal,
again added to an estimate of right atrial pressure [48]. Alternatively, PADP can be
estimated from the velocity obtained from the TR jet at the time of pulmonic valve
opening [49, 50]. In either case, the accuracy of the method is contingent on the
presence of PR or TR and the quality of the respective Doppler envelopes.

The most important thing to remember about Doppler derived PA pressure
assessment is that it should be taken in the context of the clinical condition and,
importantly, in the context of other echocardiographic features such as RV size, RV
apex morphology, RV systolic function and septal position. Using this more inte-
grated approach provides a far more comprehensive PH assessment and greatly off-
sets the potential for PH misdiagnosis by PASP Doppler estimation alone.

As discussed earlier, an elevated PVR is the hallmark of PHpyp. Doppler echo-
cardiography can also be used to estimate PVR. Abbas et al. showed that the ratio
of trans-tricuspid flow velocity (surrogate of pressure) to the velocity-time interval
obtained from the RV outflow tract (RVOT VTI) (surrogate of flow) closely correlates
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to PVR [51]. This approach estimates PVR well when PVR is low (<2 WU), but
does not correlate well in the setting of elevated PVR (>8 WU) [52]. Additionally,
as this ratio correlates with total pulmonary resistance (mPAP/cardiac output) rather
than PVR alone, this measure could lead one to believe that an elevated ratio is
related to elevated PVR (i.e., PVD), when the total pulmonary resistance is actually
elevated secondary to left atrial hypertension. Another formula, proposed recently,
derives PVR from the ratio of PASP to RVOT VTI, with a corrective constant (+3)
in the setting of mid-systolic notching of the RVOT Doppler signal (vide infra). This
method (PVR=[(PASP/RVOT VTI)+3]) demonstrated an area under the curve
(AUC) of 0.95 and 0.92 for PVR more than 3 and 5 WU, respectively, and was 98 %
sensitive and 61 % specific for predicting PVR more than 3 WU [53].

A simpler approach to estimating PVR relies on the visual inspection of the
pulsed wave Doppler profile in the RVOT (RVOT Doppler). In the setting of normal
RV afterload (normal PVR), the RVOT Doppler signal is rounded and parabolic in
shape, with no evidence of systolic deceleration or “notching” of the Doppler pro-
file (Fig. 9.7a). In the setting of an increased PVR and decreased pulmonary artery
compliance, the RVOT Doppler signal will demonstrate evidence of “notching,”
that can occur in late systole (Fig. 9.7b) or mid-systole (Fig. 9.7c). RVOT Doppler
notching arises from alteration of the flow pattern exiting the RV due to early arrival
of reflected pressures waves from a constricted and noncompliant pulmonary circu-
lation [54-56]. Mid-systolic notching is 96 % specific for a PVR>5 WU, a mean
PVR of 9 WU, and is associated with a greater degree of right heart dysfunction
than the late notch pattern, which is typically associated with a PVR of 3-6 WU and
less severe right heart dysfunction [57]. In this study, a notched RVOT Doppler
profile was strongly associated with a PVR>3 WU (odds ratio 29:1), and was pres-
ent in 100 % of patients with incident PAH. On the other hand, subjects with PH in
the absence of Doppler notching are far more likely to have pulmonary venous
congestion and left heart disease as the source of their PH (odds ratio 33:1). Visual
inspection of the RVOT Doppler profile for the presence of absence of “notching”
is a very simple, powerful, and practical way to detect PHpyp and should be incor-
porated into the routine echo-Doppler examination of every patient with known or
suspected PH.

Role of Echo-Doppler Beyond Initial Screening for PH

Pulmonary Arterial Hypertension (PAH)

As discussed previously, pulmonary vascular disease alters the normal structure of
the right heart and Doppler flow profile in a consistent and reproducible manner,
such that the presence of certain findings provides powerful diagnostic information
irrespective of the Doppler PASP estimate. The echocardiographic features of idio-
pathic pulmonary arterial hypertension (IPAH) were described in the early 1970s by
Goodman et al. [58]. They showed that the vast majority of patients with PAH had
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evidence of RV dilatation and systolic septal flattening. In a subsequent series, RV
dilatation (98 %) and systolic septal flattening (90 %), were common, with a high
prevalence of RV systolic dysfunction (76 %). In this same study, the investigators
demonstrated a relatively low correlation between PAP estimated by Doppler and
measured invasively (r=0.31) [59]. They also showed that the RVOT AcT was
abnormal in the majority of the patients (AcT <100 ms), which parallels the obser-
vation that the RVOT Doppler profile is consistently and reproducibly altered in
PHpyp (Doppler notching pattern), as shown by Arkles et al. [S7] Bossone et al. also
showed that moderate to severe TR was common as was the reversal of E/A ratio
on mitral inflow Doppler. In fact, 70 % of the PAH patients demonstrated E to A
reversal (grade 1 diastolic dysfunction) while none of the subjects had an elevated
LA pressure on invasive measurement. As discussed above, transmitral Doppler E
to A reversal in the setting of echo-Doppler features of PAH is a very strong indica-
tor for the presence of normal LA pressure.

A notched RVOT Doppler profile has been observed in 100 % of patients with
incident PAH. In contrast, the absence of RVOT notching in a patient with pulmo-
nary hypertension strongly correlated with a PVR <3 WU and a wedge pressure of
>15 mmHg [57].

From a prognostic standpoint, it seems that either indirect or direct measure of
impaired right heart performance can be associated with adverse outcome in
PAH. The presence of a pericardial effusion is seen in about 15 % of patients with
PAH and is associated with an adverse prognosis, likely related to chronically ele-
vated right atrial pressure. Impaired LV diastolic filling (related to the degree of
septal flattening and LV compression) and a high RA area index are also associated
with worse outcome [35].

Similarly, an RV MPI >0.83 is associated with a lower event free survival at 5
years as opposed to those with RV MPI<0.83 [20]. Others have demonstrated that
in patients with PAH a TAPSE of <1.8 cm corresponded to higher catheter derived
right atrial pressure, lower stroke volume index, greater RV dilatation and septal
bowing, and a higher incidence of pericardial effusion. Two-year survival esti-
mate for those patients was 50 % as opposed to 80 % for those with a
TAPSE > 1.8 cm [10].

Chronic Thromboembolic Pulmonary Hypertension (CTEPH)

In about 4 % of patients with prior pulmonary embolism (PE), incomplete clot
resolution leads to residual obstruction in the pulmonary circulation, resulting in
CTEPH. Unlike PAH, which is largely a disease of the small pulmonary vessels,
the circulatory impedance in CTEPH arises from obstruction and remodeling of
both large and small arteries [60, 61]. The small vessel disease component of
CTEPH leads to similar 2D echocardiographic findings as PAH, with the triad of
RV dilatation, RV systolic dysfunction and septal flattening being highly prevalent.
Thus, any patient with these 2D echocardiographic findings should undergo venti-
lation perfusion scanning to exclude CTEPH. The presence of proximal, large
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vessel obstruction in CTEPH leads to relatively greater pulsatility in the pulmonary
circulation, which can be appreciated by echo-Doppler examination or right heart
catheterization in the form of a high PA pulse pressure relative to mean PA pressure
(referred to as the fractional pulse pressure (FPP); PA pulse pressure/mean PA pres-
sure). A FPP>1.4 is very suggestive of CTEPH as opposed to PAH in which the
FPP is usually around 0.8 [62, 63]. Doppler estimated FPP of 1.35 differentiates
CTEPH from IPAH with a sensitivity of 95 % and a specificity of 100 % in one
series [64].

In addition, it has long been observed that a notched RVOT Doppler profile is
present in the setting of acute and chronic PE, owed to early arrival of reflected pres-
sure and flow waves arising from proximal PA obstruction. Hence, RVOT Doppler
notching is also seen in acute and chronic PE. Moreover, early or mid-systolic
notching of the RVOT Doppler profile predicts the greatest benefit from pulmonary
thromboendarterectomy (PTE) in CTEPH patients [55].

Acute Pulmonary Embolism

Pulmonary embolism (PE) is a very common cause of morbidity and mortality in
the USA. Fortunately, most PE’s are small and have little to no hemodynamic con-
sequence, and are thus not appreciated by echocardiography [65]. However, in the
setting of larger and more centrally located PE, the RV is exposed to a sudden and
dramatic rise in afterload to which it is not well designed to overcome [66, 67]. This
leads to a rapid uncoupling of the RV-PA circuit, abrupt RV dilatation, RV dysfunc-
tion and varying degrees of pulmonary hypertension [68, 69]. Due to the sudden rise
in afterload and relative inability to generate normal or large stroke volumes, the
degree of PH is typically less severe in acute PE with the PASP usually <60 mmHg
(mean <40 mmHg) [65]. As a result, the degree of RV dilatation and dysfunction is
more informative to clot burden in the PA circuit than the degree of PH [69].
Moreover, in the setting of acute PE, a McConnell’s sign is frequently observed,
referring to the relative sparing of transverse shortening of the distal one-third of
the RV near the apex, while the remainder of the RV is hypokinetic (Fig. 9.8). This
phenomenon likely results from tethering of the RV apex by a normal or hyper-
contractile LV through forces transmitted across the IVS and shared fibers between
the LV and RV [70].

Longitudinal RV function is impaired in acute PE, and thus, a depressed TAPSE
or RV TDI S’ is frequently observed [71]. Another signature finding of acute PE is
the “60/60” sign, referring to an RVOT Doppler AcT <60 ms combined with a PASP
of <60 mmHg [72].

Occasionally in acute PE, embolus in transit can be appreciated on TTE, with
mobile clot visualized in the RA, RV, or even in the RA partially traversing a patent
foramen ovale. Embolus in transit represents a relative medical emergency that is
associated with a high in hospital mortality and necessitates immediate consider-
ation of aggressive therapies such as thrombolysis or embolectomy (catheter based
or surgical) [73, 74].
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Fig. 9.8 McConnell’s sign in a patient with a large pulmonary embolus. Note the systolic “buck-
ling” of the distal one-third of the RV near the RV apex (panel b wide arrow). This finding is typi-
cally observed when RV afterload rises suddenly, rendering the RV dysfunctional and allowing
tethering of the RV near the apex due to normal or hypderdynamic LV function

Systemic to Pulmonary Shunt Conditions

Systemic to pulmonary shunts (SPS) can be caused by a myriad of conditions both
congenital (atrial or ventricular septal defects, etc.) and acquired (e.g., hemodialysis
AV fistula). The extent of hemodynamic perturbation in SPS may depend on the
size, location, and chronicity of the shunt. However, there are some common rules
that we can discuss here. In general, a SPS leads to an increase in pulmonary blood
flow and volume loading of the right heart. The volume overload of a SPS is typi-
cally well tolerated and manifests typically as a dilated RV with normal or hyperdy-
namic RV function. In fact, a dilated and hypercontractile RV serves as an important
clue to the presence of a SPS, and also informs the clinician to the notion that the
SPS has not yet been complicated by pulmonary vascular remodeling and a rising
PVR. In contrast, in the event that an SPS leads to pulmonary vascular injury and a
high PVR, the echo-Doppler findings may be indistinguishable from PAH.

In patients with a large, chronic SPS, severe pulmonary vascular remodeling can
develop, leading to Eisenmenger syndrome (ES), where marked increases in the
PVR lead to partial or complete reversal of the direction of the shunt and cyanosis.
In this setting, the slow, gradual increase in afterload characteristically results in
marked hypertrophy of the RV free wall. As such, the RV of ES is typically normal
in cavity size with extreme RVH, heavy RV trabeculation and a prominent modera-
tor band. The RV in ES is capable of maintaining relatively preserved RV function
despite massively elevated PVR, which is an important reason why these subjects
survive longer than their PAH counterparts despite a greater degree of PH. RV dila-
tation and systolic dysfunction in ES usually only occurs at the a very late stage of
the disease [7].
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Pulmonary Venous Hypertension

Pulmonary venous hypertension (PVH) is by far the most common cause of pulmonary
hypertension, and can result from left sided cardiac congestion from varying
combinations of LV systolic dysfunction, valvular dysfunction, or diastolic left
heart dysfunction [75, 76].

It should be emphasized that a normal LV ejection fraction should not be taken
to indicate the presence of a normal left atrial pressure. Simple 2D and Doppler
findings provide critical insight into the presence of left heart dysfunction and left
heart congestion and allows for rapid differentiation between PVH and PH related
to pulmonary vascular disease [77, 78].

One of the most important clues to the presence of PVH is the presence of LA
enlargement (LAE). Another important clue to the presence of PVH is the presence
of LV hypertrophy (LVH). The combined presence of LAE and LVH provides the
most important clue to a diagnosis of left sided heart failure in the presence of a
normal LV ejection fraction [79].

The transmitral Doppler examination provides key evidence to the presence or
absence of an elevated left atrial pressure [80]. Normal LV filling occurs in two
phases; passive early filling represented by the E wave and late, active filling due to
atrial contraction represented by the A wave. The A wave is absent in atrial fibrilla-
tion. Normally, the majority of diastolic filling occurs early and therefore the normal
E/Aratio is >1.0 with an E wave deceleration time of 160-240 ms. Mild impairment
of diastolic dysfunction (Grade I diastolic dysfunction) leads to a redistribution of
the diastolic flow to the later part of diastole and hence a larger reliance on atrial
contraction to empty the LA. In this case, the E/A ratio is E/A<1.0. As discussed
above, in the setting of a dilated and dysfunctional RV, Grade I diastolic dysfunction
favors a normal LA pressure and thus a diagnosis of PAH. Grade II and III diastolic
filling patterns indicate moderate and severe elevations of left atrial pressure,
respectively. Moderate or greater degrees of aortic or mitral valve disease provide
compelling evidence of PVH and serve as relatively simple ways to differentiate
pure PVH from PAH. In addition, the relative absence of RV dilation, dysfunction
and septal flattening in the setting of PH provide key insight to the presence of PVH.

Approach to Differentiating PHpy, from PVH

While right heart catheterization is still considered the gold standard for differenti-
ating PVH from PHpyp, a simple echocardiographic scoring system allows rapid
reliable differentiation of these two conditions.

Opotowsky et al. employed a scoring system using LA size, Doppler estimated
LA pressure, and the RVOT Doppler profile. Using this approach, the echo score
was able to differentiate PHpyp from PVH with an AUC of 0.92 and differentiate
Group I and IT PH with an AUC of 0.97. No patient with an echo score <0 had PHpyp
(Fig. 9.9) [81].
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Parameter Parameter Score
LA4.Scm LA3.1cm 1
E/fe’ 18.6 Efe' 5.8 0
No MSN
+ MSN
AccT > 80 ms +1
AccT 63 ms
Total score= -2 Total score= +2

Fig. 9.9 Representative 2D and Doppler echocardiographic images , showing how echo score is
derived from the routine images of left atrial size, ratio of transmitral E wave maximal velocity/
tissue Doppler early diastolic velocity (E/e’), and the shape of the pulsed wave Doppler tracing
from the right ventricular outflow tract. Column a contains (top to bottom) 2D and Doppler images
from a patient with left atrial enlargement, an increased E/e’, no evidence of “notching” of the
pulsed wave Doppler profile in the RV outflow tract and a normal Doppler acceleration time (cor-
responding echo score=-2). Invasive hemodynamics: mean pulmonary artery pressure of
40 mmHg, pulmonary arterial wedge pressure 29 mmHg, and pulmonary vascular resistance of
2.0 mmHg/l/min. Column b contains (top to bottom) 2D and Doppler images from a patient with
normal left atrial size, a normal E/e’, mid-systolic notching of the pulsed wave Doppler profile in
the RV outflow tract and a shortened Doppler acceleration time (corresponding echo score =+2).
Invasive hemodynamics: mean pulmonary artery pressure of 45 mmHg, pulmonary arterial wedge
pressure 10 mmHg, and pulmonary vascular resistance of 8.8 mmHg/l/min. From [81]. Reprinted
with permission from Wolters Kluwer Health

Assessment of Response to Therapy in PHpy,,

PAH

Galie et al. showed that many of the echocardiographic signature abnormalities in
patients with IPAH and PAH associated with CTD improved with bosentan therapy
[82]. Namely, improved RV MPI, reduced RV end systolic area, RV:LV diastolic
area ratio, and pericardial effusion. Importantly, peak TR velocity did not change
significantly, casting further doubt on the value of following this parameter in
patients being treated for PAH. Brown et al. demonstrated that TAPSE increases in
response to PH specific therapy in PAH; thus, serial TAPSE assessment may be an
important and simple method for assessing the RV functional response to therapy in
PAH. In this study, the rise in TAPSE positively correlated with a rise in cardiac
stroke volume in response to PH therapy [83].



9 Echocardiography 219

CTEPH

In patients who undergo successful PTE there is a demonstrable improvement in RV
size, systolic function and septal flattening. LV diastolic filling also improves [84, 85].

Exercise Echocardiography

Assessment of PAP in response to exercise is an attractive approach to evaluating
known or suspected pulmonary hypertension, based on three basic concepts: first,
that a rise in PA pressure in response to exercise is always abnormal. Second, that a
rise in PA pressure with exercise equates to the cause of a patient’s dyspnea, and
lastly, that the PASP can be accurately measured with exercise. Unfortunately, the
literature on exercise physiology does not support the notion that PA pressure eleva-
tion with exercise is necessarily an abnormal response. Several studies, including
both invasive and noninvasive assessment of PA pressure with exercise, have demon-
strated that especially at higher exercise workloads, healthy subjects can have signifi-
cant increases in PA pressure with exercise [86—88]. In these subjects, the rise in PA
pressure was physiologic, with normal preservation of the pulmonary artery pres-
sure—flow relationship. There is no consensus on what the normal PASP response is
to exercise in a healthy aging population nor is there an adjustment for the rise in
systemic BP with exercise. Furthermore, a rise in the PASP with exercise does not
account for the degree to which left heart congestion is contributing to exercise
related PH [89]. As aresult, a rise in PASP with exercise may simply indicate exercise
induced left heart congestion. Lastly, in our experience, Doppler pressure estimates
are often inaccurate in the setting of exercise. Taken together, recent guidelines on
the diagnosis and management of pulmonary hypertension state that no treatment
decisions should be made on the bases of exercise echocardiography [37].

In our view, a more reliable and robust approach to exercise echocardiography
should focus on evaluating the RV functional response to exercise. The finding of a
small, hypercontractile RV at peak exercise has much different implications than an
RV that becomes increasingly dilated and dysfunction with exercise.

Future Directions

Proper use of the echocardiographic-Doppler examination of patients with known
or suspected pulmonary hypertension extends well beyond Doppler assessment of
pulmonary arterial systolic pressure. The examination should incorporate mea-
sures of RV size, septal position, systolic function and Doppler physiology reflec-
tive of pulmonary vascular function in order to provide accurate and relevant
information to the clinician. This more integrated echo-Doppler assessment is far
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more powerful in its approach and provides key differentiating features to the
pathophysiology of PH on baseline assessment. Moreover, serial assessment of
the right heart is essential to monitoring the response to therapy in PH related to
pulmonary vascular disease.
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Chapter 10
Pulmonary Hemodynamics and Right
Heart Catheterization

Saurabh Rajpal, Yonatan Buber, and Michael J. Landzberg

Abstract Hemodynamic assessment of the patient with pulmonary hypertension
begins with a careful physical exam and is followed by several noninvasive tests and
ultimately right heart catheterization. Proper interpretation of the considerable data
that is generated by this process requires a firm working knowledge of the pulmo-
nary circulation and right ventricle along with major factors that can affect pulmo-
nary vascular tone and cardiac output. This chapter reviews normal cardiopulmonary
physiology and provides an in depth approach to assessing pulmonary hemodynam-
ics in patients with pulmonary vascular disease. A detailed discussion of the physi-
cal exam and techniques used for transthoracic echocardiogram and right heart
catheterization are provided along with a guide to interpreting their results. The
skills and diagnostic approaches presented are necessary for the proper diagnosis of
pulmonary vascular disease and should be used to distinguish patients with pulmo-
nary arterial hypertension from patients with pulmonary hypertension associated
with left heart failure or chronic thromboembolic pulmonary hypertension.
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Abbreviations

AT Acceleration time

CCB Calcium channel blocker

CP Constrictive pericarditis

CTEPH Chronic thromboembolic pulmonary hypertension
CVP Central venous pressure

dPAP Diastolic pulmonary artery pressure
DPG Diastolic pressure gradient

FAC Fractional area change

ICU Intensive care unit

) Internal jugular

IvC Inferior vena cava

JVP Jugular venous pulse

LAP Left atrial pressure

LV Left ventricle

mLAP  Mean left atrial pressure
MPA Main pulmonary artery
mPAP Mean pulmonary artery pressure

NO Nitric oxide

PAH Pulmonary arterial hypertension
PAOP Pulmonary artery occlusion pressure
PAP Pulmonary artery pressure

PBF Pulmonary blood flow

PCWP  Pulmonary capillary wedge pressure
PH Pulmonary hypertension

PVR Pulmonary vascular resistance

RAP Right atrial pressure

RCM Restrictive cardiomyopathy

RHC Right heart catheterization

RV Right ventricle

RVH Right ventricle hypertrophy
RVOT  Right ventricle outflow tract
RVSP Right ventricular systolic pressure

sPAP Systolic pulmonary artery pressure
TAPSE  Tricuspid annulus plane systolic excursion
TPG Transpulmonary gradient

TRV Tricuspid regurgitation velocity

TTE Transthoracic echocardiography
VTI Velocity time integral
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Definition of Pulmonary Hypertension Based
on Hemodynamics

The conventional definition of pulmonary hypertension (PH) used in clinical studies
includes a mean pulmonary artery pressure (mPAP) of greater than 25 mmHg at rest
in the setting of a normal pulmonary arterial wedge pressure of 15 mmHg or less
with a pulmonary vascular resistance (PVR) greater than 3 Wood units [1, 2].
Cardiac catheterization and hemodynamic assessment are essential for the diagno-
sis of PH. Of note, the current US and European PH care guidelines do not support
the use of pulmonary artery hypertension (PAH) specific medications without a
hemodynamic evaluation by right heart catheterization [2, 3]. Table 10.1 lists the
hemodynamic definition of pulmonary hypertension [3].

The Pulmonary Vasculature

The lung has a dual blood supply from the bronchial and pulmonary circulations.
While bronchial blood flow is a small part (2 %) of the left ventricular output; the
pulmonary circulation carries the entire output of the right ventricle (RV) which
in the absence of significant intravascular shunting equals left ventricular output
and supplies the lung with the mixed venous blood draining all the tissues of the
body [4]. It is the blood in the pulmonary circulation that participates in the gas
exchange process.

Table 10.1 Hemodynamic definitions of pulmonary hypertension [3]

Definition Characteristics Clinical group(s)

Pulmonary Mean PAP >25 mmHg All

hypertension (PH)

Pre-capillary PH Mean PAP >25 mmHg 1. Pulmonary arterial hypertension
PWP <15 mmHg 3. PH due to lung diseases
CO normal or reduced 4. Chronic thromboembolic PH

5. PH with unclear and/or
multifactorial mechanisms

Post-capillary PH Mean PAP >25 mmHg 2. PH due to left heart disease
PCWP >15 mmHg
CO normal or reduced

Passive TPG <12 mmHg
Reactive (out of TPG >12 mmHg
proportion)

CO cardiac output, PAP pulmonary artery pressure, PCWP pulmonary capillary wedge pressure,
PH pulmonary hypertension, TPG transpulmonary gradient
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Despite typically similar blood flow, the pulmonary and systemic circulation
have major differences. The pulmonary artery and its branches have thinner walls
(comprised of less smooth muscle and elastin), and greater internal diameters
when compared to the systemic arteries; as well, there are no smaller denominators
of pulmonary artery that correspond to the highly muscular systemic arterioles [5].
As the result of these factors the pulmonary arteries have lower resistance and are
both more distensible and compressible when compared to systemic arteries
(Fig. 10.1). The location of pulmonary vessels in the thorax subjects them to alveo-
lar and intrapleural and intrathoracic pressure changes that occur with respiration
[4, 5]. These characteristics combine to underscore the importance of considering
transmural pressure gradient (during both spontaneous as well as mechanical venti-
lation) as a determinant of PVR. It is important to know during which respiratory
phase pulmonary vascular pressures are measured and a standard should be fol-
lowed when reporting such.

Conducting airways

Alveoli
Pulmonary
Pulmonary 12 s 8
capillaries
artery p Pulm_onary
(mean = 15) veins
25/8
Ventricle Atrium
25/0 5
Right Left
Atrium Ventricle
2 120/0
120/80
Veins Aorta
. (mean = 100)
Systemic
15 capillaries 30
Tissues

Fig. 10.1 Normal cardiac chamber pressures
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Pulmonary Vascular Resistance (PVR)

PVR cannot be measured directly, but must be calculated. According to Hagen—
Poiseuille’s law that assumes laminar flow, non-compressible fluid and no flow
acceleration, the pressure difference across a non-distensible tube is equal to flow
multiplied by resistance represented by the equation P1-P2=0 xR, where P1 is
pressure at beginning of the tube, P2 is pressure at the end of the tube, Q is flow and
Risresistance. Extrapolating this to pulmonary circulation, PVR =(mPAP—-mLAP)/
PBF, where PVR is pulmonary vascular resistance, mPAP is mean pulmonary artery
pressure, mLAP is mean left atrial pressure and PBF is pulmonary blood flow
which in the absence of significant intravascular shunting is equal to systemic car-
diac output [4, 6].

As intravascular pressures, resistance, impedance, and afterload are lower in the
pulmonary circulation as contrasted to the systemic arterial circulation, the left ven-
tricle has greater metabolic demand and is thicker than the right ventricle. Under
normal physiologic conditions, pulmonary arterial pressure (PAP) need not be as
high as the systemic arterial pressure to overcome the effects of gravity, nor to dis-
tribute blood flow among several vascular beds. While in systemic circulation the
majority of vascular resistance lies in the systemic arterioles, in the pulmonary cir-
culation vascular resistance is evenly distributed among the pulmonary arteries,
capillaries and veins. As the pulmonary circulation holds the same amount of blood
with lower pressures, under normal circumstances PVR is one sixth to one ninth of
the systemic vascular resistance. In addition to intrinsic vascular factors that regu-
late pulmonary vascular smooth muscle tone (Table 10.2), extravascular or mechan-
ical factors (Table 10.3) are important in the regulation of PVR.

Gravitational Distribution of Pulmonary Blood Flow

Traditionally, gravity is considered to be an important factor affecting distribution
of pulmonary blood flow (Fig. 10.2). In this classical model the lung is considered
to have three zones: zone 1 has higher alveolar pressure than PAP and hence no
blood flow occurs, in zone 3, PA and pulmonary vein pressure (PVP) are both
greater than the alveolar pressure and hence blood flow occurs based on the pressure
gradient between the PA and the PV, and in zone 2 PA pressure is higher than alveo-
lar pressure and the driving force for pulmonary blood flow is the pressure differ-
ence between alveoli and pulmonary artery [7].

Although gravity has a measurable effect on pulmonary blood flow, recent
studies have shown that gravity may not be the most important factor affecting dis-
tribution blood flow in lung as compared to anatomy and anatomic structure of the
pulmonary arterial tree [8, 9]. While measuring PAP and PVR during catheteriza-
tion this concept of zones of lungs is important to keep in mind especially if pres-
sures are being measured in an upright patient.
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Table 10.2 Factors affecting PVR specifically pulmonary vascular smooth muscle (modified
from Levitzky MG. Chapter 4. Blood flow to the lung. In: Levitzky MG. eds. Pulmonary
Physiology, 8e. New York, NY: McGraw-Hill; 2013)

Increase Decrease

Stimulation of sympathetic innervation (may have greater Stimulation of parasympathetic

effect by decreasing large vessel distensibility) innervation (if vascular tone is
already elevated)

Norepinephrine, epinephrine Acetylcholine

Alpha adrenergic agonists B-adrenergic agonists

PGF2A PGELl

PGE2 PGI2

Thromboxane Nitric oxide

Endothelin Bradykinin

Angiotensin

Histamine

Alveolar hypoxia

Alveolar hypercapnea
Low pH

Table 10.3 Factors affecting PVR—passive or mechanical factors (modified from Levitzky
MG. Chapter 4. Blood flow to the lung. In: Levitzky MG. eds. Pulmonary physiology, 8e.
New York, NY: McGraw-Hill; 2013)

Factor Effect on PVR Mechanism
Lung volume increase above Increases Lengthening and compression
functional residual capacity (FRC) of alveolar vessels
Lung volume decrease above FRC | Increases Compression of and less traction
on extra-alveolar vessels
Increased pulmonary artery Decreases Recruitment and distention
pressure; increased left atrial Long term effect of these factors
pressure; increased pulmonary could be elevation in PVR due
blood volume; increased cardiac to vascular remodeling
output
Gravity; body position Decreases in Hydrostatic effects lead to
gravity-dependent recruitment and distention
regions of the lungs
Increased (more positive) Increases Compression of vessels
interstitial pressure
Increased blood viscosity Increases Viscosity directly increases
resistance

Positive-pressure ventilation

Increased alveolar pressure Increases Compression and de-recruitment
of alveolar vessels

Positive intrapleural pressure Increases Compression of extra-alveolar
vessels; compression of vena
cava decreases pulmonary blood
flow and leads to derecruitment
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Fig. 10.2 Lung zones in gravitational distribution of pulmonary blood flow model

Hypoxic Pulmonary Vasoconstriction

Hypoxia has important physiologic effects on pulmonary vascular tone, typically
balancing less ventilated and more poorly oxygenated alveoli with reduced blood
flow under normal conditions. Arteriolar vasoconstriction (Fig. 10.3) in the less
oxygenated alveoli, reduces the blood flow and hence decreases contamination of
the pulmonary venous blood with poorly oxygenated blood [10].

Noninvasive Hemodynamic Assessment of Pulmonary
Hypertension

Clinical Examination

The noninvasive evaluation of a patient starts with clinical examination. Patients
who are using pulmonary vasodilator pharmacologic therapy have a distinct facial
flushing which can mask effects of systemic arterial vasoconstriction due to low
systemic cardiac output (and at times can simulate distributive physiology). Use of
sphygmomanometric response of systemic blood pressure to valsalva maneuver is
extremely useful in estimating pulmonary capillary wedge pressure (PCWP) [11].
Inflation of brachial cuff to blood pressure 15 points higher than systemic arterial
systolic blood pressure, performance of valsalva maneuver for up to 10 s and obser-
vation of phase 2 response allows for reliable and reproducible estimation of PCWP.
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Fig. 10.3 Effect of hypoxia on vascular resistance of an isolated rat lung. The lung was perfused
with blood at a constant flow. When the O, tension of the inspired air was reduced (between the
arrows), the pulmonary resistance vessels constricted, as indicated by the substantial rise in perfu-
sion pressure

Normally, Korotkoff sounds are heard during the initial phase of Valsalva then stop
and return again at the end of Valsalva (phase 2). The persistence of Korotkoff
sounds for either >4 beats but <10 s after the start of Valsalva, or for >10 s (“square
root response”’) predicts elevated PCWP. Jugular venous pulsations (JVP) are ele-
vated, at times with prominent “v” waves if significant tricuspid regurgitation is
present. An elevated JVP signifies an elevated RV end diastolic pressure and hence
RV failure and poor prognosis. Venous hypertension can also be examined by pro-
voking the abdominojugular reflux sign, which indicates a volume-overloaded state
and limited compliance of the systemic venous system. The abdominojugular reflux
sign is provoked by applying consistent pressure over the right upper abdominal
quadrant, for at least 10 s. A sustained rise of >3 cm in the venous pressure for at
least 15 s is a positive response [12]. It is also important to note how quickly the
JVP “falls” when the abdominal pressure is removed to assess the compliance of the
systemic venous system.

Clubbing may be present and is a marker of chronic hypoxemia. The RV is anteri-
orly positioned, directly behind the sternum and chest wall; a palpable “right ventricu-
lar” heave is variably present when it is enlarged. Auscultation may include a loud
pulmonary component of the second heart sound (P2), a holosystolic murmur of tri-
cuspid regurgitation, a diastolic murmur of pulmonary insufficiency and a third sound
of RV origin. Tricuspid regurgitation in the setting of markedly elevated RV systolic
pressure and an enlarged RV may produce a high-pitched murmur. Lung sounds are
usually normal; “wet” crackles suggest elevated left ventricular end diastolic pressure,
disease, while “dry” inspiratory crackles may point towards interstitial lung disease
[13]. Hepatomegaly, elevated JVP, peripheral edema, ascites, and cool extremities are
consistent with low output right heart failure, indicating more advanced disease.

Chest X-Ray

A chest X-ray cannot be used for diagnosis of PH; however, certain findings can
suggest important hemodynamics even though these findings are not sensitive or
specific. An increased diameter of the right descending pulmonary artery may sug-
gest significant elevated PAP. Increased hilar thoracic index (the horizontal
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distance between the outer borders of the right and left pulmonary arteries divided
by the maximum transverse diameter of the thoracic cage. A ratio <0.35 is consid-
ered to be normal) is also suggestive of elevated PAP [14, 15]. In a prospective
study of idiopathic pulmonary arterial hypertension (IPAH), the chest radiograph
demonstrated prominence of the main pulmonary artery in 90 % of patients, enlarged
hilar vessels in 80 %, and decreased peripheral vessels in 50 %. All three abnormalities
were seen in just over 40 % of subjects, and the presence of all three abnormalities
was associated with a higher mPAP and lower cardiac index [16]. The PCWP can be
estimated by observing the vascular pattern and the presence of interstitial or alveo-
lar edema on chest radiographs. It has been suggested that PCWP greater than 13
but less than 18 mmHg indicates the presence of vascular redistribution with relative
hypervascularity of the upper lung fields. When PCWP is 18-25 mmHg, interstitial
pulmonary edema is seen and when greater than 25 mmHg, alveolar edema and
often pleural effusion is present [17, 18]. Such changes may be absent in the pres-
ence of remodeling changes within the pulmonary vascular bed.

CT Scan

CT scan and angiography are pivotal in diagnosing pulmonary embolism and
chronic thromboembolic pulmonary hypertension (CTEPH), peripheral pulmonary
arterial stenosis, and mechanical or other etiologies of obstruction within the pul-
monary vasculature as causes of PH (as well as for ruling out significant primary
parenchymal lung disease). However, for direct hemodynamic assessment of PH,
CT has a limited role. Some CT findings that can predict hemodynamics include the
main pulmonary artery (MPA) caliber, segmental artery to bronchus ratio [19, 20,
22], and presence of pericardial effusion [21]. MPA caliber greater than 29 mm
measured 2 cm from the pulmonary valve has 84 % sensitivity, 75 % specificity, and
97 % positive predictive value for the presence of pulmonary arterial hypertension.
Also, if the MPA has a maximum transverse diameter greater than that of the proxi-
mal ascending thoracic aorta, sensitivity is 70 %, specificity 92 %, and positive
predictive value 96 % for the presence of pulmonary arterial hypertension.
Segmental artery to bronchus ratio greater than 1.25 times the caliber of the adja-
cent bronchus suggests elevation of PAP [21] and pericardial thickening or effusion
is suggestive of mPAP>35 mmHg.

MRI

The use of MRI in management of patients with PH is evolving. Phase contrast MRI
calculated pulmonary vascular index, acceleration time (defined as time from onset
of PA forward flow to maximum velocity), the ratio between acceleration time and
RV ejection time are being evaluated to calculate PAP but results have been variable
[23]. Kuehne and colleagues showed that PVR assessment using MRI-guided cath-
eterization and MRI velocity mapping provided more reproducible results than the
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traditional thermodilution method. In addition, this technique seems to provide the
ability to sample PVR more comprehensively (including both overall and branch-
specific resistance) than can be achieved using Doppler guidewires [24].

Electrocardiogram

Electrocardiogram (ECG) lacks sensitivity and specificity in diagnosing PH. In
patients with PH, sinus tachycardia may be the only abnormality present (EKG
could be completely normal). RV strain, right ventricular hypertrophy (RVH),
incomplete right bundle branch block and increased P wave amplitude are common
findings [25]. On occasion, in patients in whom PAH attenuating treatment has been
very effective, dramatic ECG changes from a pattern corresponding with RVH to a
(near)-normal pattern have been reported [26]. P wave amplitude has been shown to
predict prognosis in PAH [27].

Echocardiogram

The transthoracic echocardiogram (TTE) remains a core element of RV assessment
with applications in the initial and longitudinal diagnosis and screening of pulmo-
nary hypertension, discrimination between contributors to etiology, as well as in
assessment of RV and valvular function. The European Society of Cardiology
guidelines for the diagnosis and treatment of PH suggest the following: (1) PH is
unlikely for tricuspid regurgitation velocity (TRV) <2.8 m/s, systolic PAP
(sPAP) <36 mmHg (assuming RAP of 5 mmHg), and no additional echocardio-
graphic signs of PH; (2) PH possible for TRV <2.8 m/s and sPAP <36 mmHg, but
the presence of additional echocardiographic signs of PH or TRV of 2.9-3.4 m/s
and SPAP of 37-50 mmHg with or without additional signs of PH; and (3) PH likely
for TRV >3.4 m/s and sPAP>50 mmHg with or without additional signs of PH [3].
Combined with well-validated hemodynamic calculations, focused TTE can pro-
vide very close approximations of the pulmonary vascular and RV hemodynamics.

Systolic Pulmonary Artery Pressure (sPAP)

TTE-based estimation of SPAP most frequently relies upon determination of
Doppler-based peak TVR and use of the modified Bernoulli equation (Apressure=
4 x velocity [2]) to approximate differences between RV and right atrial (RA) pres-
sure. Further addition of TTE-guided estimation of RA pressure (RAP) allows for
calculation of RV systolic pressure (which in the absence of obstruction to RV out-
flow represents sPAP). As central venous pressure (CVP) and RAP are essentially
equivalent in the absence of anatomic obstruction, the latter is commonly evaluated
by measuring the size, flow patterns and the respiratory variation of the inferior
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vena cava (IVC). Generally, IVC diameter <2.1 cm and collapse greater than 50 %
on inspiration would correspond to a normal RAP of 0-5 mmHg. The presence of
either greater diameter or lesser collapse (but not both) correspond to RAP of
5-10 mmHg, and a diameter greater than 2.1 cm with less than 50 % collapse cor-
responds to a high RAP of 10-20 mmHg [28, 114]. These criteria are relatively poor
indicators of RAP, however, and this should be acknowledged when estimating PAP
[29]. Patients who cannot comply with taking a deep inspiration to demonstrate col-
lapsibility of the IVC can be asked to perform a “sniff” maneuver, which causes a
decrease in intrathoracic pressure.

Although widely accepted as a screening test, the precision of this echocardio-
graphic estimate of PAP is modest. In studies that have compared echocardiographi-
cally estimated values and values measured by right heart catheterization (RHC),
the mean difference ranged from 3 to 40 mmHg, and sPAP was underestimated with
the echocardiographic method by >20 mmHg in 31 % of patients studied [30]. To
minimize error in acquisition of the TR envelope by Doppler, it is recommended
that TRV be measured in multiple views and the maximal velocity jet found should
be used for the calculation. Inadequate regurgitant signals can be enhanced with the
use of contrast. It should always be remembered that sPAP evaluation with Doppler
methods, however, cannot definitively diagnose PH and has limited role in the deci-
sion to treat patients or to monitor therapy efficacy.

Mean Pulmonary Artery Pressure (mPAP)

The simplest method of calculating the mPAP may be by using sPAP as follows:
mPAP=0.61xsPAP +2mmHg [31].

As the only variable in the above equation is sPAP, this calculation carries the
same pitfalls as measurement of SPAP mentioned above.

Doppler-based measure of diastolic pulmonary valve regurgitation may be diffi-
cult to obtain, and therefore may be absent on particular studies. When present and
complete, use of the peak pulmonary valve regurgitation velocity (typically early in
diastole) in the modified Bernoulli equation allows estimation of peak pressure dif-
ference between RV and PA in early diastole. The peak pulmonic regurgitation
velocity represents the diastolic pressure gradient between the pulmonary artery and
the RV. Adding the RAP to such calculation often provides acceptable estimation of
mPAP (mPAP=4 x (peak pulmonic valve regurgitation jet velocity)*+RAP) [32].

RV-RA Mean Systolic Gradient

When TTE-based estimation of RAP is added to TR Doppler-velocity based approx-
imation of peak systolic RA—RV systolic pressure difference, a value is obtained
that has excellent correlation with mPAP measured during an invasive RHC [33].
Critical to use of this methodology is capture of complete and accurate tricuspid
regurgitation Doppler envelope.
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Diastolic Pulmonary Artery Pressure ({PAP)

Application of the modified Bernoulli equation to the end-diastolic pulmonary
regurgitation velocity allows estimation of the end-diastolic gradient between the
RV and PA, which, when added to the TTE-based estimation of RA pressure, esti-
mates diastolic PA pressure, (dPAP), with a high correlation with invasive dPAP
measurements [34]. Similar estimation can be obtained by Doppler-based assess-
ment of the earliest systolic gradient at the time of pulmonary valve opening (closely
approximating end-diastolic gradient between RV and PA) and adding TTE-based
estimation of RA pressure, yielding estimate of dPAP [35, 36].

Pulmonary Vascular Resistance

Accurate assessment of PVR provides an understanding of the mechanism of ele-
vated PAP and aids in selecting therapy for PH. As a result of its clinical impor-
tance, numerous TTE-based estimations of PVR have been developed. Noninvasively,
one can relate trans-pulmonary gradient (TPG) to pulmonary blood flow by deter-
mining the ratio between the tricuspid regurgitation velocity and the velocity time
integral of the pulmonary flow at the RV outflow tract. This equation simplifies to:

10 x tricuspid valve velocity
/velocity time integral at the RV outflow tract (RVOT)

~PVR (Wood units)

Individuals with ratios <0.2 have been demonstrated to likely have low PVR
values (<2 WU), with 70 % sensitivity and 90 % specificity, even in the presence of
increased Doppler sPAP [37].

Alternatively, relating sPAP by the heart rate-corrected velocity time integral
(VTI) at the RVOT, namely sPAP/(HR x VTIRVOT), also estimates PVR but takes
into account RAP and heart rate (cutoff value of 0.076 with >80 % sensitivity and
specificity in a population with PVR > 15 Wood units) [38, 39].

Additional analysis of the pre-ejection systolic time (the period of the cardiac
cycle between onset of tricuspid regurgitation and beginning of elevation of PAP)
related to systolic acceleration time (period of time between the beginning of ejection
and peak flow velocity), normalized for total systolic (ejection and non-ejection) time
linearly correlates with invasively measured PVR between 0 and 9 Wood units [40].

An additional technique to estimate PVR is based on the fact that mid systolic
notching of the RVOT envelope relates to pathologic wave reflection in the setting
of elevated pulmonary artery impedance and PVR of at least 3 Woods units [41].
The ratio of sSPAP Doppler to RVOT tract VTI with or without a constant value of 3
designates presence of RVOT VTI midsystolic notching. {PASP/RVOTVTI+3 if
midsystolic notching of RVOT envelope is present} provides superior agreement
with catheterization estimates of PVR across a wide range of values.
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Morphology of the Doppler Velocity Curves

The Doppler pulmonary flow velocity curve has a dome-like appearance in subjects
with normal pulmonary pressures; this is transformed to a somewhat “triangular”
shape in patients with PH. Acceleration time (AT) is decreased in the presence of
elevated sPAP and mPAP, with peak velocity appearing earlier in systole. An AT
<93 ms correlates well with invasive PAP elevation [42, 43]. At times of concomi-
tant abnormality of PA compliance, capacitance or PVR, a second slower rise in
velocity during mid-systolic flow deceleration can be observed, resulting in so-
called “midsystolic notching” [44].

The combination of assessment of presence or absence of mid systolic notching
of the RVOT envelope with estimate of Doppler acceleration time is one of the most
utilized echocardiographic techniques to determine if PVR is elevated.

Estimates of RV Function

In response to pressure overload, the RF typically dilates and develops concentric
hypertrophy. The TTE-based apical “4-chamber” view allows an expansive view of
the heart. Transition of the RV from a triangular to a more globular or rounded shape
can be demonstrated. Similarly as the RV expands in size, it may replace the LV in
forming part or all of the cardiac apex. While quantification of the size of the RV
remains a limitation of echocardiography, the ratio between the diastolic inflow
diameters and the areas of the RV and the LV (0.6-1 mild, >1 severe) appear to cor-
relate well with the degree of RV dilatation [45].

More complex methodology requires tracing of RV endocardium during systole
and diastole to calculate the fractional are change (FAC) (RVFAC=(end-diastolic
area—end-systolic area)/end-diastolic areax 100, normal being >35 %) as a corre-
late of RV systolic function [28, 46].

One of the most utilized indices of RV contractile function is perhaps one of the
simplest to obtain. The longitudinal tricuspid annulus plane systolic excursion or
TAPSE is calculated via M-mode echocardiography (though two-dimension esti-
mates are often performed) of the right ventricular annulus. Normal values are
>2.0 cm and are reduced in case of RV dysfunction [47]. Important limitations to
this method include its dependency on proper image acquisition angle and RV load
dependency, its focus on a small part of the RV myocardium, independent changes
that occur after surgical or other penetration of the pericardium, and the fact that the
tricuspid annulus motion may be very well affected by the overall heart motion [48].
TAPSE values of less than 1.8 cm correlate with worse 1 and 2 year prognosis in
patients with groups 1 and 2 PH.

While the myocardial performance Tei index (sum of isovolumetric contraction
time and isovolumetric relaxation time indexed to the total LV ejection time
[(IVCT+IVRT)/(LVET)]) has been correlated with invasive hemodynamics and
clinical outcomes, its use in care practice has been limited [49]. Additional complex
hemodynamic assessments from TTE include tissue Doppler and strain assessment.
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Current American Society of Echocardiography guidelines regarding right-heart
assessment recommend that basal RV free wall S’ <10 cm/s should be considered a
marker of RV dysfunction [28]. Mitral annular velocity should be checked to consider
the presence of elevated left-sided filling pressures. Strain imaging can suggest RV
dysfunction in the presence of decreased RV longitudinal strain and impairment of
left ventricular segmental longitudinal and circumferential strain (when greater for
the interventricular septum than for the LV free wall) [50].

The “reverse Bernheim effect” suggests RV and LV interaction such that poor
RV function in the face of marked afterload can worsen LV filling and output [51].
The ratio of the long axis to short axis diameters of the left ventricle, both in diastole
and in systole, otherwise known as the “eccentricity index” assesses LV compression,
differentiates between volume and pressure overload, and is assessed on the two-
dimensional short-axis view of the LV [52]. In addition, RV dilatation also causes
abnormal left ventricular filling which may be assessed by evaluating the Doppler
appearance of the mitral inflow. Abnormal relaxation pattern is often a surrogate to
LV cavity compression in patients with more severe forms of PH.

The presence of pericardial effusion may be due in part to poor pericardial drain-
age in the setting of RA hypertension and lower cardiac output. While presence of
effusion is a poor prognostic finding, tamponade is not a typically encountered clin-
ical sequelae due to the high pressure in the RA and RV [53].

Right to left intravascular shunting (and resultant hypoxemia unresponsive to
oxygen administration) through a patent foramen ovale can be demonstrated with
agitated saline or echocardiographic contrast injection, and may be aggravated in
the setting of elevation of RA pressure either at rest or with exercise,.

Right Heart Catheterization

Invasive hemodynamic assessment of PH is a dynamic process that often requires
continuous recordings of multiple variables and thus, the need for RHC. For the
assessment of PH, RHC typically includes vasoreactivity testing and may include
exercise and fluid challenge as well as angiography. RHC remains essential for
accurate diagnosis of most forms of PH including PAH. Standard of care practice
guidelines strongly recommend that patients suspected of having PH after noninva-
sive evaluation undergo RHC prior to initiation of therapy.

Indications

In the evaluation of patients with PH, RHC is usually indicated for the following [2, 3]

(a) In all patients with PAH to confirm the diagnosis, to evaluate severity and to
assist in selection of PAH specific therapy.
(b) For confirmation of efficacy of PAH-specific therapy.
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Table 10.4 Essential Oxygen saturations (SVC,

components of invasive IVC, RA, RV, PA’S, SA)
hemodynamic assessment [2] Right atrial pressure
Right ventricular pressure

Pulmonary artery pressure,
systolic, diastolic, mean

Pulmonary arterial wedge
pressure, left atrial pressure,
or left ventricular end-
diastolic pressure

Cardiac output/index
Pulmonary vascular resistance
Systemic blood pressure
Heart rate

Response to acute vasodilator

(c) For confirmation of hemodynamic effects of suspected clinical deterioration
and as baseline for the evaluation of the effect of treatment escalation and/or
combination therapy.

RHC may have limited benefit when an alternative diagnosis is obvious on non-
invasive testing. Similarly, RHC may have specific but limited use when elevated
PAP pressures on non-invasive testing can be explained by left heart disease, dia-
stolic dysfunction, or chronic lung disease.

Table 10.4 lists the essential components of invasive hemodynamic assessment
of PH. The addition of exercise testing, vasoreactivity testing or fluid challenge, and
angiography to RHC is discussed in appropriate sections below.

Indications for Coronary Angiography with Right Heart
Catheterization for Evaluation of Pulmonary Hypertension

It is not infrequent that assessment of coronary anatomy may carry import impli-
cations when performed as part of RHC to evaluate PH. The reasons for such
include, but are not limited to, evaluation of the coronary anatomy as part of surgi-
cal planning, presence of coronary-fistula to the right-sided chambers as a possible
source of left to right shunt, presence of atherosclerotic coronary artery disease as
a possible reason for impaired LV function or elevated filling pressure, and evalu-
ation of the anatomic relations between the coronary arteries and the pulmonary
arteries for specific procedures (e.g., percutaneous prosthetic pulmonary valve
implantation).
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Safety

RHC, although technically demanding, is a safe procedure when performed by
experienced operators [54]. Hoeper and colleagues reported on 5,727 RHC proce-
dures retrospectively and 1,491 prospectively, for a total of 7,218 procedures. The
overall number of serious adverse events was 76 (1.1 %, 95 % confidence interval
0.8-1.3 %). The most frequent complications were related to venous access (e.g.,
hematoma, pneumothorax), followed by arrhythmias and hypotensive episodes
related to vagal reactions or pulmonary vasoreactivity testing. The vast majority of
these complications were mild to moderate in intensity and resolved either sponta-
neously or after appropriate intervention. Four fatal events were recorded in asso-
ciation with any of the catheter procedures, resulting in an overall procedure-related
mortality of 0.055 % (95 % confidence interval 0.01-0.099 %). Of the four fatal
complications only two were related to the procedure itself (PA rupture and both
electromechanical dissociation and intrapulmonary hemorrhage) [55]. Adequate
patient preparation such as management of anticoagulation issues can help in reduc-
ing vascular access complications. It should be remembered that RHC as an elec-
tive, planned procedure is a very safe procedure and is very different from placement
of a pulmonary artery catheter (PAC) in patients admitted to the intensive care unit
(ICU) where the use of PAC has, in some studies, been associated with increased
mortality. Also while a PAC placed in an ICU patient may stay in situ for several
days, thus increasing vascular, infectious, and thromboembolic complications, diag-
nostic RHC is typically a short outpatient procedure lasting under an hour.

Patient Preparation

Policy regarding fasting status of patients, use of peripheral IV, and withholding of
particular medications (such as hypoglycemics, vasodilators, diuretics, or antico-
agulants) should be dependent upon individual laboratory preference, health status
of the patient, and whether sedative use is planned. A clear plan for such though,
should be constructed and documented. For example, the calculation of risk-benefit
ratio of sustaining therapeutic INR up until catheterization for an individual patient
in whom anticoagulation has been prescribed for mechanical mitral valve and atrial
fibrillation may well be different than that of another patient in whom warfarin is
prescribed for primary prevention of stroke with atrial fibrillation. Clear description
of such logic should be available to personnel within the team assisting in catheter-
ization (Table 10.5).

Sedation

While concern has been raised regarding safety and influence of sedatives used
during catheterization on medical status and physiologic indices including load-
ing conditions and inotropy, this is probably of minor concern unless liver and
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Table 10.5 Anticoagulation management in case decision is made to withhold anticoagulation
(modified from Massicotte A. A practice tool for the new oral anticoagulants. Can Pharm J (Ott).

Jan 2014) [56]

Drug and
creatinine Recommendation in Recommendation in Bridging with heparin
clearance preprocedure period postprocedure period needed
Warfarin Stop 48 h prior until Resume therapy Needed if moderate to
INR <1.7 (varies per when hemostasis is high risk of
institutional policy). adequate and clinical thromboembolism
condition allows
Dabigatran Stop 24 h before Resume therapy Needed only if patient
>80 ml/min surgery. when hemostasis is cannot take oral
adequate and clinical medications and there
condition allows is moderate to high risk
of thromboembolism
Dabigatran 50 Stop 1-2 days Resume therapy Needed only if patient

to <80 ml/min

before surgery.

when hemostasis is
adequate and clinical
condition allows

cannot take oral
medications and there
is moderate to high risk

of thromboembolism
Dabigatran Stop at least 5 days Use alternative NA
<30 ml/min before surgery. anticoagulation agent
Rivaroxaban Stop at least 24 h Resume therapy Needed only if patient
>30 ml/min before surgery. when hemostasis is cannot take oral

adequate and clinical
condition allows

medications and there
is moderate to high risk

of thromboembolism
Rivaroxaban Last dose on day -3. Use alternative NA
<30 ml/min anticoagulation agent
Apixaban Stop at least 24 h Resume therapy Needed only if patient
>50 ml/min before surgery. when hemostasis is cannot take oral

adequate and clinical
condition allows

medications and there
is moderate to high risk
of thromboembolism

kidney functions are significantly impaired [57-59]. Nonetheless, it is becoming
more common practice to avoid standard use of systemic sedation prior to or dur-
ing RHC.

Right Heart Catheterization in a Mechanically Ventilated Patient

Complex influences by mechanical ventilation must be considered when assessing
measured hemodynamics. Positive pressure ventilation, particularly in the setting of
PEEP, variably increases RV afterload with resultant decline in RV contractility, and
can contribute to elevated measure of PCWP particularly during inspiration [60, 61].
Additional influences may include baseline vascular and myocardial loading condi-
tions and compliance of the chest wall and lungs. General practice is to discount
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meaningful influence of PEEP <10 cm H,O on measured PCWP, with correction of
PCWP when PEEP >10 cm H,O by 2-3 cm for every 5 cm H,O increment in PEEP
[62, 63]. Another cause of falsely elevated PCWP in a mechanically ventilated
patient is the monitoring catheter being located outside zone 3 (during positive pres-
sure ventilation less of the lung is zone 3 due to elevated alveolar pressures). Care
should be taken to demonstrate catheter tip placement within zone 3, gravitationally
below the level of the left atrium [64].

Hemodynamic pressure measurements should reflect the time of most neutral
intrathoracic pressure (in spontaneously respiring patients this occurs at end expira-
tion, with converse in patients utilizing positive pressure ventilation), rather than
sole recording of mean pressure. Esophageal manometry is rarely utilized to esti-
mate the effects of high swings of intrathoracic pressure seen with labored breath-
ing. When possible, the patient should be instructed to expire slowly to allow
pressure recording that may assist in accuracy of hemodynamic measure [72].

Percutaneous Access Sites

Commonly used access sites include internal jugular (IJ) vein, femoral vein, brachial
vein, and subclavian vein. Knowledge of prior procedures, venous and arterial obstruc-
tions, compressions, complex anatomical course and prior procedural complications is
necessary to choose access site in an individual patient. The IJ vein is usually the pre-
ferred site because of its ease of access, lower complication rate and because it allows
patients to be discharged early after procedure [54, 55, 65]. Proximal arm veins pro-
vide ready access to RHC, but catheter manipulation may be difficult and catheter size
choice is limited. Some operators may prefer femoral vein if concomitant left heart
catheterization is planned via femoral artery. Ultrasound guidance should be consid-
ered for both IJ and femoral access sites. Patients with kidney disease, congenital heart
disease, pacemakers, or prior indwelling venous access for other reasons (e.g., TPN)
are more likely to have had multiple prior procedures and consequent vascular injury
or thrombosis. Imaging of the vascular bed may be established by various modalities
(ultrasound, computed tomography and magnetic resonance angiography) and should
be considered by the operator when deemed appropriate. The use of a micropuncture
kit with a 21-gauge needle and introducer can minimize potential trauma from inad-
vertent puncture of the carotid artery. Table 10.6 lists the advantages and disadvan-
tages of different catheterization access sites.

While it is relatively easy to pass the catheter in to the RV and out to the PA from
the right 1J, brachial or subclavian vein access, it may be challenging to do so via
femoral access especially when the right-sided chambers are dilated. Figure 10.4
shows different techniques to pass the catheter into the PA via femoral access; indi-
vidual operators may employ different and specific maneuvers to assist in passage
through the right heart that include use of various shaped catheters and guidewires
both within or external to the maneuvered catheter. Care must be taken at all times
to avoid inadvertent contact and manipulation of intracardiac and intravascular
structures that could result in arrhythmia or cardiac and vascular trauma.
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Table 10.6 Access sites for right heart catheterization

Catheter site Advantages Disadvantages

Internal Easier access, lower complication Risk of carotid injury, difficult in obese

jugular vein rate, quicker discharge with thick neck

Femoral vein Easier catheter manipulation Higher complication rate esp. bleeding,
longer post procedure monitoring

Brachial vein Easy access, less invasive Catheter manipulation difficult

Catheter Choice

For adequate evaluation of pressures during the catheterization, large-bore catheters
(e.g. 6 or 7 F) that yield high-quality hemodynamic data should be utilized. Of note,
the internal catheter lumen diameter appears most important in this consideration.
Thus, a large catheter with multiple ports (e.g., an 8 F catheter with RA, thermodilu-
tion, and PA ports) will generally produce tracings with lower frequency response
than a single-port catheter of smaller bore but greater luminal diameter. The larger
lumen diameter also allows the passage of conventional 0.035- and 0.038-in. diam-
eter guidewires when necessary. Guidewire use inside large bore catheter may be
required in cases where the PA is difficult to reach or when RHC is attempted from
the femoral vein. Pre-shaped catheters such as coronary catheters can be used to
help direct wire to a particular segment of the pulmonary artery (e.g. in cases of
CTEPH, peripheral pulmonary arterial stenosis, or pulmonary venous obstruction,
where selective PA segment access is required) and then exchanging for a balloon
tipped end hole catheter.

End hole catheters are best adapted for use in obtaining wedge samples and pres-
sures or when discerning pressures, gradients, or sampling within or over relatively
small areas. Side hole catheters assist in avoidance of measures that may be damp-
ened by inadvertent wedge positioning. The Swan-Ganz multi-port PA balloon end
hole catheter has potential for thermodilution based measure of cardiac output, and
is one of the most commonly used catheters for measuring right-heart pressures.
This catheter’s port system includes an end-hole, a side-hole 30 cm from the cath-
eter tip, and a thermistor for measurement of cardiac output when using the thermo-
dilution method. Simpler non-thermistor single and double-lumen balloon end-hole
catheters exist and may have greater ease in manipulation through enlarged or dis-
torted hearts and vascular structures.

Coronary angiography has evolved considerably to use the smallest-bore cathe-
ters, with many catheterization laboratories using 5 F or even 4 F catheters to
decrease vascular complications. The radial artery is an increasingly used access
site for coronary engagement and visualization, and is also used at the time of direct
pressure measurement at the left cardiac chambers (such as direct left ventricular
end diastolic pressure measurement). This approach allows immediate ambulation
following the procedure, as well as improved coronary visualization (compared
with smaller 4 F-diameter femoral catheters), and reduced bleeding complications
(compared with femoral access). An Allen test should be performed to ensure that
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Fig. 10.4 Right-heart catheterization from the femoral vein, shown in cartoon form. 7op row, the
right-heart catheter is initially placed in the right atrium (RA) aimed at the lateral atrial wall.
Counterclockwise rotation aims the catheter posteriorly and allows advancement into the superior
vena cava (SVC). Although it is not evident in the figure, clockwise catheter rotation into an ante-
rior orientation would lead to advancement into the right atrial appendage (RAA), precluding SVC
catheterization. Center row, the catheter is then withdrawn back into the right atrium and aimed
laterally. Clockwise rotation causes the catheter tip to sweep anteromedially and to cross the tricus-
pid valve. With the catheter tip in a horizontal orientation just beyond the spine, it is positioned
below the right ventricular outflow (RVO) tract. Additional clockwise rotation causes the catheter
to point straight up, allowing advancement into the main pulmonary artery and from there into the
right pulmonary artery (RPA). Bottom row, two maneuvers useful in catheterization of a dilated
right heart. A larger loop with a downward-directed tip may be required to reach the tricuspid valve
and can be formed by catching the catheter tip in the hepatic vein (HV) and advancing the catheter
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the ulnar artery is patent in the event of radial artery occlusion, though the true utility
of this remains unclear and an abnormal Allen test does not preclude radial arterial
access. However, it should be remembered that left heart catheterization although
extremely safe, contributes to a higher risk of complications due to potential for
bleeding, increased risk of renal complications because of contrast use and usually
a higher radiation exposure (as well as adding a small but definable risk of stroke
and death). Relative contraindications to cardiac catheterization are listed in
Table 10.7 below.

Equipment Selection for the Hemodynamic Study

Most cardiac catheterization laboratories utilize fluid-filled transducers that are
mounted on the catheterization table. Typically these pressure transducers are dis-
posable and usually arrive pre-calibrated, but require initial confirmation and
repeated “zeroing,” a term that refers to the establishment of a reference point (typi-
cally the patient’s mid-chest at the level of the second intercostal space, as an esti-
mation of the patient’s right atrium) for subsequent pressure measurements. Some
laboratories choose to avoid hydrostatic errors in diastolic pressure measurement
theorized to be present with such zeroing technique by using a transducer zero ref-
erence position of uppermost blood level of the chamber being sampled or mea-
sured, Regardless of method employed, failures to ensure appropriate zero
reference account for some of the most common pressure measure errors. [67-69].

Table 10.7 Relative
contraindications to
diagnostic cardiac
catheterization [66]

Acute gastrointestinal bleeding
Severe hypokalemia
Uncorrected digitalis toxicity

Anticoagulation with international
normalized ratio >1.8 or severe
coagulopathy

Previous anaphylactoid reaction to
contrast media

Acute stroke

Acute renal failure or severe chronic
non-dialysis-dependent kidney disease

Unexplained fever or untreated active
infection

Severe anemia
Uncooperative patient

<
<

Fig. 10.4 (continued) quickly into the right atrium. The reverse loop technique (bottom right)
gives the catheter tip an upward direction, aimed toward the outflow tract. /VC inferior vena
cava, PA pulmonary artery, RV right ventricle (from Baim DS, Grossman W: Percutaneous
approach, including transseptal and apical puncture. In Baim DS, Grossman W [eds]: Cardiac
Catheterization, Angiography, and Intervention. 7th ed. Philadelphia, Lea & Febiger, 2006, p 86)
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Fig. 10.5 Frequency response curves of a pressure measurement system, illustrating the importance
of optimal damping. The amplitude of an input signal tends to be augmented as the frequency of
that signal approaches the natural frequency of the sensing membrane. Optimal damping dissipates
the energy of the oscillating sensing membrane gradually and thereby maintains a nearly flat natural
frequency curve (constant output/input ratio) as it approaches the region of the pressure measure-
ment system’s natural frequency. D damping coefficient (from Baim, D.S. and W. Grossman,
Grossman's cardiac catheterization, angiography, and intervention. 7th ed. 2006, Philadelphia:
Lippincott Williams & Wilkins)

Choice of catheters (shortest, widest bore, non-compliant) and transmission
fluid (low-density) used for pressure measurements, combined with elimination of
air bubbles, as suggested earlier, optimizes effects of energy dissipation, or damp-
ing [70] (Fig. 10.5). Loss of high-frequency events with subsequent underestima-
tion of the systolic pressure and overestimation of the diastolic pressure may occur
with over-damping; narrow, sharp pressure wave upstrokes, or “ringing,” can occur
with under-damping.

Catheter whip artifact (motion of the tip of the catheter within the measured
chamber) can be problematic in the accurate measurement of PA pressures. It has
the potential to produce superimposed waves, typically of +10 mmHg, but on occa-
sion even greater deviation from true measure [71]. Catheter tip or luminal obstruc-
tion, at times due to catheter-vessel mismatch or internal thrombus formation, can
cause significant changes in pressure contour. End-pressure artifact may occur
when an end-hole catheter measures an artificially elevated pressure because of
streaming or high velocity of the pressure wave. Another artifact similar to but dis-
tinct from whip artifact is catheter impact artifact, which can occur when walls of a
cardiac chamber or valve hit the end of the measuring catheter. It can affect pressure
measurements when a pigtail is used to measure LV pressures, and is impacted by
mitral valve motion [70].

To avoid these artifacts, we strongly encourage the practice of taking multiple
measurements, rebalancing the zero baseline during pressure evaluation at each
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chamber or vessel and intermittent catheter flushing with heparinized saline. The
ability to “zero” prior to measurement of pressure in each chamber, assisted by
visual confirmation of catheter placement in the appropriate chamber in catheteriza-
tion laboratory is a distinct advantage compared to placement of Swanz-Ganz cath-
eter in the ICU/stepdown setting.

Another way to measure intracardiac pressure besides the fluid filled system is
via use of micromanometer catheters. Small transducers have been constructed that
can fit on the distal tip of standard catheters and be used as intracardiac manometers.
Micromanometer catheters are currently not routinely used during RHC, but rather
they form the basis of the pressure wire used for measurement of intracoronary
pressures and are usually used for hemodynamic measurements as part of more
detailed research efforts.

Pressure Measurements and Cardiac Output Determination

Hemodynamic catheterization, a combined experience of pressure measurement,
sampling, catheter advancement, and angiography, is an interactive procedure
where data obtained from each chamber is compared to previously obtained data;
the accuracy of measurements may require additional confirmation and additional
tests may be added and performed to answer new questions that arise. As there can
be multiple sources of error as discussed above, measurements should be repeated
if a single value does not fit with the overall emerging picture. Frequent “zeroing,”
and looking for air bubbles in the catheter system and “flushing” all ensure most
accurate measurements.

Based on the findings, further testing and interventions are considered; such may
include nitric oxide (NO) or adenosine administration assessing pulmonary vasore-
activity (see below), oxygen supplementation as therapy for systemic arterial desat-
uration (when responsive to such), diuretic or nitrate therapy for isolated elevated
LV end-diastolic pressures, limited angiography, and balloon-closure of a patent
inter-chamber or intravascular communication (if seen or detected).

Right Atrial Pressures and Waveform

In normal RA pressure tracings (Fig. 10.6), the “a” wave (atrial systole) is higher
than the “v”” wave (passive filling of the RV, reflecting RA and RV compliance) in
contrast to the LA. Elevated “v” waves on the RA tracing in a patient with PH
may be caused by tricuspid regurgitation, RV failure with secondary lowering of
compliance, or restrictive cardiomyopathy. Constrictive pericarditis and tampon-
ade typically demonstrate equalization of the “a” and the “v” waves.

Normal RAP is 2-6 mmHg. The finding of elevated RAP at the time of the right
heart study usually implies worse RV function. Elevated RAP has been shown in
several studies to be an adverse prognostic factor in patients with PH [74, 75],

whereas normal RAP during RHC is reassuring.
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Fig. 10.6 Hemodynamic tracings of the cardiac chambers under normal conditions

Right Ventricle Pressure and Waveform

Normal RV systolic and end-diastolic pressures are 20-30 and 0-8 mmHg,
respectively (Fig. 10.6). There may be a small (5 mmHg) systolic gradient between
the RV and the PA. End-diastolic pressure is measured at the C point, which is the
rise in ventricular pressure at the onset of isovolumic contraction. When the C point
is not well seen, a line is drawn from the R wave on the simultaneous EKG record-
ing to the ventricular pressure waveform.

Long-standing elevation of RV afterload leads to concentric RV hypertrophy
and elevation of filling pressures, progressive tricuspid regurgitation (via annular
dilation) and RV diastolic and eventually systolic dysfunction [76, 77]. These
changes occur in a staged manner and should be interpreted with caution and never
in isolation. Elevated RV systolic pressure or PA pressure by itself is not considered
to be a prognostic factor for PH as a low or normal RVSP could signify a normal
RV or a failing RV that cannot generate a high enough RVSP, depending on stage
of the disease. In the early stages of disease when RV is able to mount a pressure
response to afterload, RV pressure rise may be increased by up to ten times the nor-
mal value [78]. Occasionally, “a” waves will be present on the RV waveforms at this
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stage, indicating “restrictive physiology” with decreased compliance of the RA and RV.
(Normally, the highly compliant RV is able to “accommodate” the contraction of
the RA without a rise in pressure, making the “a” waves non-visible in a normal
tracing.) In more severe forms of RV dysfunction, depressed upstroke and delayed
relaxation may appear on the pressure tracings. Generally, RV end-diastolic pres-
sure >12 mmHg, especially if accompanied by a mean RAP >8 mmHg, is sugges-
tive of RV failure and carries poor prognosis [74].

Pulmonary Artery Pressure and Waveform

The resistance of the normal pulmonary circulation is relatively low, with little or no
resting vascular tone. The PA tracing consists of a systolic wave, the incisura (indicat-
ing closure of the pulmonary valves), and a gradual decline in pressure until the fol-
lowing systole (Fig. 10.6). The determining factors of the mPAP are the hydrostatic
pressure, the intra-alveolar pressure, LAP and alveolar gases. Normal sPAP is
20-30 mmHg and normal dPAP is 4-12 mmHg. If there is a systolic pressure differ-
ence between the RV and the PA, the possibilities of pulmonic valve stenosis or pul-
monary artery (main or branch) stenosis or obstruction should be considered.

The PAP should be measured bilaterally and in multiple lobes, both proximally
and distally to ensure absence of stenotic lesions and also because CTEPH may
involve only certain lobar vessels. PA pressures should always be measured in the
lower lobes (zone 3), as ventilation perfusion mismatch is least in lower lobe ves-
sels. The diurnal variation of PAP is well known and it can be as much as 50-100 %
with higher pressures often noted at night [79].

Pulmonary Capillary Wedge Pressure

Estimation of the pulmonary venous and pulmonary capillary pressure can be usu-
ally achieved via the wedge technique, accomplished on the basis of measuring the
pulmonary wedge pressure. The PCWP waveform is similar to the LAP waveform,
but is more damped and delayed as a result of transmission through the lungs
(Fig. 10.6). Normally, dPAP is equal to mean PCWP as the pulmonary resistance is
low. However, when PVR is elevated dPAP overestimates LAP.

Finessing the Wedge

There are several ways to confirm the appropriateness of catheter “wedging” and
that the quality of PCWP measurement is high. The best way is to check either
angiographic stability (reserved to personnel with experience in PA catheterization
and angiography), or oxygen saturation within the wedge position. Oxygen satura-
tion >90 % typically suggests an adequate wedge position [68]. Alternative is via
wedge angiography [80], where 1-2 cc of contrast is hand injected distal to a
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“wedged” PAC to opacify the distal pulmonary vasculature. A satisfactory wedge
position should have no evidence of contrast “washout” due to incompletely occluded
proximal flow. (True wedge angiography can be performed with balloon deflation
after injection, allowing contrast to flow through the pulmonary vasculature, thus
outlining the physical appearance of the branch pulmonary arteries and revealing
when present, the presence of distal pulmonary artery obstruction, pulmonary arte-
riovenous malformations, normal pulmonary venous drainage and possible evidence
of pulmonary venous obstruction). Optimal PCWP is obtained with the measuring
catheter positioned to ensure viewing of “a” and “v” waves without dampening or
under wedging. Slow balloon inflation proximally and then advancing balloon cath-
eter, or very slow distal inflation, or using a wire to obtain optimal distal placement,
may help in accurate positioning of the catheter.

PCWP and PAOP (Pulmonary Artery Occlusion Pressure)

Elevated PAP can create difficulty in obtaining a true “wedge” with even small
amounts of proximal flow around the balloon resulting in inaccurately high esti-
mates of PCWP [81, 82]. When such error is suggested, the balloon can be deflated
by 0.2-0.5 ml with slight forward pressure on the catheter, allowing the catheter and
balloon to move forward within a smaller portion of the branch vessel thereby
securing a better lodging and wedge.

Care must be taken to ensure measure of PCWP under conditions that sustain
physiologic zone 3 (pulmonary venous pressure exceeding alveolar pressure).
Wedging of the catheter can, in and of itself, lead to lack of distension of the effected
distal vascular bed, leading to underestimating of true capillary pressure. In addition
to positive pressure ventilation (as discussed earlier), both hypovolemia and advanced
parenchymal lung disease can contribute to making alveolar pressure exceed pulmo-
nary venous pressure, adding error to estimate of true pulmonary venous pressure.

On special occasion when subsegmental venous obstruction such as occurs in pul-
monary veno-occlusive disease is suspected, occlusion of a larger, more proximal PA
known as pulmonary artery occlusion pressure (PAOP) (Fig. 10.7) may provide a
more accurate summed representation of more distal pulmonary venous and LAP. In
this circumstance, PCWP has potential to reflect local or subsegmental pulmonary
venous pressure (in the setting of increased local vascular resistance) rather than LAP
[83]. Assessment of the curve of the decay from PAP to PAOP may be of assistance in
determining the site of predominant increase in resistance (Fig. 10.8) [85].

Transpulmonary Gradient and Diastolic Pressure Gradient

The transpulmonary gradient (TPG) is calculated by subtracting the mean LAP (or
PCWP, as a surrogate of post-capillary pressure) from the mPAP. TPG can be used to
differentiate pre-capillary and post-capillary forms of PH [86]. ATPG of >12 mmHg
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Fig. 10.7 Pulmonary artery occlusion pressure and pulmonary capillary wedge pressure

has been used classically to distinguish pre-capillary PH, which is the result of
intrinsic pulmonary vascular disease, from post-capillary PH which is due to pulmo-
nary venous or left atrial hypertension. Post-capillary PH may be expected to reverse
when the cause of pulmonary venous hypertension is removed (such as seen in
patients with mitral stenosis or diastolic heart failure). However, it is possible for
diastolic heart failure or mitral stenosis to cause irreversible changes in PH and lead
to pre-capillary hypertension as well.

A TPG value of 12 mmHg is considered to signify intrinsic pulmonary vascular
disease, as this degree of PH is “out of proportion” to elevated pulmonary venous
pressures. Some authors suggest that the diastolic gradient between dPAP and
PCWP, or diastolic pressure gradient (DPG), is a better measure of “out of propor-
tion” PH than TPG, as the TPG is affected by both stroke volume and also by the
large v waves that can occur in the PCWP waveform (Fig. 10.9) [87].

Pulmonary Vascular Resistance (PVR)

Presence of PH does not delineate presence or absence of elevation of PVR.
Definition of PAH requires additional hemodynamic criteria that include a PVR
>3 Wood units and a PCWP <15 mm Hg. PVR is calculated using Ohm’s Law in
Wood units, as follows:

PVR = (mPAP-PCWP)  (TPG)
B Cardiacoutput(CO) - COo
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Fig. 10.8 Typical pulmonary
artery occlusion recordings
used to estimate pulmonary
capillary pressure (P.) in

(a) a patient with a
pulmonary arterial
hypertension, (b) a patient
with pulmonary veno-
occlusive disease and (c¢)

a patient with chronic
thromboembolic pulmonary
hypertension. The
bi-exponential fittings are
shown in dotted lines, and the
evolution of P, after
occlusion (vertical solid
lines) calculated with the
three-compartment model of
the pulmonary circulation in
dashed lines [85] (from
Single arterial occlusion to
locate resistance in patients
with pulmonary hypertension.
Eur Respir J 2001)
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Multiplying the resistance calculated in Wood units by 80 converts to the resistance
units of dynes s/cm®. A value of <200 dynes s/cm® (or 2.5 Wood units) is considered
to be normal. Normal PVR at rest is age dependent, but PVR >2 WU can be consid-
ered elevated in all age populations.
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Fig. 10.9 Effects of pulmonary capillary wedge pressure (P,.,) and stroke volume (SV) on sys-
tolic (s), diastolic (d), and mean (m) pulmonary arterial pressures (P,,). If diastolic P,, increases
more than Py, there is an out of proportion increase in systolic P, and mean Py, that is a function
of SV. The transpulmonary pressure gradient (TPG) increases, but the diastolic gradient (DPG) is
independent of both pulmonary capillary wedge pressure (P,,) and SV

Pulmonary Vascular Resistance Index (PVRI)

It is generally recommended that PVR should be indexed to the patient’s body size
(PVRI) [88]. Using PVR instead of PVRI has been shown to be responsible for
significant underestimation of PH in patients with high body mass index. PVRI is
considered to mainly reflect the functional status of pulmonary vascular endothe-
lium and smooth muscle cells and is positively related to blood viscosity and to
changes in perivascular alveolar and pleural pressure. Unlike mPAP, PVRI increases
with age: the upper limit for PVRI in normal subjects increases from about 2.8
indexed Wood units (6—10 years) to 3.2 (3245 years) to 4.6 (60—83 years) indexed
Wood units [1, 89-92].

Cardiac Output

There is no completely accurate method of measuring cardiac output in all patients.
However, the two commonly used methods include the Fick and thermodilution
techniques.

For comparison among patients, cardiac output should be corrected for the
patient’s body surface area and expressed as cardiac index (CI).
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Fick Method

The basis of the Fick principle is that the rate of human oxygen consumption must
equal the rate of oxygen addition to the body. This tenet also assumes a constancy
of blood flow into and out of the lungs, free of shunt [93, 94]. This principle can be
expressed as:

O, consumption (ml/ min)

Pulmonary blood flow (1/ min ) =
Y ( ) (AO2 concentration entering and leaving lungs)

or,

oxygen consumption (ml / min)
A VO, x1.36xHemoglobin (mg/dL)x10

Cardiac output (1/min) =

where A-VO, is the arterial-venous oxygen saturation difference and the constant
1.36 is the oxygen-carrying capacity of hemoglobin (expressed in ml O,/g Hgb).
As contrasted to thermodilution methodology, the Fick calculation of cardiac output
necessitates minimal waver in mean flow over time, and carries less error at lower
measures of blood flow; therefore, it is typically utilized in patients with heart failure
syndromes. Accuracy of measure falls away in subjects with inspiratory O, fractions
larger than 60 %, and in those with significant mitral or aortic regurgitation [97].

Determination of cardiac output by catheterization based Fick method requires
measure of the A-VO, content difference which requires knowledge of serum hemo-
globin and determination of systemic arterial (as a surrogate for pulmonary vein)
and mixed venous blood oxygen saturation (classically PA O, saturation, but SVC
O, saturation is often used as a surrogate) as well as determination of oxygen con-
sumption. All measurements should be collected as close in time to each other as
possible, so as to avoid theoretic changes in ventilation, loading conditions and
contractility. Steady state oxygen consumption, or uptake, should ideally be mea-
sured, via a fitting gas exchange mask that collects and measures the oxygen content
of expired air, directly in the catheterization laboratory. Many catheterization labo-
ratories use an “assumed” value (typically 125 ml/min/m? for most adult patients,
and 110 ml/min/m? for elderly patients) for oxygen consumption. The use of the
“assumed” rather than the directly measured O, consumption can be a major source
of error in the Fick method, but when performed correctly, the total error indetermi-
nation of the cardiac output is about 10 % [95-97].

Thermodilution Method

The thermodilution method of estimation of cardiac output requires injection of an
indicator substance such as a bolus of liquid (usually sterile normal saline) via the
proximal port of a specially adapted multiport catheter. Cardiac output between
two points along the catheter (injection and thermistor located more distally) is
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determined by knowing temperature at the origin and at the endpoint of measure,
as well as assessing this change over time, as demonstrated in a thermodilution
curve. The area under this curve, a function of temperature versus time, is inversely
correlated with cardiac output, and is rapidly displayed in near real-time in most
catheterization laboratories. Thermodilution methodology carries greatest risk of
error at lower (and highest) cardiac output and in the presence of tricuspid regurgi-
tation or irregular heart rhythm [100, 101], Nonetheless, due to ease of perfor-
mance, thermodilution technique remains the most commonly used method for
measure of cardiac output in most catheterization laboratories [98, 99].

Direct Measurement of Left-Sided Pressures

Possible conditions in which direct evaluation of the left-sided intracardiac pres-
sures may be required include one or more of the following: (1) Uncertainty about
a direct correlation between the PCWP and the LAP/LV end-diastolic pressure,
such as in patients with suspected mitral stenosis, pulmonary vein obstruction or
cor-triatriatum; (2) Clinical or imaging-based suspicion of restrictive or constrictive
physiology, requiring concomitant measurement of RV and LV pressures.

Both constrictive pericarditis (CP) and restrictive cardiomyopathy (RCM) lead
to impaired filling of left and right ventricles that result in decreased cardiac output.
Both are characterized by initially normal systolic contractile function and are an
important differential diagnosis for diastolic dysfunction due to left heart disease. In
the cardiac catheterization laboratory concomitant measurement of LV and RV
pressures helps in differentiating between these pathologic entities. In constrictive
pericarditis (CP), as more blood enters the RV with inspiration, the intrapericardial
pressure increases because of the limited space in the pericardium and LV filling is
reduced. Hence in CP, RV systolic pressure rises with inspiration while LV systolic
pressure decreases. The reverse happens during spontaneous expiration [102].
In contrast, LV and RV systolic pressures do not show discordance in variation with
respiration, and will both increase during expiration and decrease during inspira-
tion. Some of the clues that help distinguish between CP and RCM include (a) the
persistence of higher left-sided filling pressures maintained in RCM and (b) the
magnitude of pulmonary hypertension tends to be greater in RCM (RVSP is >3
times RVEDP) [103]. The “systolic area index” ratio which is calculated as the RV
to LV systolic pressure-time area during inspiration versus expiration is shown to
have a sensitivity of 97 % and a predictive accuracy of 100 % for the identification
of patients with surgically documented CP (see Fig. 10.10) [104].

Suspicion or knowledge of significant left-sided valvular disease may require
direct evaluation of the hemodynamics and pressure gradients across the involved
valve(s). In these cases transseptal puncture and direct measurement of LAP may be
required. If mitral stenosis is suspected and PCWP measurement is not reliable,
direct LAP measurement should be performed. If underlying coronary artery dis-
ease is suspected to be the cause or contributor to diastolic dysfunction coronary
angiography may be considered.
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Fig.10.10 LV and RV high-fidelity manometer pressure traces from two patients during expiration
and inspiration. Note that both patients have early rapid filling and elevation and end-equalization
of the left ventricular (LV) and right ventricular (RV) pressures at end expiration. (a) A patient with
surgically documented constrictive pericarditis. During inspiration there is an increase in the area
of the RV pressure curve (orange shaded area) compared with expiration. The area of the LV
pressure curve (yellow shaded area) decreases during inspiration as compared with expiration.
(b) A patient with restrictive myocardial disease documented by endomyocardial biopsy. During
inspiration there is a decrease in the area of the RV pressure curve (orange shaded area) as com-
pared with expiration. The area of the LV pressure curve (yellow shaded area) is unchanged during
inspiration as compared with expiration (from Talreja DR, Nishimura RA, Oh JK, Holmes
DR. Constrictive pericarditis in the modern era: novel criteria for diagnosis in the cardiac catheter-
ization laboratory. ] Am Coll Cardiol. 2008)

Volume Challenge to Unmask PH due to Diastolic Dysfunction

It has been shown in healthy individuals that administration of 1 1 of saline over
6-8 min raises the PCWP by a maximum of 3 mm Hg, but not to >11 mmHg [1, 105].
In addition, in a population that is at elevated risk for diastolic dysfunction, admin-
istration of 500 ml of saline over 5 min can unmask patients in whom the
PCWP increases to >15 mmHg [106]. Fluid volumes larger than 1 1, may cause
the PCWP to rise even in healthy volunteers [107]. The diagnostic performance
(sensitivity, specificity, and positive and negative predictive values) of fluid
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challenge has not yet been sufficiently evaluated nor has the safety of fluid challenge
in patients with severe PH. However, when mild to moderate PH exists in the pres-
ence of modest suspicion of diastolic dysfunction, fluid challenge appears to be a
reasonable test to perform.

Exercise Challenge During Right Heart Catheterization

Getting hemodynamic measurements during exercise can add to the information
obtained from RHC done only at rest. For example, elevated PCWP during exercise
can point towards diastolic dysfunction as a cause of PH. Borlaug and colleagues
recently showed that during exercise, end-expiration PCWP rose to 32+6 mmHg in
patients with HFpEF compared with 13+5 mmHg in controls [108]. Exercise
hemodynamics may also be useful in distinguishing between PAH and PH associ-
ated with LV diastolic dysfunction in patients with the scleroderma (SSc) spectrum
of disease [109]. In some patients mPAP may be only slightly elevated at rest, but
exercise leads to symptoms and significant elevation in PAP and PVR, thus unmask-
ing more severe PH [110]. Change in PAP during exercise along with symptoms can
also be an important measure of response to treatment [110, 111] Exercise testing
for PH during RHC is not yet standardized and at present is limited to centers with
experience and expertise in interpreting pulmonary vascular responses to exercise [1].
In particular, change in PVR may be more important than the change in PAP and
thus, measurement of cardiac output is usually needed to properly interpret pulmo-
nary hemodynamic responses to exercise. Also, PCWP measured during exercise is
unreliable due to multiple contributors such as changes in ventilatory pattern
abdominal muscle contractions and differs from the recumbent to the upright posi-
tion of the patient. Further discussion of this topic is presented in Chap. 11.

Pulmonary Angiography for CTEPH

It is quite safe to perform pulmonary angiography (typically isolated to particular
PA segments or lobes) even in cases with severe PH, although the risk may be ele-
vated in patients with severe decrease in cardiac output, elevation in RA or RV end
diastolic pressure, or super-systemic RV pressures. While performing RHC in a
patient with suspected PA or pulmonary vein obstructions, PA pressures should be
measured bilaterally and in multiple lobes both proximally and distally. A pre-
shaped catheter such as a coronary catheter can be used for the purpose of accessing
specific lobes and then can be exchanged for balloon tipped end hole catheter for
checking pressures. It should be kept in mind that there is a reflex rise in PAP and
PVR after pulmonary angiography so pressures should be measured prior to per-
forming this procedure. Pulmonary angiography should be performed in cases with
suspected CTEPH, peripheral pulmonary artery stenosis, vasculitis, pulmonary AV
malformations, or pulmonary venous obstruction [112].
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Table 10.8 Agents for acute vasodilator testing (from McLaughlin VV et al, ACCF/AHA 2009
expert consensus document on pulmonary hypertension, Circulation 2009)

Epoprostenol Adenosine Nitric oxide
Route of Intravenous infusion Intravenous Inhaled
administration infusion
Dose titration 2 ng/kg/min every 50 mcg/kg/min None
10-15 min every 2 min
Dose range 2-10 ng/kg/min 50-250 mcg/kg/min 10-80 ppm
Side effects Headache, nausea, Dyspnea, chest Increased left heart
lightheadedness pain, AV block filling pressure in

susceptible patients
AV atrioventricular

Vasoreactivity Testing

Vasoreactivity or vasodilator testing during RHC is beneficial as it may identify a
subset of patients that respond to calcium channel blockers (CCB), or may assist in
prognostic assessment. Acute vasoreactivity challenge should be performed with a
short-acting pulmonary specific vasodilator that has no or very limited systemic
hypotensive effects. The agent most commonly used is inhaled NO, while intrave-
nous epoprostenol or adenosine can also be used as alternatives (with the caveat that
they may cause systemic vasodilator effects) (Table 10.8) [1]. A positive acute
response is defined as a reduction of mPAP by 10 mmHg and to an absolute value
of <40 mmHg with an increased or unchanged cardiac output. Using these criteria,
about 5-10 % of the patients with IPAH will have a positive pulmonary vasodilator
response. Positive acute responders are likely to show a sustained response to long-
term treatment with high doses of CCB. True vasodilator responders who demon-
strate sustained response to CCB have an excellent prognosis, with up to a 95 %
survival at 5 years [113]. In one study, however, 44 % of patients with [IPAH who
demonstrated an acute pulmonary vasodilator response showed no hemodynamic
improvement after 1 year of therapy. Thus, the number of patients who can be
treated with CCB alone is quite small [113].
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Chapter 11
Cardiopulmonary Exercise Testing
in Pulmonary Hypertension

David M. Systrom and Aaron B. Waxman

Abstract Early and accurate diagnosis of pulmonary vascular disease is important
given the high mortality of untreated pulmonary hypertension. The development of
cardiopulmonary exercise testing (CPET) has allowed an early diagnosis of PAH in
“at risk” patients or those with suggestive clinical findings. CPET can quantify the
degree of exercise impairment, and rule out a pulmonary mechanical limit to exercise.
It can also be used to monitor disease progression and response to treatment. CPET
generally consists of an incremental symptom-limited cycling or treadmill exercise
test with measurements of ventilation and pulmonary gas exchange. Noninvasive test-
ing is done with continuous 12-lead ECG, cuff blood pressure monitoring and pulse
oximetry. Invasive CPET adds arterial and pulmonary artery catheters for blood gas,
pH and pressure measurements. CPET when used in the context of a diagnostic algo-
rithm, can confirm the diagnosis of exercise-induced PH, distinguish between pulmo-
nary arterial and venous hypertension, and rule out confounders such as impaired
systemic O, extraction. CPET may be used alone or combined with other modalities,
such as transthoracic cardiac Doppler echo and MRI. Recent expert consensus state-
ments suggest CPET is useful in the diagnosis, management and risk stratification of
PH. This chapter provides an overview of the history of CPET, describes how mea-
surements are obtained and interpreted, and discusses its use in diagnosis and moni-
toring of pulmonary hypertensive diseases including exercise-induced pulmonary
hypertension and pulmonary hypertension associated heart and lung disease.
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Abbreviations

6MWT  6-min walk test
A-sDO,  Alveolar—arterial oxygen tension difference

AT Anaerobic threshold

BRI Breathing reserve index

Ca0, Oxygen content of arterial blood
CcO Cardiac output

CPET Cardiopulmonary exercise test
CvO, Oxygen content of venous blood
DO, Oxygen delivery

DO,max Maximum systemic oxygen delivery
eiPAH Exercise-induced pulmonary hypertension
EOV Exercise oscillatory ventilation

HF Heart failure

HFpEF  Heart failure with preserved ejection fraction
HFrEF Heart failure with reduce ejection fraction

ITP Intrathoracic pressure

VS Interventricular septum

LT Lactate threshold

LV Left ventricle

LVEF Left ventricular ejection fraction
mPAP Mean pulmonary artery pressure
MVV Maximum voluntary ventilation
OUES O, uptake efficiency slope

PAH Pulmonary arterial hypertension
PAP Pulmonary artery pressure
PASP Pulmonary artery systolic pressure

PCWP Pulmonary capillary wedge pressure
PETCO, End tidal PCO,

PFO Patent foramen ovale

PH Pulmonary hypertension

PVD Pulmonary vascular disease
PVL Pulmonary vascular limit

PVR Pulmonary vascular resistance
RA Right atrium

RAP Right atrial pressure

RER Respiratory exchange ratio

RHC Right heart catheterization

ROC Receiver operating characteristic
RV Right ventricle

RVSP Right ventricular systolic pressure
SVR Systemic vascular resistance

TPG Transpulmonary gradient
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ULN Upper limit of normal

VAT Ventilatory anaerobic threshold
VCO, Carbon dioxide production

VE Minute ventilation

VEmax  Minute ventilation at peak exercise
VO, Oxygen uptake

VO,max Maximum oxygen uptake

VT Tidal volume

WHO World Health Organization

Introduction

The timely and accurate diagnosis of PH is important given the high mortality if left
untreated [1, 2], the availability of increasingly effective medical therapies [3] and
a long wait for a donor lung at most transplant centers [4]. The development of car-
diopulmonary exercise testing (CPET) has allowed an early diagnosis of PH in “at
risk” patients or those with subtle suggestive clinical findings, affording the oppor-
tunity to treat patients most likely to benefit and to monitor their response.

PH carries a poor prognosis, with a mortality of about 15 % in 1 year despite
modern therapy. The diagnosis of PH is often delayed; the average time from onset
of symptoms to diagnosis is approximately 2 years [2]. The delay is due, in part
from the nonspecific signs and symptoms of the disease, and the complex, extensive
workup necessary to determine a cause of elevated pulmonary artery pressure.
Traditional evaluation of resting pulmonary function and gas exchange is insensi-
tive [5, 6], and further contributes to the diagnostic delay. Early PH generally does
not cause symptoms at rest and stressing pulmonary vasculature with exercise may
be necessary to demonstrate abnormal structure and function [2, 7-10]. An appro-
priate analogy might be that of coronary artery disease; a resting left heart catheter-
ization identifies severe disease, but milder hemodynamically significant disease
requires a functional study for its diagnosis.

Cardiopulmonary exercise testing (CPET) is such a functional test that may elicit
early [7] and reproducible [11, 12] abnormalities suggestive of PH. CPET generally
consists of an incremental symptom-limited cycling or treadmill exercise test with
measurements of ventilation and pulmonary gas exchange [13, 14]. The first CPET
done was in the Harvard Fatigue Lab in the 1920s (Fig. 11.1) where many of the
basic tenets of normal human exercise physiology were described using measure-
ments of ventilation, pulmonary gas exchange, arterial blood gases and pH as well
as noninvasive estimates of cardiac output.

Currently, CPET is subdivided into noninvasive testing (niCPET), done with
continuous 12-lead ECG, cuff blood pressure monitoring and pulse oximetry, and
invasive CPET (iCPET), which adds arterial and pulmonary artery catheters for
blood gas, pH and pressure measurements. CPET may be used alone or combined
with other modalities, such as transthoracic cardiac Doppler echo and MRI.
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Fig. 11.1 The earliest known CPET was at the Harvard Fatigue Lab in the 1920s

There is a rapidly growing body of evidence supporting its utility in patients with
suspected or confirmed PH. Recent expert consensus statements suggest CPET’s
is useful in the diagnosis, management and risk stratification of PH [15, 16].
CPET is safe even in established PH [17, 18] Severe PH with exertional syncopal
episodes, cardiac arrhythmias, or acute right ventricular failure do, however,
serve as contraindications to maximum exercise testing [13].

Noninvasive CPET

niCPET can be used as a screening test in the patient with unexplained exertional
intolerance [14, 19] where a significant percentage of patients will ultimately be
shown to have PH [7]. Such patients have generally undergone a time-honored his-
tory, physical examination, routine blood work, which are normal or, in the eyes of
the clinician, show abnormalities insufficiently severe to explain symptoms. niC-
PET may also be appropriate in suspected PH, e.g., family members of Group 1 PH,
or in “at risk” patients with for example connective tissue disease [20].

niCPET can quantify the degree of exercise impairment, rule in or out a pulmo-
nary mechanical limit to exercise and suggest disorders manifested by abnormal O,
delivery or subsequent uptake and utilization, including PH. niCPET variables that
are useful in assessing the presence and severity of PH are shown in Table 11.1.
These variables largely reflect PH-related impairment of O, delivery to the exercising
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Table 11.1 Variables in Maximum oxygen uptake

niCPET useful in the -
Secmcc f PH Ventilatory or gas exchange
assessment o anaerobic threshold (AT)

Ventilatory reserve

Ventilatory efficiency

Arterial O, desaturation
PETCO, change

Exercise oscillatory ventilation

Oxygen uptake efficiency
slope

muscle bed and ventilation-perfusion abnormalities in the lung [17, 21-25].
Additionally, niCPEt allows reproducible assessment of functional capacity and
treatment efficacy in PH and can predict survival [11, 17, 22, 26-28].

Maximum Oxygen Uptake (VO,max)

Overall fitness is generally assessed by the VO,max, expressed as a percent of pre-
dicted for the patient’s age, gender and estimate of lean body mass, derived from
height [29] VO, increases linearly vs. work rate with a slope of approximately
10 mL/min/W in normal subjects [29]. This slope is not affected by age, gender, or
training, but is shifted leftward in obese patients and may plateau in more severe
heart failure (HF). In the obese patient, in the absence of pulmonary vascular dis-
ease, the VO, max may be surprisingly well-preserved, but the external work per-
formed on the cycle ergometer is compromised. This results from the oxygen cost
of moving heavy legs or respiratory muscle work.

In established PH, VO,max decreases [7, 17, 23-25, 28, 30, 31]. Even milder
exercise-induced PH depresses VO,max compared to normal [7, 10]. VO,max cor-
relates inversely with resting pulmonary hemodynamics [17] and may improve with
pulmonary vasodilator therapy [27, 32], but this is not uniformly observed [21],
perhaps in part because of methodological concerns, but perhaps related to con-
founding deleterious effects of treatment.

VO,max is a powerful predictor of mortality in PAH [33, 34] and a peak VO,
below 10.4 mL/kg/min has been considered a key criterion for early mortality [22].

Ventilatory (VAT) or Gas Exchange
“Anaerobic” Threshold (AT)

Heavy exercise increases blood lactate concentration, ventilation and VCO, relative
to VO,; the latter can be reliably detected noninvasively with CPET using an iterative
least residual sum of the squares of a two-segment log—log plot [35]. For many years
the lactic acidemia of exercise was assumed to be secondary to inadequate oxygen
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delivery to muscle with resultant increases in “anaerobic” glycolysis to produce ATP.
However, skeletal muscle mitochondrial redox state is actually higher when working
muscle is producing lactate than at rest, implying that oxygen supply is not the criti-
cal factor [36-38]. Likewise, the tight mechanistic link between LT and VAT has
been under mined by the fact that the two may be uncoupled experimentally [39-41]
and in McArdle’s disease [42] where ventilatory patterns during incremental exercise
are normal in the absence of lactic acidemia. Nonetheless, the AT varies with cardio-
vascular fitness, correlates well with human performance in the field, and remains a
useful clinical index.

The VAT occurs at greater than 40 % of the predicted VO,max in normal indi-
viduals, but earlier in cardiovascular disease including PH [17, 43, 44]. The AT
correlates inversely with resting pulmonary hemodynamics [17] in established PH.

Ventilatory Reserve

Minute ventilation (VE) normally rises during incremental exercise as a result of a
linear increase in breathing frequency and a hyperbolic increase in tidal volume
(VT) [45]. VT reaches a plateau at approximately 50 % of the resting vital capacity,
above which the elastic work of breathing is prohibitive [46]. The ratio of VE at
peak exercise (VEmax) to the maximal voluntary ventilation (MVV) at rest has
been termed the breathing reserve index [47]. A breathing reserve index of 0.70 can
be sustained for 15 min in normal individuals, but values above 0.75 are usually not
attained even at peak exercise [48].

Ventilation in patients with Group 1 PH may be excessive [49], but because the
maximum voluntary ventilation is usually near-normal, relatively normal breathing
reserve at peak exercise is usually found [17]. The niCPET can rule out a pulmonary
mechanical limit to exercise by comparing VEmax to MVV. This is especially
important in Group 3 PH where there are both pulmonary vascular and mechanical
abnormalities limiting exercise. When an abnormal VAT precedes a BRI of 0.70,
pulmonary vascular disease likely limits the patient’s activities of daily living.
Conversely, when a BRI of 0.70 precedes the AT, pulmonary mechanics are thought
to be rate limiting.

Ventilatory Efficiency

Normally, CO, elimination by the lungs becomes more efficient during exercise
[50]. Anatomic dead space increases because of a tethering effect on conducting
airways at high VT. Conversely, during upright exercise, alveolar dead space
decreases because of augmented blood flow to the lung apices, giving the net effect
of a slight increase in total (physiologic) dead space (VD). However, this effect is
more than offset by the increased VT, which produces a decrease in upright VD/VT
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from 0.45 at rest to less than 0.29 at maximum exercise [50]. Normally, the VE/
VCO, falls as a result to <37 at the ventilatory threshold [17].

Ventilatory inefficiency is one of the hallmarks of PH during exercise [7, 17,
23-25, 28, 30, 31, 51] and can be identified by an increased slope of the linear phase
of VE/VCO, or its absolute value at the ventilatory threshold. It has been suggested
that the latter is preferable as the slope may be artificially flattened by hyperventila-
tion at rest in anticipation of exercise.

A high VE/VCO, during the submaximum domain of incremental exercise is
explained by the alveolar ventilation equation:

VE/VCO2 = (k)/(PaCO2(1-VD/VT).[17]

Hyperventilation during low-level exercise is common in PH and usually ascribed
to a combination of stretch receptors in the RV and pulmonary outflow track, J
receptor stimulation (in HF and interstitial lung disease) and hypoxemic stimulation
of arterial chemoreceptors [52]. In addition, alveolar dead space fails to fall nor-
mally [17, 53, 54] because of blunted pulmonary vascular distention and recruit-
ment, and, perhaps, pulmonary vasospasm [55].

Thus, the combined influence of two invasively measured variables, VD/VT and
PaCO, may make the noninvasive VE/VCO2 a powerful marker of the abnormal
pulmonary vasculature. Using a stepwise regression model using PaCO2 and VD/
VT at anaerobic threshold as independent variables suggested that variability in VE/
VCO2 at anaerobic threshold was accounted for equally by both. In HFrEF we have
demonstrated equal contributions of VD/VT and hyperventilation to ventilatory
efficiency [56].

Reybrouck et al. [54] found that the VE/VCO2 slope was steeper in patients with
PH than the slope in patients with normal mPAP, and a significant correlation
between the slope and mPAP and the VD/VT. In PH, VE/VCO?2 is inversely related
to peak cardiac output [55], resting [17], and exercise [5S7] mPAP’s and overall exer-
cise capacity [54, 58] A sudden rise may suggest dynamic opening of a PFO and
right to left shunting during exercise [23].

Ventilatory inefficiency can predict adverse events [59] and is likely a better
predictor of survival than VO,max [22, 34, 60]. Recent work suggests [60] ventila-
tory equivalent for carbon dioxide at anaerobic threshold >55 identifies patients
with an over sevenfold increased risk of death within 24 months and better predicted
the clinical outcome compared to VO,max < 10.4 ml/min/kg.

Ventilatory efficiency improves after therapy, including pulmonary vasodilators
[27, 61] and lung transplantation [49] Interestingly VE/VCO, slope’s change after
treatment does not appear to influence survival [62].

Arterial O, Desaturation

In the normal human during incremental exercise, arterial O, saturation remains
normal and the A-aDO, widens due to hyperventilation and a rise in the RER.
In PH, arterial O, desaturation and/or exaggerated widening of the P(A—a)0, is due
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both to V/Q mismatching and a diffusion defect induced by a rapid red cell transit
time through a poorly compliant and recruitable pulmonary circulation. Prevalence
of arterial O2 desaturation with exercise increases with PH severity [28].

Occasionally, a sudden fall in arterial oxygen saturation heralds the opening of a
patent foramen ovale and increased right to left shunting due to elevation of right
atrial pressure [23].

Exercise arterial O, desaturation is not generally a feature of ambulatory HFpEF
or HFrEF. Recent work suggests severe O, desaturation is a negative prognosticator
for PH [63].

End Tidal PCO, (PETCO,)

The PETCO, normally rises at the AT, reflecting increased VCO, delivered to the
pulmonary capillary which is disproportionately “sampled” at lower end-expiratory
lung volumes. The negative Pa-ETCO, gradient is dependent on normal exercise
induced pulmonary vascular recruitment and distension.

As with ventilatory efficiency, pulmonary vascular remodeling or dysfunction
impairs this response and alveolar dead space fails to fall normally, diluting the end
tidal breath with room air [24, 64]. When PETCO, at AT is <30 mmHg and espe-
cially <20 mmHg, in a patient with exertional dyspnea of unknown cause, PH
should be considered as likely.

It has been shown that the PETCO, [28] transition from rest to AT can distin-
guish between PH and left ventricular dysfunction; PETCO, tends to decrease in
PAH, whereas the PETCO, tends to increase in LVD [20, 64].

Like ventilatory inefficiency, disease severity and survival are predicted by the
pattern of change [22]. Oudiz et al. have shown higher PETCO, at AT after treating
PH after sildenafil [65].

0, Uptake Efficiency Slope (OUES)

In 1996, Baba et al. proposed a hybrid measurement of oxygen transport and venti-
lation during exercise as a surrogate for VO,max in the pediatric population in
whom the latter was difficult to reliably achieve [66]. The OUES is an objective,
reproducible measure of cardiopulmonary reserve that does not require a maximal
exercise effort. It integrates cardiovascular, musculoskeletal and respiratory func-
tion into a single index that is largely influenced by pulmonary dead space ventila-
tion and exercise-induced lactic acidosis.

The OUES is derived from the relation between oxygen uptake (VO2 [ml/min])
and minute ventilation (VE [l/min]) during incremental exercise and is
determined by:

VO2=alog VE + b, where a = OUES (Fig. 11.2).
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Major factors that influence the OUES are: CO, output (derived from muscle
aerobic metabolism as well as from the pH buffering function of bicarbonate), arte-
rial pCO, set-point, and VD/VT.

A low OUES predicts poor survival in HF [68] and worse outcome in PH [69].
Ramos et al. performed an ROC curve analysis in PH (area under the curve=0.688
[0.542-0.833], p<0.01), indicating a best OUES cutoff for prognostication of
0.56 L/min/log.

Exercise Oscillatory Ventilation (EOV)

Cyclic fluctuations in minute ventilation during exercise, called exercise oscillatory
ventilation (EOV), have been observed in 19-51 % of patients with HF [70-75].
Exercise oscillatory ventilation is a noninvasive parameter that is easily measurable
(Fig. 11.3) during submaximum exercise.

We recently examined iCPET data for EOV in 56 patients with HFrEF
(mean+SEM age, 59+2 years; left ventricular ejection fraction, 30+ 1 %) and 19
age-matched control subjects were studied with incremental cardiopulmonary exercise
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Fig. 11.3 Exercise
oscillatory ventilation defined
as >3 cyclic fluctuations of
minute ventilation (VE)
during exercise with an
amplitude >25 % of the mean
trough-to-trough VE during
that interval. CL cycle length;
Amp amplitude [76] 0
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testing. We detected EOV in 45 % of HF (HF+EQOV) patients and in none of the
control subjects. The HF+EOV group did not differ from the HF patients without
EOV (HF-EOV) in age, sex, body mass index, left ventricular ejection fraction, or
origin of HF. Univariate predictors of the presence of EOV in HF, among measure-
ments performed during exercise, included higher right atrial pressure and pulmo-
nary capillary wedge pressure and lower cardiac index (CI) but not PACO, or PAO,.
Multivariate logistic regression identified that low exercise CI is the strongest
predictor of EOV (odds ratio, 1.39 for each 1.0-L/min/m? decrement in CI; 95 %
confidence interval, 1.14—1.70; P=0.001). Among HF patients with EOV, exercise
CI was inversely related to EOV cycle length (R=-0.71) and amplitude (R=-0.60;
both P<0.001). In 11 HF+EOV subjects treated with 12 weeks of sildenafil, EOV
cycle length and amplitude decreased proportionately to increases in CI. We con-
clude EOV is closely related to reduced CI, elevated filling pressures and impaired
RV contractility (Fig. 11.4) during exercise and may be an important surrogate for
exercise-induced hemodynamic impairment in HF patients.

Exercise oscillatory ventilation has emerged as a potent independent risk factor
for adverse prognosis in HF [70, 72, 77]. To our knowledge this has not yet been
determined for PAH and PH Groups 3-5.

Noninvasive CPET Diagnostic Algorithms for PH

When used together, patterns of CPET variable changes may increase sensitivity
and specificity of exercise testing for the diagnosis of PH [78-81]. Our laboratory
validated a classic noninvasive CPET diagnostic algorithm for PH in a population of
unexplained dyspnea with direct central hemodynamic measurements [26]. We
evaluated 130 consecutive, clinically indicated iCPET’s whose phenotyping (see
below) was performed to determine if PH were present at maximum exercise and
limited exercise tolerance (pulmonary vascular limit (PVL) defined as a PVRmax
>120 dyn s cm™ and a maximum systemic oxygen delivery (DO,max) <80 % of
predicted, in the absence of limiting abnormal pulmonary mechanics or poor effort).
We evaluated the accuracy of a published diagnostic algorithm [78] (Fig. 11.5)
and sequentially altered branch-point threshold values to maximize accuracy in
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Fig. 11.4 Correlations between exercise oscillatory ventilation (EOV) parameters and cardiac
performance; EOV amplitude is inversely related to cumulative cardiac index during exercise
(Zcardiac index; a) and right ventricular ejection fraction (RVEF; ¢). In addition, EOV cycle length
is inversely related to cumulative cardiac index during exercise (b) and RVEF (d)

diagnosing PVL. We based threshold values used at each branch point on the 95 %
confidence intervals for healthy individuals during exercise [78]. Thus, for the diag-
nosis of PVL, branch-point values were adjusted in the following order: % predicted
VO,max, anaerobic threshold as % predicted VO,max, breathing reserve maximum,
and VE/VCO, and anaerobic threshold.

Figure 11.6 shows the changing sensitivity, specificity, and accuracy for PVL
when a representative branch point (VE/VCO, at anaerobic threshold) was altered
systematically. If consecutive branch-point values resulted in identical accuracy, we
chose the median value.

In an identical fashion, we determined the utility of isolated peak exercise mea-
surements of VD/V'T and PA-aO, for PVL. We used upper limit of normal values
for peak exercise VD/VT and PA-a0, of 0.28 and 35 mmHg, respectively [78].

The sensitivity of the isolated peak exercise VD/VT for PVL was 20 %, with
specificity of 85 % and accuracy of 56 %. Similarly, the isolated peak exercise
PA-a0, had sensitivity for PVL of 24 %, specificity of 92 %, and accuracy of 60 %.
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Fig. 11.5 A popular noninvasive CPET diagnostic algorithm with key branch points for PH in bold

The noninvasive algorithm’s sensitivity for PVL was 79 %, specificity was 75 %,
and accuracy was 76 % (n=93). Systematic alteration of branch-point values
improved the algorithm’s specificity and accuracy to 88 % and 85 %, respectively.
The greatest improvement in sensitivity for detecting pulmonary vascular limit
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Fig. 11.6 Improvement of accuracy of a noninvasive CPET diagnostic algorithm by adjusting a
key branch point (VE/VCO,) cutoff value

resulted from a decrease in the threshold value for VE/VCO, at anaerobic threshold;
we applied a stepwise linear regression model to this branch point. When PaCO,
and VD/VT at anaerobic threshold were denoted as independent variables, the
model assigned equal weight to both (standard coefficients=0.59 and 0.57, respec-
tively, p<0.0001).

A recent study by [20] confirms the utility of a niCPEt algorithm for early detec-
tion of pulmonary vascular disease in an at risk population. The authors further
suggest that one can distinguish right from left sided disease by the addition of
PETCO, changes from rest to AT.

A suggested niCPET for the diagnosis of PH is suggested (Fig. 11.7).

In summary, niCPET is a useful diagnostic modality that can suggest early or
mild PH in at-risk patients or those with unexplained exertional intolerance.
Confirmation of PH is almost always necessary through right heart catheterization.
The remainder of this chapter focuses on combining CPET with RHC hemody-
namic measurements.

Invasive CPET

Measurement of central hemodynamics during exercise has been performed for
many years [82-84], but only more recently combined with CPET [85]. In our
hands, an iCPET refers to niCPET with the addition of pulmonary and radial artery
catheters for pressure measurements and blood sampling.
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Fig. 11.7 A suggested
noninvasive CPET diagnostic
algorithm. PH may be
suggested by a decreased
VO,max, early AT,
ventilatory efficiency and

decreased PETCO,’s
Methods

A detailed description of methods utilized in the BWH Advanced Cardiopulmonary
Exercise Testing Facility has recently been published [86].

iCPET (Fig. 11.8) is best performed using a cycle ergometer to minimize upper
body motion and a continuous ramp protocol to ensure a linear increment in work
rate and resulting VO,. Upright positioning most closely mimics normal physical
activity but either upright or supine exercise can be utilized to derive Ppa—flow rela-
tionships [87]. Radial arterial line placement allows precise systemic blood pressure
measurement, as well as serial arterial blood gases, to assess important indicators of
pulmonary vascular function, including dead space volume/tidal volume, alveolar—
arterial gradient and direct Fick cardiac outputs when coupled with assessment of
oxygen uptake and mixed venous saturation.

We use an ultrasound-guided internal jugular approach to PAC placement so
cycling exercise is unimpeded. The optimal zero reference point for central pressures
(approximating the right atrium) has recently been reviewed for supine RHC [88].
It has been suggested that in the upright position mid right atrial ZRP is well approxi-
mated by the fourth intercostal space at the junction with the sternum and is used by
our laboratory. Pulmonary capillary wedge pressure (PCWP) should be verified
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Fig. 11.8 iCPET setup at BWH. Non invasive CPET with breath-by breath measurement of
pulmonary gas exchange and ventilation is combined with simultaneous radial and pulmonary
arterial blood gas and pH sampling every minute at rest and incremental maximum exercise

based on characteristic waveforms, systemic oxygen saturation, and/or appearance
on fluoroscopy. The critical extravascular closure pressure imposed by the lung
parenchyma that contains the pulmonary vasculature is typically below that of the
PCWP during exercise [89], and therefore PCWP can be used as the downstream
pressure in order to determine transpulmonary pressure gradients (TPG=mPAP-
PCWP) and pulmonary vascular resistance (PVR=TPG/CO). Care should be taken
to maintain consistent upright posture relative to the leveled transducers throughout
exercise. Serial measurements of mPAP, PCWP, and CO should be performed at
regular intervals (i.e., every minute) during incremental exercise to characterize
pressure—flow relationships.

Pleural pressure swings and their influence on pulmonary artery input and out-
flow pressures and beat-to-beat stroke volume deserve special discussion. For
instance, the exaggerated end expiratory pressures seen in the obese patient and in
COPD do likely contribute dynamically increased right heart afterload by compres-
sion of alveolar vessels, which may in turn contribute to the patient’s exertional
intolerance. If, however, one assumes iCPET’s clinical role is in the detection of
early pulmonary vasculopathy or HFpEF, one might wish to eliminate the con-
founding effects of respiratory pressure swings. The classic approach to the prob-
lem was to ignore it and take a mean PAP or PCWP through the respiratory cycle.
In the 1980s, end-expiratory measures came into vogue, largely in the mechanically
ventilated patient, when it was assumed zero airway flow at end expiration would
result in the least contamination of PAC derived pressures and this has recently been
recommended for supine, resting RHC [90] and utilized during exercise [91, 92].

When measuring hemodynamics during exercise in COPD, subtracting esopha-
geal pressure (Pes), in order to acquire the true intra-cavitary and thereby deriving
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actual transmural pressure which is critical in the detection of pulmonary vascular
disease, is preferable [93]. The usefulness of the RAP waveform to estimate the
pressure surrounding the heart was shown by Tyberg et al. [94]. This method assumes
that pressure in the very compliant right atrium is predominantly dependent on pres-
sure surrounding the heart (pericardial pressure, or in our case ITP), rather than by
right atrial volume. We showed that this method was useful during exercise in
COPD-patients, as long as the lowest point of the RAP during expiration was used.
This is explained by the fact that during the right atrial contraction dissociation
between RAP and ITP is created. Therefore, only the pressure of an empty and relax-
ing right atrium is useful to estimate I'TP. We found a small bias with mPAPtm and
PCWPtm when RAPnadir was used to correct expiratory mPAP and PCWP, with a
very reasonable 95 % CI. This method may not be useful in patients with more pro-
nounced right heart failure, as this causes RAP to rise, even during relaxation.

We have recently examined the worst case scenario: moderate to severe COPD
referred for evaluation of suspected PH with exercise [95]. Central hemodynamics
were measured simultaneously with esophageal pressure during exercise in 30
COPD patients. mPAP and PCWP were assessed in four different manners:

. At end-expiration.

. Averaged over the respiratory cycle.

. Corrected from the right atrial pressure (RAP) nadir.

. Corrected from the RAP respiratory swing and compared with the “gold stan-
dard” transmural mPAP and PCWP.

AW N =

An example of a severe COPD patient’s PAP’s during exercise with and without
correction for ITP is shown in Fig. 11.9. Maximum exercise cardiac output was
10.9+3.8 L/min. The large swings in Peso were transduced into all central pressure;
on average responsible for a difference between inspiratory values and expiratory
values of about 20 mmHg. The expiratory Peso at maximal exercise ranged from +3
to+25 mmHg. The mPAP/Q slope decreased from 6.4+3.7-4.4+3.2 mmHg/L

Right atrial pressure

Pressure (mmHg)

Time (s)

Fig. 11.9 Simultaneous measurement of RAP and esophageal pressure (Peso) at maximal exercise
in the same patient as shown in Fig. 11.1. RAPnadir is the lowest point in RAP during expiration,
which represents RAP during relaxation. Note that RAP falls towards Peso during relaxation.
RAPswing was determined as the difference between inspiratory RAP and expiratory RAP [95]
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Fig. 11.10 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 predicted) [95]

(p<0.001) after correction for ITP. Seven patients had a mPAP/Q slope >3 mmHg
before correction which decreased to <3 mmHg after correction for the ITP. Twenty-
two patients had a PCWP recording. Nineteen patients of the 22 had a PCWP
>20 mmHg with exercise without correction for ITP. Seven patients a had
PCPWtm>20); in three of them PCPWtm was between 20 and 25 mmHg.

“Gold standard” mPAPtm and PCWPtm at maximum exercise were 47 + 15 and
17+8 mmHg respectively (Fig. 11.10). The average mPAP values at maximal exer-
cise of the four methods were; mPAP . o,: 59+ 14, mPAP,rpcq: 50+ 14, mPAP,p qir:
44+ 15, and mPAP,,, oin,: 38+ 15 mmHg. The average PCWP values at maxi-
mum exercise of the four methods were; PCWP,q.cxp: 27 %9, PCWP,¢py0ea: 20£8,
PCWP,, naair: 15£7, and PCWP;,.: 11+8 mmHg.

Bland-Altman analyses showed the best agreement of mPAP (Fig. 11.11) aver-
aged over the respiratory cycle (bias: 2.5 mmHg, limits-of-agreement (6.0 to 11.8)
and when corrected with the nadir of RAP (bias: —3.6 mmHg, limits: —11.2 to 3.9).
Measuring mPAP at end-expiration (bias: 10.3 mmHg, limits: 0.5-20.3) and mPAP
corrected with the RAP-swing (bias: —9.3 mmHg, limits: —19.8 to 2.1) resulted in
lower levels of agreement (Fig. 11.12). Bland-Altman plots of the four methods of
PCWP measurements during exercise were similar and are shown in Fig. 11.13;
both are summarized in Table 11.2.
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Fig. 11.11 Average pressure flow relations before and after correction for esophageal pressure.
mPAP mean pulmonary artery pressure, mPAPtm transmural mPAP (calculated as mPAP-Peso),
PCWP pulmonary capillary wedge pressure, PCWPtm transmural PCWP (calculated as PCWP-

Peso). **p<0.01, ***p>0.001 [95]
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Fig. 11.12 Bland-Altman analyses of the difference between pulmonary artery pressure (mPAP)
and transmural mean pulmonary artery pressure (mPAPtm) plotted vs. the mPAPtm. (a) mPAP
measured at end expiration, (b) mPAP averaged over the respiratory cycle (¢) mPAP corrected with
the lowest point of RAP during expiration (RAP-nadir) and (d) mPAP corrected with the swing in
RAP (RAP-swing). Dotted lines represent the 95 % coincidence intervals [95]
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Fig. 11.13 Bland-Altman analyses of the difference between pulmonary capillary wedge pressure
(PCWP) and transmural pulmonary capillary wedge pressure (PCWPtm) plotted vs. the PCWPtm.
(a) PCWP measured at end expiration, (b) PCWP averaged over the respiratory cycle (¢c) PCWP
corrected with the lowest point of RAP during expiration (RAP-nadir) and (d) PCWP corrected
with the swing in RAP (RAP-swing). Dotted lines represent the 95 % coincidence intervals [95]

Table 11.2 Effect of ITP swings on PCWP, mPAP, and RAP {Boerrigter [95] #1813}

95 % limits of agreement (mmHg)

Number r? Bias+SD (mmHg) From To
MPAP. g expiratory 30 0.86 10.3+5.9 0.5 20.3
MPAP,,c40e4 30 0.92 2.5+44 -6.0 11.8
mPAP ., adir 30 0.94 -3.6+3.8 -11.2 39
MPAP,;, wine 30 0.86 -9.3+5.9 -19.8 2.1
PCWP.g expiratory 22 0.69 9.9+5.3 -0.5 20.3
PCWPAVERAGED 22 0.75 32+44 -5.3 11.8
PCWP,yp nadir 22 0.73 -2.0+42 -2.0 4.2
PCWP,;, sing 22 0.64 -6.3+5.3 -16.6 4.0

Our findings support the use of mPAP and PCWP averaged over 2-3 respiratory
cycles in order to acquire more accurate assessment of the transmural values of
mPAP and PCWP during exercise in COPD-patients. The patients in the present
study showed a wide range of expiratory Peso at exercise, reaching to as high as
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25 mmHg, which is consistent with previous studies on pulmonary mechanics. In these
studies, as well as the present study, the positive excursion of Peso during expiration
is at least as large as the negative excursion during inspiration. It is therefore not
surprising that mPAP averaged over the respiratory cycle is a more realistic measure
of intravascular pressure. Albeit more accurate than mPAP g cx,, MPAP,c;,0cq Was still
a slight overestimation, which can be explained by the increased expiratory time.

Lastly, we showed that the swings in mPAP, PCWP and RAP were similar
(r?=0.82, slope: 0.95+0.1) (Fig. 11.14). This has several convenient implications.
The consequence of an identical effect of ITP swing on mPAP and PCWP is that the
difference between the two, the transpulmonary pressure gradient is unaffected by
the swing in ITP. This only holds when both the mPAP and PCWP being recorded
at the same time point in the respiratory cycle. So, although individually, mPAP and
PCWP are overestimations of intravascular pressure, the mPAP,q.cxpand PCWPepg.exp
combined lead to the correct transpulmonary pressure gradient or PVR (transpul-
monary gradient/CO). It underscores the importance of PVR as part of the sug-
gested definition of exercise induced pulmonary arterial hypertension [7], as it
prevents patients being diagnosed simply because of an increased ITP.

The similar effect of ITP swings in RAP and PCWP also has a potential implica-
tion in evaluating exercise hemodynamics. The increase in PCWP calculated as a
ratio to the increase in RAP (APCWP/ARAP), as previously suggested [25, 96], is
unaffected by ITP swings. This ratio might therefore be of potential help in the dif-
ficult situation of a high PCWP with exercise in the presence of ITP- swings. This
would be especially helpful in diagnosing exercise-induced HFpEF [97].

We conclude central hemodynamics measured at end-expiration leads to an over-
estimation of intravascular pressures in exercising COPD-patients. More reliable
data are generated by averaging pressures over the respiratory cycle or using the
RAP waveform to correct for intrathoracic pressure. Assessment of the pulmonary
gradient is unaffected by respiratory swings. The patients in the study of Boerrigter
et al. had at least moderate airflow limitation, likely a worst-case scenario for the



11 Cardiopulmonary Exercise Testing in Pulmonary Hypertension 285

Fig. 11.15 Effects of relaxed exhalation to FRC on PAP’s during moderate exercise

influence of ITP on central pressure measurements. We can only speculated to what
extent our findings can be extrapolated to patients with less severe airflow limitation
such as PH. Pulmonary vascular pressure therefore should be averaged over 2-3
respiratory cycles not only in COPD [7, 8, 28] but also healthy subjects [98, 99].
Whether an averaged mPAP is a more accurate estimate of the intravascular pres-
sure at maximal exercise in PH without parenchymal lung disease remains unknown
and depends on the amplitude and the length of the inspiratory and expiratory excur-
sions in ITP.

We have recently adopted a slow-breathing maneuver to avoid respirophasic
change in pulmonary vascular pressures. Fig. 11.15 shows respirophasic change of
PAP during moderate exercise; at the arrow, the patient is asked to “relax and miss
a breath or two”. Over 90 % of our patients coached in this manner, with a brief
practice while at rest on cycle ergometer, can successfully perform the maneuver.
The same maneuver results in a stable PCWP measurement (Fig. 11.16).

iCPET Variables

In a manner similar to niCPET, certain variables (Table 11.3) obtained by niCPET
plus radial or arterial catheter pressure and blood gas measurements help confirm
the presence of PH and differentiate PH with a TPG vs Group 2 without (pulmonary
arterial vs. venous hypertension).
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Fig. 11.16 Effects of relaxed exhalation to indicate that the red tracing is the PCWP

Table 11.3 iCPET
characteristics of PH

Decreased VO,max
Decreased AT

Qt<80 % predicted
Blunted VD/VT fall >0.30
Arterial O, desaturation or
widened P(A-a)

0,>30 mmHg

PAP>30 mmHg
PVR>120dyn s cm™
PCWP/RAP slope< 1.4
mPAP vs. Qt slope>3.0

Cardiac Output (Qt)

The Fick Principle and conservation of mass dictate that in the steady-state,
VO,=0Qtx(Ca0,—-CvO,) where Qt=cardiac output and (CaO, - CvQ,) is the differ-
ence in O, content (ml/L) between arterial and mixed venous blood. Thus during
iCPET continuous breath-by breath measurement of VO, and simultaneous blood
gas sampling from the distal PA port and radial artery catheter every minute allow
the calculation of a Direct Fick cardiac output. Dividing predicted absolute VO,max
(ml/min) for a given patient by an expected peak (Ca—vO,(ml/L))=[Hb] x 10 yields
an estimated Qtmax predicted.

Cardiac output generally limits VO,max in healthy adults. Maximal cardiac out-
put, which facilitates transport of oxygen from the alveolus to skeletal muscle,
determines the maximal oxygen uptake and aerobic capacity to a large degree.
Maintenance of CaO, and depression of CvO, during exercise are also circulatory
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functions, requiring exquisite matching of blood flow to ventilation and tissue
metabolism, respectively. Cardiac output normally increases by approximately
5 mL/min for every 1 mL/min increase in VO, [100]. This slope is not altered by
training, but maximum cardiac output improves with conditioning to four to five
times resting values (up to levels of approximately 25 L/min in a young healthy
individual). Maximum cardiac outputs above 40 L/min have been reported in elite
athletes, and elite athletes may exhaust their breathing reserve before attaining max-
imal cardiac output [101].

Stroke volume (SV) increases in a hyperbolic fashion vs. VO,, and maximum
values can be augmented by up to 50 % with training [100, 102, 103]. The rise in
SV during exercise is mediated in part by increased contractility, reflected by a 0.10
increase in left ventricular ejection fraction (LVEF) from rest to peak exercise [104].
Left ventricular end-diastolic volume (LVEDV) also increases by 20-40 %, aug-
menting SV by the Frank-Starling mechanism [105]. LV filling is enhanced during
exercise by capacitance venoconstriction, greater negative intrathoracic pressures,
and the pumping action of exercising limbs [106]. In a heart with normal lusitropic
properties, LV end-diastolic pressure increases to approximately 20 mmHg at maxi-
mum exercise [87]. In PH, variable contributions of increased right heart afterload
and decreased contractility blunt Qtmax and, in turn, VO,max [7].

Pulmonary Artery Pressure

Pulmonary arterial pressure responses to exercise were first characterized over 60
years ago [82]. Pulmonary hypertension was previously defined in United States
and European guidelines as a mean PAP (mPAP) >25 mmHg at rest or >30 mmHg
during exercise [107, 108]. In 2008, the Working Group on Diagnosis and
Assessment of Pulmonary Arterial Hypertension from the Fourth World Symposium
on PH (Dana Point, CA) concluded that mPAP >30 mmHg should be abandoned as
a diagnostic criteria for PH whose decision has remained controversial [8, 9, 109,
110]. This decision was based on the age-dependent nature of exercise mPAP and
limited data on normal subjects derived from heterogeneous levels, types, and pos-
tures during exercise testing [111]. The key paper was a meta-analysis of 47 studies
describing 72 populations of healthy volunteers who underwent RHC with invasive
measurement of mPAP at rest and during exercise [112]. Data were stratified by
gender, age, type of exercise (i.e., cycle ergometry, treadmill exercise), body posi-
tion (upright vs supine), and exercise levels (slight, submaximal, and maximal). For
all subjects at maximal exercise, the ULN was 37 (supine) and 35 mmHg (upright).
However, during supine exercise Ppa was significantly higher in subjects aged
>50 years (29.4 + 8.4 mmHg) compared to those aged 30-50 years (20.0+4.7 mmHg)
and 30 years (18.2+5.1 mmHg). The upper limit of normal for mPAP in subjects
aged <50 years was 29.0 mmHg vs. 46.2 mmHg in subjects aged >50 years. Of note
this analysis included TM exercise which is associated with mPAP 8—13 % higher
than cycle ergometry and did not report how respiratory pressure swings were con-
trolled for. Moreover, the PCWP and upper limit of PVR were not analyzed.
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Pulmonary Vascular Resistance

In the normal human increases in cardiac output exceed the increase in TPG and
PVR falls. The PVR fall during exercise is a consequence of both passive distention
of a compliant circulation and active vasodilation mediated in part by NO [113].
Pulmonary capillary wedge pressure increases about 1.4 mmHg for every 1.0 mmHg
increase in right atrial pressure, suggesting interdependence of right and left ven-
tricular filling [7, 96].

The upper limit for PVRmax in healthy humans remains poorly defined. Reeves
et al. [87] calculated that in young, healthy subjects, the upper limit of a normal
PVRmax is 56 dyn s cm= (0.7 Wood units). Granath et al. [98] studied 27 healthy,
older men (aged 71+6 years) and found an upper 95 % confidence interval for
PVRmax of 120 dyn s cm™ (1.5 Wood units). Kovacs et al. recently described the
changes in PVR in healthy individuals primarily during supine exercise. The data
were stratified by sex, age, type of exercise (i.e., cycle ergometry and treadmill
exercise), body position (upright vs. supine), and exercise level (slight, submaxi-
mum and maximum). The authors concluded that a decline in PVR is seen during
the exercise response in healthy normal subjects. A limitation of the study was the
paucity of individuals aged >50 years; subjects aged 51-69 years were limited to
only 13 and 4 patients in supine and upright positions, respectively. Of these, PVR
was available for only 8 (47 %) subjects. Kovacs focused on changes of PVR from
rest to exercise, but did not emphasize absolute exercise values. Of note for those
subjects ages 51-70 who performed two levels of (supine) exercise, mPAP,, was
28.0+7.6 mmHg and PVRex 57+27 dyn s cm™. If one calculates an ULN for both
mPAP,, is 43.4 mmHg but PVRex is only 111 dyn s cm™. The latter is in accord
with the ULN for PVRmax described by Granath et al. [98]. We suggest a dual defi-
nition of exercise PH include both an ULN of mPAP,,,, and an ULN for PVRmax.
Until further studies are done in the aged population, 120 dyn s cm™ represents a
reasonable ULN for PVRmax.

Pressure—Flow Relationships

It has recently been suggested that patterns of change of mPAP vs. cardiac output
(AmPAP/AQt) during exercise may identify a pulmonary vasculopathy without
maximally stressing the patient. Reeves et al. [87] performed exercise measure-
ments in 63 healthy young adults at rest and at least two levels of exercise and
determined average AmPAP/AQt <1 mmHg/min/L. Kovacs et al. {Kovacs, 2012
#1942} reported a normal AmPAP/AQt <1.06 mmHg/min/L. Our 16 normals
showed a APpa/AQt of 1.4 [7]. AmPAP/AQt increases as a function of age with an
ULN of about 3.0 [9].

A steep AmPAP/AQt relation is seen in Groups 1 and 2 PH. Fig. 11.17 shows
AmPAP/AQt in scleroderma, PAH compared to the normal.
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Fig. 11.17 Normal subjects (open square), patients with scleroderma with resting mPAP in the
lower normal range (open diamond) and upper normal range (filled diamond), and patients with
resting PAH (filled circle) demonstrate approximately linear pressure—flow responses during
exercise

It can be concluded that the compliant pulmonary vasculature can accommodate
large increases in blood flow during exercise with a proportionate modest increment
in mPAP and a fall in PVR. When assessing mPAP, it is critical to account for Qt
augmentation; therefore, determination of AmPAP/AQt or PVR is preferable to
mPAP alone.

iCPET Diagnostic Algorithms

Once a central cardiac limit is established based on a low VO,max, early AT, and
a depressed Qtmax, left heart disease can be differentiated from the right using
PAC-derived hemodynamics. This allows a direct Fick cardiac output
(VO,=Qtx (Ca0O,—-Cv0,)) and one can determine whether VO,max is decreased
because of a blunted peak cardiac output (a true cardiac limit) or failure to sys-
temically extract O, (e.g., a Mt myopathy). iCPET can be used as an initial test
where PH is strongly suspected, when resting RHC numbers are borderline or
when the noninvasive test is either suggestive of PH or unrevealing in a symptom-
atic patient. It is useful to differentiate a pulmonary mechanical from a pulmonary
vascular limit in a patient with suspected Group 3 PH [64].

Patients with exercise-induced PAH, which is discussed further below, have
normal cardiopulmonary hemodynamics at rest, but on iCPET demonstrate
increased mean pulmonary artery pressure >30 mmHg and pulmonary vascular
resistance >80-120 dyn s cm® [7, 96, 98]. In patients with normal biventricular
function, an increased mean PCWP >20 mmHg [96] at peak exercise in the absence



290 D.M. Systrom and A.B. Waxman

Fig. 11.18 iCPET diagnostic
algorithm

=
|

of elevations to pulmonary vascular resistance suggests exercise-induced HFpEF.
Exertional intolerance may be associated with preload-dependent limitations to
stroke volume and cardiac output [114]. In this patient population, failure to aug-
ment right atrial pressure on exercise is observed despite abnormally decreased
cardiac output. Finally, impaired systemic O, extraction (Ca-vO,<[Hb]) indicates
left to right shunting or a Mt myopathy [115].

An iCPET diagnostic algorithm is suggested Fig. 11.18. Using this approach we
recently reviewed the iCPET diagnoses made at one institution over a 1-year period
(Fig. 11.19).

Exercise Induced Pulmonary Arterial Hypertension (eiPAH)

Our group has studied a subset of patients with unexplained exertional intolerance,
and depressed VO,max whose sole explanation is an abnormal rise in mPAP and
blunted fall of PVR during incremental exercise. An example is shown in Fig. 11.20.
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Fig. 11.19 iCPET diagnoses
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We systematically reviewed results of 406 sequential patients undergoing iCPET
to evaluate dyspnea “eiPAH” was defined as resting mPAP <25 mmHg coupled with
exercise mPAP >30 mmHg, and PVR >80 dyn s cm™ and PCWP <20 mmHg [7].
Patients with eiPAH (n=78) were compared to patients with normal exercise
capacity and hemodynamics (n=16) and patients with resting PAH (mPAP
>25 mmHg, PCWP <15 mmHg, n=15). We found VO,max % predicted was lowest
in resting PAH (55.8£20.3 %), intermediate in eiPAH (66.5+16.3 %), and highest
innormals (91.7+13.7 %), whereas peak mPAP (48 + 11 vs. 37+6 vs. 27+4 mmHg)
and PVR (294+158 vs. 16160 vs. 62+20 dyn s cm™, respectively; all P<0.05)
followed an opposite pattern [7].

Within the eiPAH group, mPAP response to exercise followed one of two pat-
terns. eiPAH patients with “takeoff” physiology demonstrate significantly higher
VO,max and Qtmax than “plateau” eiPAH (Fig. 11.21). The “takeoff” physiology
seen in the exercise induced PAH patients resemble normal/detrained “takeoff”
physiology while the “plateau” physiology resembles the physiology seen in
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Fig. 11.21 Left panel: Representative plateau pattern of log—log plot of mPAP vs. VO, in eiPAH.
Right: Representative “take-off” pattern of log—log plot of mPAP vs. VO, in eiPAH

those with resting PAH. These data suggest that eiPAH is an intermediate exercise
phenotype between normal subjects and those with resting PAH and that abnor-
mal central hemodynamics during exercise substantively contribute to exertional
symptoms and impairment.

Subsequent studies have provided further evidence of the functional significance
of exercise-induced elevations in PAP in “at-risk populations” for PAH [10, 116—
118]. Fowler et al. [10] described 17 subjects eiPAH patients with reduced VO,max
(1.2+0.4 vs. 1.7£0.5 L min, P<0.05), in turn related to decreased peak exercise
cardiac output (72+19 % predicted). She and her colleagues also demonstrated
elevated ventilatory equivalent for carbon dioxide (41.0+7.3 vs.31.0£2.9, P<0.05)
and reduced end-tidal carbon dioxide tension (32.6+3.6 vs. 39.4+2.7 mmHg,
P<0.05) at the anaerobic threshold. Kovacs et al. showed that a higher exercise
mPAP and PVR in patients with “borderline” resting mPAP was associated with
reduced 6-min walk distance and reduced peak workload [117].

Whyte et al. [119], examined the hemodynamic response to exercise in “at risk”
patients aged <50 years with normal resting mPAP. They showed that individuals
who increased mPAP >30 mmHg (24 out of 38) tended to have a higher resting
mPAP and PVR. In particular, 88 % of patients with “borderline” resting mPAP of
21-24 mmHg developed mPAP >30 mmHg on mild-to-moderate exercise tended to
have a lower 6-min walk test compared to the remaining 14 patients.

Whether exercise-induced elevations in mPAP and PVR provide a window into
the diagnosis of early, potentially more treatable forms of PAH is uncertain [108,
120, 121]. Tolle et al. [7] described five subjects with eiPAH who underwent a
repeat clinically indicated iCPET. The time to retest was 29.8+10.7 months. Both
underlying diagnoses and treatment regimens were heterogeneous. At peak exer-
cise, there was a nonsignificant decrease in VO,max (69.8+20.2 to 61.2+21.9 %
predicted) that was associated with a similar change in Qtmax (86.4+25.6 to
80.0+23.8 % predicted, p>0.05 for both), but with no change in central hemody-
namics (mPAP: 38.4+4.3 to 37.2+7.5 mmHg; PVR: 175+79 to 131+29 dyn s/cm?’,
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p>0.05 for both). Saggar et al. described 3/11 eiPAH SSc patients developing rest-
ing PAH over 24 weeks of open label ambrisentan [122]. Condliffe et al. found that
19 % of patients with scleroderma with eiPAH develop resting pulmonary hyperten-
sion after 2.3 years [123]. Long-term follow-up is needed, preferably as part of
RCT’s.

We conclude eiPAH is a clinically relevant entity whose abnormal central hemo-
dynamics cause symptoms and substantively impair exercise tolerance. A standard-
ized approach to its diagnosis and definition is needed. Long term prognosis,
relationship to resting PH and optimal treatment need to be better defined.

Exercise-Induced HFpEF

niCPET has been used extensively in the diagnosis and management of HFpEF
[124, 125] quantifying the exercise impairment and ruling out a pulmonary
mechanical limit. Guazzi et al. has also shown that niCPET variables such as peak
VO,, VE/VCO; slope, rest and peak end tidal CO, (PETCO,) are correlated with
diastolic function in HFpEF patients [125]. Although VO,max is an important
prognostic factor in HFrEF, this association is not as clearly established for HFpEF
patients [125].

iCPET has been used to investigate the central hemodynamics [126] and relative
contributions of Qt and systemic O, extraction in HFpEF [97, 127, 128] iCPET has
been suggested as a useful diagnostic modality in the diagnosis of eiHFpEF [129].
Borlaug et al. [97, 130] reported hemodynamic responses to exercise in 55 patients
with exertional dyspnea and normal resting hemodynamic measurements. Exercise-
induced changes in PCWP and PAP in patients with HFpEF were significantly
higher than those in patients with noncardiac dyspnea. Kitzman et al. similarly
found that compensated outpatients with HFpEF had normal resting PCWP but
marked increases in exercise PCWP, suggesting that HFpEF may initially manifest
with only intermittent elevations in cardiac filling pressures [130].

In HFpEF peak oxygen uptake may be additionally affected by impaired sys-
temic O, extraction [131, 132] as demonstrated by a reduced peak arterial-venous
oxygen during iCPET.

Mixed eiPH

A significant percentage of HFpEF patients demonstrate a reactive increase in pul-
monary vascular resistance (PVR) which is recognized at resting RHC, which is
likely associated with worse outcome [133]. Tailored therapy of exercise-induced
mixed PH, phenotyped by iCPET, shows more promise than larger clinical trials of
heterogeneous, noninvasively defined HFpEF patients.
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iCPET in Established Heart and Lung Disease

Pulmonary Arterial Hypertension

While exercise hemodynamic measurements are not necessary to confirm the diagno-
sis of established resting PH, they may aid in probing the compensatory capacity of
the RV-pulmonary vascular unit. mPAP usually worsens during exercise when com-
pared to rest [134]. With increased temporal resolution (e.g., q 1-min Fick Qt deter-
minations), established PH shows a plateau in mPAP relative VO, during maximum
incremental exercise [7, 135] which may be indicative of dynamic RV dysfunction.

HFrEF

Likewise, iCPET is not necessary for the diagnosis of decompensated HF, but the
pulmonary vascular response to exercise yields important mechanistic and prognos-
tic information. For instance, Lam et al. [136] studied 60 consecutive patients with
HFrEF (age 60+ 12 years, left ventricular ejection fraction 0.31+£0.07, mean+SD)
and 19 controls with iCPET. During low-level exercise (30 W), LVSD subjects,
compared with controls, had greater augmentation in mean PAPs (15+1 vs.
5+ 1 mmHg), transpulmonary gradients (5+1 vs. 1+1 mmHg), and effective
pulmonary artery elastance (0.05+0.02 vs. —0.03+0.01 mmHg/mL, P<0.0001 for
all). A linear increment in PAP relative to work (0.28+0.12 mmHg/W) was
observed in 65 % of LVSD patients, which exceeded that observed in controls
(0.07+0.02 mmHg/W, P<0.0001). Exercise capacity and survival was worse in
patients with a PAP/W slope above the median than in patients with a lower slope.
In the remaining 35 % of LVSD patients, exercise induced a steep initial increment
in PAP (0.41+0.16 mmHg/W) followed by a plateau. The plateau pattern, com-
pared with a linear pattern, was associated with reduced VO,max (10.6+2.6 vs.
13.1+4.0 mL/kg/min, P=0.005), lower right ventricular stroke work index aug-
mentation with exercise (5.7+3.8 vs. 9.7+5.0 g/m?, P=0.002), and increased mor-
tality (hazard ratio 8.1, 95 % CI 2.7-23.8, P<0.001).A steep increment in PAP
during exercise and failure to augment PAP throughout exercise are associated with
decreased exercise capacity and survival in patients with LVSD, and may therefore
represent therapeutic targets (Fig. 11.22).

Chronic Obstructive Pulmonary Disease

As noted above niCPET can differentiate between a pulmonary vascular and
mechanical limit to exercise. iCPET can confirm resting or eiPH in chronic obstruc-
tive pulmonary disease (COPD). Per the discussion above [95], care must be taken
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Fig. 11.22 (Left panel) Mean pulmonary arterial pressures (PAP) relative to cardiac outputs dur-
ing incremental exercise in patients with LVSD. (Right panels) Transpulmonary gradient (TPG)
and pulmonary capillary wedge pressure (PCWP) responses to exercise relative to cardiac output
augmentation in patients with LVSD. *P <0.005 for the comparison of pressure changes in patients
with LVSD with pressure changes in controls [136]

to average input and outflow pressures through several respiratory cycles and to
measure mPAP and PCWP for TPG at the same point of the respiratory cycle.
Exercise stroke volume appears to be limited by PH in COPD [137] A recent study
suggested a high prevalence of eiPH in COPD [92]. We have used iCPET to deter-
mine the relative contributions of cardiac output and systemic O, extraction to the
exercise limit in COPD [138, 139].

Conclusions

Cardiopulmonary exercise testing is an important diagnostic tool in the evaluation
of the patient with suspected PH. Noninvasive testing is an appropriate screening
test for unexplained exertional intolerance or the patient “at risk” for PH. It and can
quantify the degree of impairment, and rule out a pulmonary mechanical limit to
exercise. Noninvasive parameters, especially ventilatory inefficiency and PETCO,
changes with exercise, especially when used in the context of a niCPET diagnostic
algorithm, show reasonable diagnostic accuracy. niCPET can confirm the diagnosis
of exercise-induced PH, distinguish between pulmonary arterial and venous hyper-
tension, and rule out confounders such as impaired systemic O, extraction.
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Chapter 12
Adjunct Therapy and Calcium
Channel Blockers

Terence K. Trow

Abstract Before the era of pulmonary arterial hypertension (PAH)-specific
therapies, clinicians treating patients with pulmonary hypertension (PH) employed
nonspecific, time-honored treatments in an effort to help these unfortunate patients.
While the role of these therapies has not been rigorously studied they are still com-
monly used as adjuncts to PAH-specific therapies. This chapter outlines the logic
and rationale behind the use of digoxin therapy, anticoagulation, oxygen therapy,
diuretic therapy, and high-dose calcium channel blocker therapy and reviews the
limited data supporting the use of these therapies in patients with PAH.
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LA Left atrium

LAP Left atrial pressure

LV Left ventricle

LVEF Left ventricular ejection fractions
mPAP Mean pulmonary artery pressure
OSA Obstructive sleep apnea

PA Pulmonary artery

PAH Pulmonary arterial hypertension

PASMC  Pulmonary artery smooth muscle cells
PAWP Pulmonary artery wedge pressure

PH Pulmonary hypertension

PVR Pulmonary vascular resistance
RA Right atrial

RHF Right heart failure (RHF)

RV Right ventricle

RVEF Right ventricular ejection fraction
SSc Systemic sclerosis

WHO World Health Organization

Introduction

Until the development of pulmonary arterial hypertension (PAH)-specific therapy
two decades ago, clinicians relied on nonspecific therapies such as oxygen, diuret-
ics, digoxin, and anticoagulation therapy to relieve symptoms in patients with this
dreaded disorder. While these therapeutic approaches did not prove to impact mean-
ingfully on survival [1], most experts feel that these adjunctive therapies have ben-
eficial effects for pulmonary hypertension (PH) patients [2—4] despite the lack of
robust, randomized, placebo-controlled data to support these interventions. Their
use has been based largely on concepts originating from physiologic observations
and experience with these treatments in other cardiac and pulmonary disease states
that share symptoms and similar clinical features [4]. While it is unlikely that large,
prospective, clinical trials of these standard adjunctive therapies will ever be con-
ducted, their use in conjunction with PAH-specific therapies is well established in
the day-to-day clinical management of these patients. This chapter discusses current
recommendations regarding these therapies as well as the current role of high-dose
calcium channel blocker (CCB) therapy in a subset of PAH patients.

Digoxin Therapy

The use of cardiac glycosides dates back to Sir William Withering’s 1785 description
of the use of foxglove in the management of “dropsy” and other diseases [5]. Once a
mainstay in the treatment of heart failure and atrial fibrillation, their use has lessened
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over the years as newer therapies such as vasodilators, angiotensin-converting
enzyme (ACE) inhibitors, and newer inotropic agents emerged [6]. Nonetheless,
these generally inexpensive and well-tolerated agents still have a role in the manage-
ment of heart failure [6, 7].

Cardiac glycosides such as digoxin exert a number of potentially beneficial car-
diac effects. Digoxin binds to the membrane-bound o subunit of the sodium-
potassium ATPase, promoting sodium-calcium exchange which in turn increases
the intracellular calcium concentration available to contractile proteins [6—8], with
resultant positive inotropic effects. In dogs this positive inotropic effect is obtained
with little oxygen wasting making it a metabolically efficient drug [9]. Digitalis
preparations have no effect on cardiac output in normal control subjects [6, 10, 11]
but significantly improve left ventricular ejection fraction in those with systolic
heart failure [12-15]. Aside from their positive inotropic effects digitalis prepara-
tions have salutary effects on the neurohormonal activation known to be important
in systolic heart failure [16-20].

Numerous double-blinded studies examining the effect of digoxin have demon-
strated improvement in clinical status [13, 17, 21-24]. Digoxin reduced the inci-
dence of hospitalizations and the number of emergency room visits for heart failure
in the Captopril-Digoxin Multicenter Trial of 300 patients with mild to moderate
heart failure [13] and increased the exercise time while reducing both plasma nor-
epinephrine concentrations and renin activity at 6 months of therapy in the Dutch
Ibopamine Multicenter Trial [17]. In studies examining the effects of withdrawing
digoxin therapy, patients who remained on digoxin maintained their exercise ability
whereas those randomized to placebo but continuing on ACE inhibitors and diuret-
ics [21] or diuretics alone [23] had a deterioration in their exercise capacity. In the
study by Packer et al. patients withdrawn from digoxin had a sixfold increase in
worsening of heart failure as reflected in heart failure-related hospitalizations,
emergency care visits for heart failure, or the need for concomitant heart failure
therapy [21]. In the largest trial of digoxin therapy to date, 7,788 patients were ran-
domized to 0.25 mg of digoxin daily or placebo in the setting of background ACE
inhibitor and diuretic therapy [25]. Although this study showed no difference in
all-cause mortality between the placebo and digoxin groups, there was a 25 %
reduction in the number of hospitalizations for worsening heart failure in the
digoxin-treated group and total hospitalizations were reduced 65 % in the digoxin-
treated group [25].

The abundance of data supporting digoxin use for patients with left heart failure
resulted in extrapolation to patients with PAH and right heart failure (RHF). Rich
et al. studied the effects of a single dose of digoxin in 17 consecutive patients with
severe PAH and right heart failure and normal left ventricular function [26]. After
2 h, cardiac output increased from 3.49+1.2 L/min to 3.81 L/min+1.2 L (p=0.028)
suggesting modest inotropic effect. Neurohormonal samples in this study also
revealed a significant fall in norepinephrine levels (680+89 to 580+85 pg/ml;
p=0.013) and significant and unexpected increases in atrial natriuretic peptide
(311444 to 421+9 pg/ml; p=0.010) following digoxin administration. Plasma renin
activity decreased but not significantly so (0.085+1.2t0 0.59 + 1.21 ng/ml/h; p=0.07).



306 T.K. Trow

It is of interest in this study that as pulmonary vascular resistance decreased with
nitroprusside administration no effect of digoxin on pulmonary artery pressure was
noted [26]. Others have suggested a role for digoxin in those with chronic obstructive
pulmonary disease (COPD) and associated PAH [World Health Organization (WHO)
Class III PAH]. Recent animal data suggests that digoxin may inhibit hypoxia-induc-
ible factor-1 (HIF-1) transcriptional activity in the chronic hypoxia murine model of
PH [27]. Mice injected daily with digoxin had attenuated right ventricular (RV)
hypertrophy, pulmonary vascular remodeling, and RV pressure compared to saline-
treated mice exposed to the same degree of chronic hypoxia [27]. Furthermore, when
digoxin was given after PH was already established in these mice, RV pressures and
pulmonary artery smooth muscle cell (PASMC) intracellular calcium increases were
attenuated as well [27]. Furthermore, early work on digitalis glycosides did demon-
strate inotropic effects on the right ventricle [28]. This work has provided theoretical
grounds for the use of digoxin in patients with COPD-associated PH. In a study of 15
patients with COPD and RHF, Mathur et al. showed that after 8 weeks of digoxin
therapy RV ejection fraction (RVEF) as measured by radionuclide angiography
improved in the 4 patients that had reduced left ventricular ejection fractions (LVEF)
at the study outset but did not change in the remaining 11 patients who had normal
LVEEF to begin with [29].

Based on this limited human data, use of digoxin in patients with PAH is contro-
versial. If its use is elected, prescribers should be highly mindful of the potential for
toxicity [4, 30, 31]. Since many patients will be on concomitant diuretic therapy,
monitoring of serum potassium and magnesium is mandatory [4, 6, 7] as hypokale-
mia and hypomagnesemia increase automaticity and promote sodium pump inhibi-
tion by digoxin with resulting arrhythmogenic effects [6, 33]. Digoxin is renally
cleared and should be used with caution in those with impaired renal function and a
reduced starting dose is more appropriate in these patients [4, 34]. A recent study of
digoxin levels revealed that an increased mortality rate existed for those patients
with higher serum digoxin levels with optimum outcomes seen in serum digoxin
levels of 0.5-0.8 ng/ml [32]. Mortality risk also seems increased in those with active
myocardial ischemia [6, 25, 31] and digoxin should not be used in this setting. The
prescriber must also be aware of interactions with agents such as macrolides, cyclo-
sporine, amiodarone, itraconazole, and many other drugs which can increase
digoxin levels increasing the potential for toxicity [4, 34, 35].

Anticoagulation

Many factors increase the tendency for patients with PAH to form clot in the pulmo-
nary vascular bed. Many PAH patients lead a more sedentary existence increasing
the risk of venous thrombosis. Venous engorgement and stasis also occur due to
elevated right atrial (RA) pressures. Advancing disease results in poor flow through
the pulmonary circulation as a result of declining cardiac output [4]. Structural
remodeling leads to altered interactions between circulating platelets and the
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Table 12.1 Prothrombotic abnormalities in pulmonary arterial hypertension

Abnormalities Subjects Reference

Platelet aggregation related

Increased urinary thromboxane metabolite (11 dehydroxy IPAH [41]
TxB2)

Decreased urinary PGI2 metabolite (PGI-M) IPAH [41]
Decreased nitric oxide (exhaled or urinary excretion) IPAH, APAH [57]
Increased circulating platelet aggregates APAH [48]
Increased thromboxane A2 IPAH [41]
Decreased prostacyclin IPAH [41]
Increased circulating platelet aggregates APAH [48]
Increased plasma serotonin and decreased platelet serotonin IPAH [53, 54]
Increased plasma-P selectin IPAH [64]
Decreased thrombomodulin IPAH [42, 49, 64]
Endothelial function related

Decreased NO synthase IPAH [56]
Decreased prostacyclin synthase expression IPAH [36]
Decreased PGI2 metabolite (PGI-M) IPAH [41]
Increased urinary thromboxane metabolite (11 dehydroxy IPAH [41]
TxB2)

Decreased thrombomodulin IPAH [42, 49, 64]
Increased von Willebrand factor IPAH, APAH [42, 43]
Increased fibrinogen inhibitor plasminogen activator 1 IPAH [42, 59]
Coagulation and fibrinolytic related

Increased prevalence of antiphospholipid Ab/lupus IPAH, CTEPH [58]
anticoagulant

Increased von Willebrand factor antigen level IPAH [42, 43]
Increased fibrinogen inhibitor plasminogen activator 1 IPAH [42, 59]
Increased euglobulin lysis time IPAH [42]
Increased fibrinogen level APAH [42]

Modified with permission from Alam S, Palevesky HI. Clin Chest Med 2007; 28:91-115

pulmonary arterial endothelium [36, 37] with potential for in situ clot formation
[36, 38—40]. In addition a number of human studies have revealed idiopathic PAH
(IPAH) to be a prothrombotic state [41-57] (see Table 12.1). Interestingly this pro-
thrombotic state does not appear to be the result of inherited thrombophilias [58-60]
but rather a dysregulation of the normal balance between thrombin formation and
the prevention of clot formation at least in part due to endothelial cell dysfunction
[36, 37, 42,43, 46, 49, 56, 57, 59, 61, 70], in part due to platelet activation [37, 41,
42, 48, 46, 49, 52-54, 57], and in part due to proteins related to coagulation and
fibrinolysis [42, 43, 55, 58, 59]. Some of these abnormalities appear reversible with
the use of PAH-specific therapies [62—-65]. While these observations are supportive
of a role for thrombotic arteriopathy in patients with PAH, it is unclear from the
current literature if this is a cause or consequence of IPAH or associated forms of
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PAH (APAH) [57, 61]. Irrespective, thrombotic arteriopathy may alter the disease
course and prognosis in IPAH and APAH.

To date, three retrospective [66—68] and one non-blinded, non-placebo-controlled
prospective study [69] have suggested a survival advantage to those patients with
IPAH treated with anticoagulation in the form of warfarin. In the single-center ret-
rospective study by Fuster et al., the course of 120 IPAH patients pulmonary hyper-
tension was examined. In a multivariate analysis of a number of variables only
pulmonary arterial oxygen saturation and use of anticoagulant therapy emerged as
prognosticators of survival [66]. In the 56 patients with autopsy lung specimens, 18
had plexogenic arteriopathy and in 32 the major histologic feature was chronic
thrombus. To further investigate the role of anticoagulation 78 additional patients
treated with anticoagulation were compared to 37 receiving no anticoagulation.
This analysis showed a more favorable survivorship in the warfarin-treated group
[66]. Of note, from a study design standpoint the numbers were too small to reach
statistical significance. Additionally, the criteria used to decide when not to antico-
agulate were not clear leaving the potential for selection bias.

In the study by Frank et al., 173 patients with PAH (104 who took aminorex and
69 with PH of unexplained etiology) were retrospectively reviewed [67]. Fifty-six
of the 104 aminorex induced PAH and 24 of the 69 patients with IPAH received
warfarin therapy. Patients with aminorex APAH fared better than those with IPAH
(7.5 years vs. 3.9 years; p=<0.001) and the best survival times occurred in those
aminorex APAH who were anticoagulated (8.3 years vs. 6.1 years). In addition,
those receiving anticoagulation therapy early after onset of symptoms had a better
prognosis (10.9 year survival) than those commencing anticoagulation therapy 2
years or longer after symptomatic presentation [67]. Of note, no differences in
survival were seen in the first 5 years of follow-up but some survival advantage
was seen in the IPAH group in the subsequent 5 years that did not reach statistical
significance.

In a more contemporary retrospective study during an era of PAH-specific ther-
apy, Kawut et al. reviewed patients with PAH that was idiopathic, familial, or asso-
ciated with anorexigen use [68]. The primary combined end point was death or lung
transplantation. Eighty-four patients with newly diagnosed PAH were included.
Interestingly, their analysis demonstrated that warfarin use was associated with
increased survival in their cohort while the use of other PAH-specific medications
were not [68]. Once again, the criteria for deciding who not to anticoagulate was not
defined raising concern for potential selection bias.

In the only single-center, prospective trial of warfarin therapy in IPAH, no control
group existed and the authors used a historical control group from the National
Institute of Health Primary Pulmonary Hypertension Registry. Sixty-four patients
were assessed for response to high-dose CCB therapy [69]. Twenty-six % (n=17)
responded (defined as a>20 % decrease in mean pulmonary artery pressure or a 20 %
or more decrease in pulmonary vascular resistance) and were maintained on high-
dose CCB for 5 years. Warfarin therapy was given to 55 % of all patients as concurrent
therapy. Warfarin therapy was associated with increased survival in the group as a
whole, and particularly in patients who were nonresponders to high-dose CCB.
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The decision to put patients on warfarin therapy was based on the finding of
nonuniform perfusion on a ventilation-perfusion (V/Q) scan [69].

Based on the biological rationale offered earlier and on the results of these four
studies the current expert recommendation is to treat IPAH patients with warfarin
anticoagulation in the absence of contraindications [2, 3] and to consider warfarin
therapy in APAH patients with more advanced disease such as those on continuous
intravenous therapy, in the absence of contraindications [3]. Since little data exist in
the APAH subgroup the presumption that anticoagulation will have beneficial
effects on survival remains speculative. The recommended anticoagulation dose of
warfarin is that which achieves an international normalized ratio (INR) of 1.5-2.5
[3, 7] though some experts in Europe recommend achieving INRs between 2.0 and
3.0 [4]. A decision to anticoagulate APAH subgroups must be weighed against the
risk for potential bleeding complications [71-73] especially in those with systemic
sclerosis (SSc) APAH where a high risk of gastrointestinal bleeding can be expected
[73]. Indeed, a recent retrospective study of 275 patients with SSc-APAH and 155
patients with IPAH used Bayesian propensity scores to adjust for baseline differ-
ences between patients exposed and not exposed to warfarin. In a matched cohort of
SSc-APAH (n=98; 49 treated with warfarin) the median hazard ratio was 1.06
while in a matched cohort of IPAH patients [n=66; 33 treated with warfarin] the
median hazard ratio was 1.07. This analysis suggested that there was a 70 % prob-
ability that warfarin provided no significant benefit or was harmful [74]. The authors
concluded that SSc-APAH should not receive warfarin therapy. Likewise in porto-
pulmonary APAH, experts advise that anticoagulation should probably be avoided
due to the risk of bleeding [2]. In addition, consideration of the other medications
being used may influence the decision to anticoagulate as concerning drug-drug
interactions can occur [75]. The finding of an increased incidence of subarachnoid
hemorrhage in the imatinib-treated patients who were also receiving warfarin in the
IMPRES study underscores the need for careful consideration of context in the use
of anticoagulation [76]. Anticoagulation is an irrefutable part of the treatment of
chronic thromboembolic PAH [77].

While warfarin therapy is the recommended form of anticoagulation, it is not
clear that other forms of anticoagulation should not be considered. In fact, numer-
ous animal studies have suggested that heparin may have some advantages in
PAH. In a murine model of PH induced by chronic hypoxia, high-dose heparin
therapy partially but significantly reduced RV systolic pressures and remodeling of
distal small pulmonary arteries [78]. A similar finding has been reported in a guinea
pig chronic hypoxia model where PH and total pulmonary resistance were par-
tially reversed with the continuous infusion of heparin [79]. When heparin and
warfarin treatment were compared in the same guinea pig model, only heparin
showed partial reversal of PH once established [80]. The mechanism for this effect
of heparin is unclear but inhibition of platelet-derived growth factor (PDGF) [78]
and inhibition of smooth muscle growth in the pulmonary artery perhaps by altera-
tions in the regulation of cyclin-dependent kinase [81] and/or the guanine nucleotide
exchange factor —-H1/Rho A/Rho kinase/p27 pathway [82] have been suggested.
Heparin has not been studied in humans with PAH. Other forms of anticoagulation
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have notbeen studied adequately in PAH though a double-blind, placebo-controlled,
crossover study of 19 IPAH patients (9 on intravenous (IV) epoprostenol) assessed
the effect of aspirin and clopidogrel [83]. The authors noted a reduction in mea-
sures of platelet aggregability and aspirin was noted to reduce thromboxane
metabolite production without affecting prostaglandin I, metabolite synthesis [83].
Recently, the direct factor Xa inhibitor rivaroxaban was compared with warfarin
and enoxaparin in a monocrotaline rat model of PAH [84]. Rivaroxaban reduced
systolic and end-diastolic RV pressure increases and RV hypertrophy while warfa-
rin reduced RV pressure increases only. Enoxaparin had no effect on either RV
pressure or RV hypertrophy [83]. Neither of these agents have been studied in
humans with PAH.

Oxygen Therapy

The role of oxygen therapy has not been specifically studied in PAH, but recom-
mendations for its use [2, 3] have been extrapolated from data in hypoxemic
patients with COPD. It is well known that hypoxemia is a strong stimulus for
pulmonary vasoconstriction, possibly through a reactive oxygen species and
induced superoxide dismutase pathway [85], and that this occurs as an attempt to
match lung perfusion with ventilation. Two landmark trials established the benefit
of oxygen therapy in hypoxemic patients with COPD [86, 87], with both studies
showing long-term improvements in survival in patients treated with 15 h/day or
more of oxygen therapy. Interestingly, oxygen therapy does not correct or even
near-correct PH in patients with COPD though it does improve it and the noted
improved survival in COPD patients treated with oxygen is not felt to be due to
the modest reduction in pulmonary artery pressure (PAP) [88]. In fact, in the
Nocturnal Oxygen Therapy in Hypoxemic Chronic Obstructive Lung Disease
Trial (NOTT), it was patients with low baseline pulmonary vascular resistance
(PVR) that had improved mortality on continuous oxygen supplementation,
whereas patients with high PVR did not experience a survival benefit [86]. Those
with the largest drop in PVR at right-heart catheterization at 6 months in fact had
the greatest mortality again suggesting that alteration of the PH per se did not
confer the survival benefit [4, 86].

Many patients with PAH have hypoxemia at rest or intermittently with exercise
and sleep, and it is important for practitioners to know that as many as 60 % of PAH
patients who do not desaturate with exercise in the office evaluations will do so dur-
ing sleep even in the absence of sleep apnea [89]. Intermittent worsening of oxygen
saturation during exercise is often seen as a consequence of increased right-to-left
shunting through a patent foramen ovale. Currently, it is recommended that patients
with PAH whose partial pressure of arterial oxygen is consistently less than or equal
to 55 mmHg or whose oxyhemoglobin saturation is less than or equal to 88 % at rest,
during sleep, or with ambulation receive oxygen therapy [2—4]. In addition, patients
with evidence of chronic hypoxemia such as polycythemia (hematocrit >55), signs
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of cor pulmonale, or suggestion of right heart failure on an electrocardiogram or
echocardiography should receive oxygen therapy if the oxyhemoglobin saturation is
less than or equal to 89 % or if the PaO, is less than 60 mmHg [4, 90]. In addition,
all patients with a diffusion of carbon monoxide impairment of moderate-to-severe
nature warrant testing of oxyhemoglobin desaturation [91, 92]. These recommenda-
tions are based solely on expert opinion in patients with IPAH or APAH as no direct
evidence exists to support these recommendations (with the exception of
COPD-APAH).

The role of oxygen therapy in congenital heart disease (CHD) APAH is contro-
versial. Nocturnal administration of oxygen in children with CHD-APAH has been
shown to slow the rate of progression of polycythemia and to improve symptoms
[93, 94]. Whether or not oxygen therapy improves survival is not clear. One small
study of 15 patients with CHD-APAH studied oxygen supplementation (15 or
more h/day) over 5 years. Nine patients received oxygen therapy and six did not.
A mortality benefit was seen with 9/9 alive in the oxygen therapy group and 1/6
alive in the untreated group at the 5-year time point [93]. However, a recent well-
designed, prospective, randomized, controlled study of 23 adult patients with
CHD-APAH and Eisenmenger’s syndrome showed no survival benefit with noc-
turnal oxygen administration [94]. In addition, no improvement in 6-min walk
distances, hematocrit levels, or quality of life were seen in the oxygen-treated
group [94].

Patients with obstructive sleep apnea (OSA) will generally have mild-to-
moderate PH [95-98] in anywhere from 17 to 53 % of the time [96, 97]. Moderate-
to-severe PH should not be attributed to sleep-disordered breathing in these patients
and other causes such as pulmonary venous hypertension from obesity cardiomy-
opathy or concurrent COPD should be looked for. In OSA-related PH continuous
positive airway pressure (CPAP) combined with oxygen therapy (when needed) will
result in a more pronounced decrease in mean PAP and PVR than that seen in
patients treated with oxygen alone. Full resolution of PH in this setting is not
expected with even the most compliant of CPAP use [99-101]. Patients with the
obesity hypoventilation syndrome, however, can develop severe PAH and RHF and
treatment requires noninvasive positive pressure ventilation or bilevel positive pres-
sure ventilation which can reverse hypercapnea and signs of RHF within months
[102—104]. In patients who cannot tolerate such therapy tracheostomy with chronic
outpatient mechanical ventilation at night should be offered [4] and has the potential
to be life saving [105, 106].

Oxygen therapy carries with it a number of logistic and social stigma issues that
need to be addressed with its recipients. The inconvenience of ambulatory systems,
limitations of time that portable systems allow, danger of falls over long cords and
tubing, and stigma some patients feel when seen in public may all negatively impact
on the patients’ self-concept and the perception that others have of them. These
issues need to be discussed frankly with patients before oxygen therapy is
prescribed.
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Diuretics

Diuretics are a mainstay in the management of left heart failure [107], and while
never systematically studied are universally accepted in the management of
peripheral edema in RHF [2—-4]. The short-term effects of diuretics in patients
with RHF from PH are usually obvious, and their effect on symptoms likewise
usually transparent [4]. In fact, the benefit of diuretics is so intuitively obvious
that a randomized, double-blinded, controlled, prospective trial is not likely to
occur.

Theoretic basis for their use in RHF includes improvement in RV-LV interdepen-
dency with reduced paradoxical septal bowing which causes attendant encroachment
on LV stroke volume [108] and impairment of LV diastolic function [109, 110].
Aldosterone antagonism has been shown to reduce both morbidity and mortality in
patients with severe left heart failure with New York Heart Association class III or IV
functional status [111]. In this study a low dose of spironolactone was added to ACE
inhibitor therapy and furosemide diuretic therapy. An impressive 35 % decrease in
need for subsequent hospitalization was observed and the 2-year mortality was 35 %
for the spironolactone group compared to 46 % in controls [111]. No such trial of the
effects of aldosterone antagonists has been performed in patients with PAH and
RHF. Extreme caution should be used with these agents in patients with RHF
who have concurrent renal failure and/or diabetes [4], and in patients using ACE
inhibitors or nonsteroidal anti-inflammatory agents [106]. Careful modification of
potassium supplements and follow-up of electrolytes are critical when aldosterone
antagonists are prescribed.

Amiloride, a potassium-sparing diuretic, has been shown to reduce PASMC pro-
liferation and significantly reduces PAP and total pulmonary resistance compared to
controls in a hypoxia-induced rat model of PH [112]. The clinical relevance of this
observation to PAH patients is speculative as no clinical studies with these agents in
PAH exist.

The use of diuretics in patients with PAH requires careful monitoring.
Maintenance of potassium concentration above 4.0 mmol/L is important, especially
in patients on digoxin therapy to avoid arrhythmias. Rapid, large-volume diuresis
should be avoided except when frank cardiogenic pulmonary edema and/or worsen-
ing hypoxemia is present as the very preload-dependent RV may react to underfill-
ing with hypotension [4]. Orthostatic dizziness should be addressed with dose
adjustments accordingly to avoid hypotension, but underdosing in the setting of low
blood pressure that these patients often have can result in overall clinical worsening,
worsening hepatic congestion, or bowel wall edema with symptoms of early satiety
[4, 68]. Optimal volume status represents a narrow window requiring frequent eval-
uations by the practitioner. Patients with RHF often require salt and fluid restriction,
leg elevation when not ambulating, and compressive stockings to control their
edema in conjunction with judicious diuretic use [4].
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Calcium Channel Blockers

Vasoconstriction is a component of the elevated PVR seen in patients with PAH.
In an earlier era, this was felt to be the major component to the aberrant vascular bed
in these patients and as such numerous attempts at reversing vasoconstriction with
medications originally designed for systemic hypertension ensued [112—115]. As our
understanding of the pathogenesis of PAH evolved it became clearer that vasocon-
striction was only a part of the story and that dysregulated endothelial cell function
with attendant PASMC proliferation, vascular inflammation [36, 116, 117], and in
situ thrombosis [38—40, 66] all play pivotal roles in elevating the PVR. As such it is
now recognized that only a minority of IPAH patients have primary aberrant vaso-
constriction as their phenotype [69, 118, 119] and that when present this corresponds
to a truly different genetic subgroup that do not have bone morphogenic receptor
protein gene mutations [120]. In fact, by earlier definitions of a positive pulmonary
vasodilator response (defined as a drop in mPAP or PVR by >20 %) 26 % of a cohort
of IPAH patients demonstrated this phenomena and seemed to do remarkably well
during a 5-year follow-up period when treated with high-dose CCB [69]. More recent
retrospective evaluation of vasoresponders meeting this earlier criteria revealed that
a significant portion of them did not have sustained responses to high-dose CCB
[119] resulting in a more stringent definition of a ““vasoresponder” [119]. Using these
new criteria of a positive pulmonary vasodilator response (drop in mPAP by
10 mmHg or more to an absolute value of 40 or less with no change or an improve-
ment in cardiac output) only 6.8 % of IPAH patients were deemed vasoresponders
who might do well with high-dose CCB therapy [119]. These criteria are now the
recommended American College of Chest Physicians (ACCP) criteria for diagnosing
a positive pulmonary vasodilator response in IPAH patients during right-heart cath-
eterization testing that would predict sustained benefit from high-dose CCB therapy.
An acute pulmonary vasodilator response occurs even less often in patients with
APAH [121, 122]. The role of acute vasoreactivity testing in APAH and the role of
high-dose CCB in these patients are not known, though the report of the French
experience by Montani et al. would suggest that they do not have a role in HIV-
APAH, connective-tissue disease APAH, or CHD-APAH [122]. There may be a role
for high-dose CCB in anorexigen-APAH who meet the ACCP criteria for acute vaso-
responders [122]. Pragmatically, acute vasoreactivity testing is still routinely done in
many forms of APAH if only to appease insurance companies and third-party payers
that cheaper CCB therapy is not appropriate in these patients.

The choice of agent used for acute vasodilator testing has also evolved over time.
Use of titrated administration of CCB agents [69] should no longer be used in the
current era as these agents are longer acting than current alternatives and they may
precipitate systemic hypotension and worsening hypoxemia [4]. Inhaled nitric oxide
(iNO), intravenous (IV) prostacyclin, or IV adenosine are all acceptable agents for
acute testing [2, 123]. Few head-to-head comparisons of these agents exist but in a
recent study comparing IV adenosine to iNO in acute pulmonary vasoreactivity
testing, 6 of 39 (15 %) with IPAH were found to be responders by the current ACCP
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criteria to iNO while none of these patients demonstrated a vasodilator response to
adenosine, perhaps due to side effect limitations in reaching the maximal adenosine
dose [124]. Regardless of the agent selected, caution must be used in certain situa-
tions. Vasodilator testing should not be done in patients with severely depressed
cardiac function (e.g., cardiac index <2.0) as undesirable drops in systemic blood
pressure may occur [4]. It should be done with extreme caution in patients with
pulmonary artery wedge pressures (PAWP)>15 mmHg and in the event of sudden
worsening of the oxyhemoglobin saturation the trial should be aborted and intrave-
nous morphine, nitroglycerin, and diuretics administered if needed. Reports of acute
pulmonary edema development during acute vasodilator testing exist [125-128] and
death from such pulmonary edema has occurred in the context of occult pulmonary
venoocclusive disease [129]. In patients with elevated PAWP, the use of nitroprus-
side as an acute vasodilator has been advocated [130]. It should be emphasized that
failure to respond acutely to vasodilator testing does not exclude improvement with
long-term use of prostacyclin or other PAH-specific therapies [128, 131-133].

Only when patients meet the ACCP criteria for vasoresponsiveness should high-
dose CCB therapy be prescribed. This can occur in an inpatient setting with a PA
catheter in place or slowly by oral titration as an outpatient [4]. In general, nifedip-
ine should be used in those with heart rates <100 while many advocate diltiazem for
those with heart rates >100 [4, 69, 119, 134]. Amlodipine is also an acceptable
agent in vasoreactive patients [4]. Close follow-up is essential as nearly half of the
patients meeting acute vasodilator criteria will not have durable response and may
require other PAH-specific therapies [119]. Empiric use of CCB is never indicated
and may be fatal [4]. The studies of high-dose CCB properly applied in the proper
subgroup suggest excellent survivals compared with nonresponders [69, 119].
A small observational study of seven patients initially shown to be nonresponders
appeared to develop a vasodilator response several months after treatment with epo-
prostenol [134]. The clinical significance of this and its implication for CCB use in
this subgroup of patients are unknown.

Summary

In an era of PAH-specific therapies, adjunctive use of digoxin, anticoagulation, oxy-
gen, and diuretics is still advised in IPAH patients on the basis of retrospective,
uncontrolled studies or on assumptions from data in other similar disease states [2,
3]. Their use in APAH remains speculative but common. In the absence of better
randomized, controlled studies a low threshold should exist for discontinuation
should side effects or tolerability issues emerge. Acute vasoreactivity testing defines
a small subset of IPAH patients in whom high-dose CCB monotherapy can be effec-
tive. These patients generally have a better prognosis and greater survival times but
still require close monitoring for durability of response as many will ultimately
require addition of other PAH-specific therapies.
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Chapter 13
Prostacyclin Therapy for Pulmonary
Arterial Hypertension

Toana R. Preston

Abstract Prostacyclins are the first class of agents that showed efficacy in the
treatment of pulmonary arterial hypertension (PAH) in a clinical trial and, for a long
time, the only treatment specifically approved for this devastating disease. As new
therapies have emerged for PAH in recent years, the class of prostacyclins has also
evolved and several formulations of different prostacyclin analogs, using various
routes of delivery, have been tested and shown to be efficacious in PAH. This chap-
ter reviews the pharmacology of prostacyclins and the results of pivotal clinical tri-
als testing various formulations. Lastly, it examines practical aspects of dosing,

management of side effects, and expectations of treatment goals.
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PGI, Prostacyclin

PH Pulmonary hypertension

PVR Pulmonary vascular resistance
TXA, Thromboxane A,

Prostacyclin, Prostacyclin Receptors and Signaling

Prostaglandins (PGs) are products that are enzymatically derived from arachidonic
acid and act as autocrine and paracrine effectors to regulate pulmonary vascular tone.
The conversion of arachidonic acid into various PGs is achieved in a highly regulated
manner and many arachidonic acid derivatives have been linked to a variety of pul-
monary diseases. PGs elicit their molecular, pharmacologic, and biochemical effects
through binding and activation of specific receptor sites [1]. The current nomencla-
ture classifies prostanoid receptors as: IP, EP,, EP,, EP;, EP,, DP|, FP, and TP recep-
tors. The IP, EP,, EP,, and DP, receptors are classically known to be Gs-coupled
receptors, linked to cyclic AMP (cAMP) generation. On the other hand, EP;, FP, and
TP couple with calcium mobilization pathways through Gq and Gi proteins [2].

Prostacyclin (PGI,) was first described in 1976 by the Nobel prize-winning
group led by Sir John Vane [3] as a product of arachidonic metabolism and is the
major PG generated by the endothelium of pulmonary arteries. Prostacyclin is pro-
duced via the action of prostacyclin synthase and IP is its natural receptor.
Nevertheless, the biology of prostacyclin signaling is more complex, since prosta-
cyclin appears to have functionally relevant effects at other prostanoid receptors [4].
In fact, it is believed that the off-target effects of prostacyclin administration, such
as gastrointestinal side effects (nausea, diarrhea), are due to the nonselective activa-
tion of prostanoid receptors [5, 6].

Prostacyclin has vasodilator properties and helps to maintain the low resistance
of the pulmonary circuit [7]. In addition to its vasodilator effects, prostacyclin has
antiplatelet activity via release of cAMP, as well as anti-inflammatory, antiprolifera-
tive, and antimitogenic actions [§—10].

Imbalance of Vasoactive Arachidonic Acid Mediators in PAH

Prostacyclin/Thromboxane A, Imbalance
in the Pathogenesis of PAH

Thromboxane A, (TXA,) is produced from arachidonic acid via the action of throm-
boxane synthase and opposes the actions of prostacyclin by promoting vasocon-
striction, platelet aggregation, and smooth muscle cell proliferation [11]. In
pulmonary arterial hypertension (PAH), the balance between these two molecules is
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shifted toward TXA,. Using a rat model, Rabinovitch et al. [12] showed that induc-
tion of prostacyclin release prevents hypoxic pulmonary hypertension (PH) and vas-
cular remodeling. Conversely, mice overexpressing prostacyclin synthase are
protected against the development of hypoxic PH [13]. The abnormalities in prosta-
cyclin/TXA, described in experimental models of PH were also found in human
disease [14]. Lung expression of prostacyclin synthase is decreased in PAH patients
[15] and this translates to a decrease in urinary levels of 2,3-dinor-6-keto-prosta-
glandin Fla, a metabolite of prostacyclin, and an increase in urinary levels of
11-dehydro-thromboxane B,, a metabolite of TXA, [16].

Abnormal Hydroxyeicosatetraenoic Acid (HETE)
Metabolism in PAH

In addition to PGI, and TXA,, lung vasculature synthesizes various hydroxyeicotet-
raenoic acids (HETEs) from arachidonic acid and several reports suggest that they
participate in vascular remodeling of experimental PH [17-22]. HETEs are pro-
duced enzymatically via a group of enzymes called lipoxygenases (LOX), cyto-
chrome P450 isoenzymes, and cyclooxygenases [23]. Several reports suggest that
the three major LOXs (5-, 12-, and 15-LOX) participate in vascular remodeling in
PH [17-19]. 5-LOX inhibitors attenuate the growth of human pulmonary artery
endothelial cells in culture, while 5-LOX overexpression in rat lungs worsens the
severity of PH in the monocrotaline model. Conversely, 5-LOX inhibitors prevent
the development of the disease [20]. Similarly, 12-LOX gene expression is increased
and 12-LOX protein is upregulated in the lungs of hypoxic rats and 12-HETE, the
major product of 12-LOX, stimulates proliferation of pulmonary artery smooth
muscle cells through a MAPK-dependent mechanism [19]. 15-HETE mediates
hypoxic pulmonary vasoconstriction [21, 22] and displays antiapoptotic effects in
pulmonary artery smooth muscle cells [24].

Early Trials of Prostacyclin Infusion

In the early to mid 1980s, individual experience and small-scale registries showed
that continuous infusion of the prostacyclin analog epoprostenol produced improve-
ment in symptoms and hemodynamics in selected patients with advanced PAH [25-
30]. At the same time, investigators began testing acute vasodilatory response to
epoprostenol in PAH during right heart catheterization because it was unclear whether
only patients with an acute hemodynamic improvement (drop in pulmonary artery
pressure, increased cardiac output) benefited from prostacyclin therapy. Hemodynamic
measurements performed at baseline and after acute PGI, administration demon-
strated benefits in lowering pulmonary artery pressure (PAP) and pulmonary vascular
resistance (PVR). Interestingly, subjects lacking an acute hemodynamic response to
vasodilatory testing still appeared to benefit from long-term treatment [31].
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Clinical Trials with Epoprostenol in PAH

The encouraging initial experience with epoprostenol was followed by positive
results from the first randomized trial in 18 patients with PAH in which epopros-
tenol improved pulmonary hemodynamics, exercise capacity, and symptoms [31].
The open-label extension trial also reported improvements in hemodynamics and
exercise capacity, as measured by the 6 min walk distance (6MWD) [32]. Although
significant adverse events including sepsis, two deaths and a rapid deterioration
were reported, most were attributed to the infusion system causing thrombus, sep-
sis, and pump malfunction. This trial supported prior evidence that epoprostenol is
effective in PAH. The pivotal, prospective controlled trial randomized 81 idiopathic
PAH (IPAH) patients with New York Heart Association (NYHA) functional class 3
and 4 symptoms who had failed calcium channel blocker therapy to receive either
epoprostenol in addition to standard of care or standard of care alone for 12 weeks
[33]. Epoprostenol was gradually uptitrated and at the end of the study the average
dose was 9.2 ng/kg/min. The primary endpoint, 6o MWD, improved significantly in
the treatment group from a median of 315 to 362 m, while the standard of care
group worsened from a median of 270 to 204 m (p <0.002). Hemodynamic improve-
ment was evidenced by a significant decrease in mean PAP of 8 % and PVR of 21 %
in the epoprostenol group versus an increase of 3 % and 9 %, respectively in the
conventional group. Eight patients died during the 12-week trial, all in the conven-
tional therapy group, conferring a significant survival benefit in the treated group
(»<0.003) (Fig. 13.1). Nonfatal adverse events in the treatment group included four
episodes of sepsis and one episode of thromboembolism. This pivotal study, which
is the only study to date to show an improvement in survival in PAH, led to the
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Fig. 13.1 Survival among the 41 patients treated with epoprostenol and the 40 patients receiving
conventional therapy. Data on patients who underwent transplantation during the 12-week study
were censored at the time of transplantation. Estimates were made by the Kaplan—-Meier product-
limit method. The two-sided p value from the log-rank test was 0.003. Survival analysis with data
on patients receiving transplants not censored at transplantation resulted in the same level of sig-
nificance (two-sided p=0.003 by the log-rank test). From [33]
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approval of epoprostenol by the FDA as the first drug indicated for the treatment of
PAH in December 1995.

A second prospective randomized controlled trial of epoprostenol was conducted
in patients with PAH associated with scleroderma [34]. One hundred and twenty-
one symptomatic patients in NYHA functional class 3 or 4 were randomized 1:1 to
epoprostenol versus standard of care. At the end of the 12-week period, patients
randomized to epoprostenol were receiving an average of 11.2 ng/kg/min of epopro-
stenol. The main outcome, 6 MWD, improved from a median of 270 to 316 m in the
treated group, while the group assigned to standard of care declined from a median
of 240 to 192 m (p<0.001). Similarly, significant improvements in functional class
and pulmonary hemodynamics were noted in the treated arm, while mortality was
not different.

Initial Dose and Titration Strategy

Epoprostenol continuous infusion is usually initiated at a dose of 2 ng/kg/min and
the dose is gradually uptitrated over the next several months. Although the fre-
quency of titration and the average dose used varies from center to center and from
country to country, the general rule is to uptitrate once or twice a week by a few ng/
kg/min in the first month, until side effects occur. Thereafter, uptitration is per-
formed at a slower pace over the following months to improve exercise capacity,
functional class, and hemodynamics, while minimizing side effects. The side effect
profile of epoprostenol is usually well tolerated in most subjects. These include
flushing, headache, nausea, loose stools, jaw discomfort with “first bite,” and foot
pain with prolonged standing or walking (Table 13.1) [35-37].

Experience with Epoprostenol Infusion in PAH

In an open-label trial of 18 patients with IPAH, Kaplan—Meier estimates of 1-, 2-
and 3-year survival were 86.9 %, 72.4 %, and 63.3 %, respectively, compared with
77.4 %, 51.6 %, and 40.6 % observed prior to the development of epoprostenol [38].
Cohort analyses in Europe and in the United States have provided convincing evi-
dence of the long-term benefits of epoprostenol infusion. One year of epoprostenol
therapy in 162 IPAH patients from France was associated with improvements in
clinical function and hemodynamics [35]. Similarly, 178 IPAH patients treated in
the US had improved survival compared with that observed in the NIH registry
which was conducted before epoprostenol was developed and used as a historical
control [36]. The survival rate at 1 year was 85 % vs. 58 %, 2 years 70 % vs. 43 %,
3 years 63 % vs. 33 %, and at 5 years 55 % vs. 28 % (p<0.001). Adverse prognostic
factors included a clinical history of right heart failure, advanced functional class,
and hemodynamic parameters such as an elevated right atrial pressure and depressed
cardiac index.
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Table 13.1 Side effects and complications of parenteral and inhaled prostacyclins

Route of administration
Side effects

Headache Intravenous, subcutaneous, inhaled
Jaw pain with first bite Intravenous, subcutaneous, inhaled
Nausea, vomiting Intravenous, subcutaneous, inhaled
Diarrhea Intravenous, subcutaneous, inhaled
Leg pain Intravenous, subcutaneous, inhaled
Flushing, rash Intravenous, subcutaneous, inhaled
Restlessness Intravenous, subcutaneous, inhaled
Cough Inhaled

Site pain Subcutaneous

Complications

Line infection Intravenous

Bloodstream infection, sepsis Intravenous

Catheter breakage, occlusion Intravenous, subcutaneous

Pump malfunction Intravenous, subcutaneous
Hemorrhage from the site Intravenous, subcutaneous
Syncope Intravenous, subcutaneous, inhaled
Paradoxical embolism Intravenous

Thrombocytopenia Intravenous, subcutaneous

Long-term administration of PG requires a permanent central venous catheter
and a portable infusion pump [37]. The complex delivery system requires education
regarding sterile technique, operation of the pump, and care of the catheter. The
original formulation of epoprostenol (Flolan®) needs to be prepared daily and
requires that the drug cassette be kept cool with ice packs due to limited stability of
the drug at room temperature (approximately 8 h at room temperature). A strong
support system, and a “partner” who is willing to learn how to mix and deliver the
drug is strongly recommended to obviate problems if the subject is too ill or unable
to prepare medication on a given day. Serious complications include infection (exit
site and/or bacteremia) thrombosis of the catheter, and risk of temporary interrup-
tion of the infusion because of iatrogenic ‘“‘switching” or pump malfunction
(Table 13.1) [39]. The incidence of catheter-related sepsis ranges from 0.1 to 0.6
cases per patient-year [26, 39].

Evidence also supports epoprostenol use in PAH from associated etiologies.
Similar improvements in exercise functional capacity and functional class have
been seen in subjects with PAH associated with congenital left-to-right cardiac
shunts [40], portal hypertension [41], and human immunodeficiency virus (HIV)
infection [42].

Generic epoprostenol sodium was approved by the FDA in April 2008 as a
therapeutic equivalent to branded epoprostenol (Flolan®), based on pharmacologic
bioequivalence. Generic epoprostenol was available in the US for a brief period
of time after its approval, although its production was interrupted due to
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manufacturer-related problems. In addition to generic epoprostenol, FDA approved
epoprostenol-ES (Veletri®) in 2010, a new epoprostenol formulation that has greater
drug stability at room temperature. After reconstituting as directed, epoprostenol-
ES is stable for up to 5 days when refrigerated (3646 F; 2—8 °C), or up to 48 h at
room temperature (77 F; 25 °C), which makes the use of frozen gel packs unneces-
sary and allows more drug to be prepared in advance for convenient storage [43].
Recent experience supports the safety and efficacy of epoprostenol-ES as new ther-
apy and as a transition from epoprostenol [44, 45].

Parenteral Prostacyclin Analogs

Treprostinil is a tricyclic benzidene prostacyclin analog that shares pharmacologic
actions similar to epoprostenol, including antiproliferative activity on human pul-
monary arterial smooth muscle cells [46]. Treprostinil differs from epoprostenol in
that it is highly chemically stable at room temperature and neutral pH and has a
longer half-life (3—4 h) [47]. The improved stability of this compound and its solu-
bility at physiologic pH enables subcutaneous infusion, thereby avoiding the poten-
tial complications of the intravenous delivery system used for epoprostenol
administration. The bioavailability of subcutaneous treprostinil is excellent, as dem-
onstrated in healthy volunteers [47].

Subcutaneous treprostinil was approved in 2002 for the treatment of PAH patients
of NYHA class II-IV. A 12-week multicenter, randomized, double-blind trial that
enrolled patients with idiopathic PAH, PAH related to congenital heart defects or
connective tissue disease, compared treprostinil to placebo in 470 patients [48].
Treprostinil significantly improved the main outcome, 6MWD, as well as dyspnea,
fatigue, and signs and symptoms of pulmonary hypertension. At 12 weeks, there
was also an improvement in hemodynamic parameters, including right atrial pres-
sure, mean PAP, PVR and cardiac output. Although the 6 MWD improvement in the
treatment arm was minimal (a median difference of 16 m, compared with the pla-
cebo group), there was a clear dose-response relationship, with patients receiving
more than 13.8 ng/kg/min increasing their walk distance by 36 m, while those
receiving less than 10 ng/kg/min showing no improvement (Fig. 13.2). In a subset
analysis from the subcutaneous trials, patients who had PAH related to connective
tissue disease also experienced improvement in exercise capacity, symptoms of
PAH, and pulmonary hemodynamics [49].

Subcutaneous infusion of treprostinil does not require daily mixing and prepara-
tion of the infusion. The drug comes premixed and the pump reservoir holds enough
drug for approximately 72 h of infusion. There is no need for ice packs, or intravenous
catheter care. The infusion site can be changed every 3—4 days, although some
patients use the same site for 3—6 weeks, as long as the site is clean and pain at the
site of infusion is tolerable. The most common side effect is pain at the site of infu-
sion, which responds usually to a combination of local anesthetic solutions, nonste-
roidal anti-inflammatories, gabapentins, or low-dose narcotics (Table 13.1) [50].
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Fig. 13.2 Mean change in the 6-min walk distance from baseline to week 12 versus week 12
treprostinil dose quartile. From [48]

Usually the pain subsides within 48 h after the start of a new site. The most common
site of infusion is the abdomen, although some patients prefer the flank, thigh, or
shoulder area.

The FDA has also approved the use of intravenous treprostinil based on bio-
equivalence to its subcutaneous formulation [47]. The advantage over intravenous
epoprostenol is that the cassette is changed every other day and, unlike the original
form of epoprostenol (Flolan) but same as the newer form (Veletri) it does not
require ice packs. The longer half-life of intravenous treprostinil may also decrease
the risk of cardiovascular collapse in case of inadvertent temporary interruption of
the infusion. In a prospective, open-label study, 31 PAH patients stable on intrave-
nous epoprostenol were transitioned to intravenous treprostinil [51]. Twenty-seven
patients completed the 12-week protocol and four patients transitioned back to epo-
prostenol. Treprostinil was dosed to minimize side effects, while avoiding symptom
worsening. Overall, patients maintained their walks and functional class, although
pulmonary hemodynamics worsened slightly, suggesting that treprostinil is an alter-
native to intravenous epoprostenol in selected patients who are being followed very
closely. It is important to note that treprostinil is less potent than epoprostenol on a
per ng basis, so higher doses may be required. Long-term experience with intrave-
nous treprostinil was reported in a 48-week prospective, multicenter, open-label
trial in 16 PAH patients on no prior PAH-specific therapy and in 31 patients transi-
tioned from intravenous epoprostenol [52]. In de novo patients, intravenous trepro-
stinil increased the 6 MWD by a mean of 125 m and improved secondary endpoints,
while 23 of the transitioned patients maintained their walks and functional class.
Five patients died during the trial of causes not related to the therapy and seven
discontinued due to adverse events. Lastly, a 12-week multicenter, randomized,
double-blind, placebo-controlled trial was conducted in India [53]. Forty-four
patients were enrolled before the study was terminated early due to safety concerns.
A high number of adverse events related to catheter placement and sepsis were seen
in both the placebo and treprostinil treatment arms. The end of the study analysis
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showed that treprostinil increased 6MWD by a placebo-corrected median of 83 m
(p=0.008) and improved functional class and dyspnea score.

As intravenous treprostinil requires the same delivery system as epoprostenol,
concerns over catheter-related complications are also present. An early report to
Center of Disease Control and Prevention showed higher bloodstream infections
with treprostinil compared with epoprostenol, especially with gram-negative water-
born bacteria [54]. Subsequent modifications in the delivery system to a closed hub
system, as well as using Flolan diluent that has a higher pH than the normal saline
diluent designed for use with treprostinil, showed a decrease in the risk of blood-
stream infections [55, 56].

Inhaled Prostacyclins

The rationale of using the inhaled route for prostacyclin delivery came from the
notion that local distribution would avoid systemic side effects and complications
associated with parenteral administration. Iloprost is a prostacyclin analog that has
been used intravenously in some countries in Europe. Early trials demonstrated
acute and chronic (3 months) pulmonary vasodilator properties of iloprost [57]. Its
acute effect lasted 90 min. Subsequently, the pivotal randomized placebo-controlled
trial of inhaled iloprost enrolled 203 patients with IPAH, PAH associated with con-
nective tissue disease, drugs and toxins, or chronic thromboembolic disease in
NYHA functional class 3 and 4 [58]. Patients averaged 7.5 inhalation treatments a
day. When compared with the placebo arm, significantly more patients receiving
iloprost reached the primary endpoint, defined as the combination of functional class
improvement and increase in 6 MWD of at least 10 % in the absence of deterioration
or death. In addition, significant improvements were recorded in dyspnea and qual-
ity of life scores, as well as in post-inhalational hemodynamic parameters (Fig. 13.3).
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Fig. 13.3 Effect of inhaled iloprost and placebo on the mean (+SE) change from baseline in the
distance walked in 6 min, according to an intention-to-treat analysis. The p value was obtained
with Wilcoxon’s test for two independent samples. From [58]
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There was a trend toward more syncopal events in the treatment arm. Subsequently,
long-term experience with inhaled iloprost was reported in 24 patients treated for at
least 1 year [59]. Nevertheless, the limitations of efficacy of inhaled iloprost when
compared with parenteral prostacyclins were described in selected patients who
deteriorated on the inhaled therapy and were rescued by transitioning to intravenous
epoprostenol or intravenous iloprost [60], suggesting the possibility that the total
dose delivered and/or the short half-life (20 min) are limiting factors in achieving
efficacy. Another application for inhaled iloprost has been in combination therapy
for PAH. STEP II trial (iloprost inhalation solution Safety and pilot efficacy Trial in
combination with bosentan for Evaluation in Pulmonary arterial hypertension) ran-
domized 65 patients to add inhaled iloprost or placebo to bosentan [61]. Twelve
weeks of combination therapy improved NYHA functional class, pulmonary hemo-
dynamics, and time to clinical worsening compared to placebo. As a result of these
trials, inhaled iloprost is approved by the FDA as monotherapy, or in combination
with bosentan for PAH patients in functional class III or IV. The drug is administered
via a dedicated aerosolization device at least six times a day. Mild symptoms of
prostacyclin overdose such as headache, jaw pain, as well as cough have been
reported. Although the current device is easy to use, has batteries and is light, the
main drawback of inhaled iloprost is the frequency of administration (69 times a
day), which makes compliance a major issue.

The second inhaled prostacyclin available is inhaled treprostinil. In a cross-over
study comparing acute effects of inhaled treprostinil with inhaled iloprost, both
agents produced similar improvement in PVR [62]. However, the peak effect
occurred later and the duration of effect lasted longer with inhaled treprostinil, sug-
gesting the need for less frequent administration with inhaled treprostinil. Based on
initial results as well as pilot studies in patients with PAH, a randomized, placebo-
controlled study was conducted to evaluate the safety and efficacy of inhaled trepro-
stinil in PAH patients on background oral therapies. TRIUMPH-I (Treprostinil
Sodium Inhalation Used in the Management of Pulmonary Arterial Hypertension)
randomized 235 patients who were stable on bosentan or sildenafil to receive placebo
or inhaled treprostinil at a dose of nine inhalations four times a day. At 12 weeks, the
placebo-corrected median increase in 6MWD was significantly greater in the treat-
ment arm compared with placebo [63]. Although dyspnea score, NYHA functional
class and time to clinical worsening were not significantly better in patients who
received inhaled treprostinil, quality of life scores and plasma NT-pro-BNP levels
were improved. Inhaled treprostinil is delivered four times a day via an OptiNeb
ultrasonic nebulizer (NebuTec, Germany). Overall, inhaled treprostinil is well toler-
ated, with adverse effects consistent with prostacyclin effects, as well as cough.

Oral Prostacyclin Analogs

Given the cumbersome administration of parenteral prostacyclins and the limita-
tions of inhaled therapies, oral prostacyclin analogs have been tested for their
ease of administration. Beraprost is an oral prostacyclin analog available in Japan.
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A randomized trial conducted in Japan found improved survival with beraprost
compared with conventional treatment (76 % versus 44 %, respectively) [64].
A 3-month randomized trial conducted in Europe showed significant improvements
in 6MWD and functional class with beraprost, although hemodynamics did not
improve [35]. A subsequent 12-month multicenter trial failed to show sustained
benefit in the treatment arm, although there were significant improvements in
6MWD at 3 and 6 months [65]. For this reason, beraprost has not been approved in
the US for the treatment of PAH. Most recently, the oral formulation of treprostinil
was studied in three multicenter, randomized placebo-controlled trials. FREEDOM-C
was a multicenter, double-blind, placebo-controlled trial that randomized 350
patients on background oral therapies (endothelin receptor antagonists and/or phos-
phodiesterase 5 inhibitors) [66]. Placebo-corrected median improvement in 6MWD
was 11 m and not significantly greater than in controls (p=0.07), although there
were significant improvements in dyspnea score and in the combined 6MWD and
dyspnea score. The increase from baseline in 6MWD was 4 m for patients who
achieved a dose of <1 mg twice daily or discontinued due to side effects, 18 m for
patients who achieved a week-16 dose of 1.25-3.25 mg twice daily and 34 m for
patients who were on a dose of 3.5-16 mg twice daily, suggesting a dose-related
efficacy. In the FREEDOM-C2 trial, 310 patients stable on endothelin receptor
antagonists and/or phosphodiesterase 5 inhibitors were randomized to receive pla-
cebo or active drug over 16 weeks [67]. At the initiation of study drug, the first dose
was lower than in the initial FREEDOM-C trial and the drug was better tolerated.
The mean dose was 3.1+1.9 mg twice a day. However, the placebo-corrected
median difference in 6MWD did not achieve statistical significance (10 m,
p=0.089), nor did secondary endpoints. Lastly, FREEDOM-M was a multicenter,
placebo-controlled double-blind study which evaluated oral treprostinil as mono-
therapy for PAH [68]. Three hundred and forty-nine patients were randomized over
12 weeks to receive active drug or placebo. There were significant improvements in
the primary outcome, 6MWD, compared with placebo. In the intention-to-treat
analysis, the improvement was 26 m (p=0.0001) at peak and 17 m (p=0.0025) at
trough plasma study concentrations (Fig. 13.4). Secondary endpoints did not
achieve statistical significance. The side effects most commonly encountered in the
three studies were headache, diarrhea, nausea, flushing, and jaw pain. As a result of
the FREEDOM studies in conjunction with recognition of the effectiveness of the
previously approved non-oral formulations of treprostinil, oral treprostinil became
the first oral prostacyclin analog approved by the FDA for the treatment of PAH. Oral
treprostinil can be given twice or three times a day and should be administered with
food to minimize gastrointestinal side effects. Three times daily dosing seems to be
better tolerated than twice daily dosing, reflecting fewer swings in plasma levels.
The dose is titrated as tolerated to achieve improvement in symptoms and exercise
capacity. Caution needs to be exercised when patients cannot take oral medications,
such as those undergoing surgical procedures, as long interruptions may necessitate
its reintroduction at a lower dose and/or temporary use of parenteral prostacyclin
replacement therapy.
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Fig. 13.4 Change in 6-min walk distance (6MWD). 6MWD at weeks 4, 8, and 12 was recorded at
estimated peak plasma study drug concentrations; week 11 was recorded at estimated trough
plasma study drug concentrations. For the modified intent-to-treat (mITT) population at week 12,
there was a median treatment effect of 23 m (p=0.0125). Results presented as placebo-corrected
Hodges-Lehmann between-treatment median difference for the mITT and intent-to-treat (ITT)
populations. Mean +SD oral treprostinil dose (twice daily) included for completers at each study
time point. From [67], with permission

Investigational Prostacyclins

Selexipag is a derivative of 4,5-diphenyloxazole, an oral pro-drug that is hydro-
lyzed to the active metabolite, a selective IP receptor agonist with high affinity for
the IP receptor. In a phase 2 study, Simonneau et al. reported data on 43 symptom-
atic PAH patients stable on an endothelin receptor antagonist and/or phosphodies-
terase 5 inhibitor who were randomized to active drug or placebo [69]. The dose
was uptitrated from 200 pg twice a day to maximum 800 pg twice a day as toler-
ated. There was a significant decrease in PVR as the primary outcome (30.3 %
reduction in geometric mean PVR, p=0.0045) with good safety and tolerability
profile (Fig. 13.5). A large multicenter, placebo-controlled, double-blind, event-
driven study enrolling 1,156 PAH patients on background endothelin receptor
antagonist and/or phosphodiesterase 5 inhibitor has recently been completed. The
primary outcome was time to first clinical worsening and the results should be
forthcoming [70].
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Fig. 13.5 Change in pulmonary vascular resistance (PVR) from baseline to week 17. (a) Per pro-
tocol set and (b) all-treated set. Data are presented as means and error bars represent 95 % confi-
dence limits (CL). Baseline PVR values (mean=+SD) for per protocol population for selexipag
were 951.9+434.5 dyn s cm™ and for placebo were 826.8 +195.8 dyn s cm™. Baseline PVR values
(mean+SD) for the all-treated population for selexipag were 948.6+428.0 dyn s cm™ and for
placebo were 867.2+379.38 dyn s cm™. TE treatment effect. From [68]

Lastly, novel delivery systems for intravenous prostacyclins are being investi-
gated with the goal to increase patient convenience and decrease the risk of blood-
stream infections or catheter failure. For this purpose, implantable pump delivery
systems are being studied for intravenous treprostinil. The Lenus Pro™ pump has
been used for this purpose, though lacks the option of adjusting pump infusion rate,
necessitating changing the concentration of the treprostinil in order to change the
dose [71]. The purpose of the DellVery trial (Device Implantable Intravascular
Catheter to deliver Remodulin in PAH) is to assess the safety of the Model 10642
Implantable intravascular catheter used in combination with the SynchroMed II
implantable infusion system to deliver treprostinil intravenously [72]. The study has
enrolled patients stable on intravenous treprostinil and the primary endpoint is the
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rate of catheter-related complications per 1,000 patient days. While the SynchroMed
I has been approved for delivery of other therapies, such as cancer treatments, it has
not been approved to deliver treprostinil. If proven to be safe, this mode of delivery
will most likely improve the quality of life of PAH patients requiring intravenous
treprostinil.

Conclusions

There are currently multiple formulations and routes of administration of prostacy-
clin analogs and more are under investigation. The intravenous and subcutaneous
prostacyclins have been available for many years and there is a fair amount of expe-
rience in clinical practice. The inhaled prostacyclins are being used increasingly due
to their convenience over the parenteral systems and milder systemic side effects.
The first oral formulation has been only recently approved and clinical experience
is limited. Presently available data do not suggest that the various forms of prosta-
cyclin therapy have equivalent efficacy. Current treatment guidelines recommend
the use of intravenous epoprostenol over other forms of prostacyclin for PAH
patients with advanced disease (NYHA functional class IV). The choice of therapy
for individual patient should take into consideration the severity of the disease, the
patient’s capability of handling complex systems, individual preference, and goals
of therapy. Regardless of the therapy chosen, patients need to be monitored closely
for adequate titration of the drug in order to achieve the specific goals and to avoid
serious adverse effects and complications.
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Chapter 14
Endothelin Receptor Antagonists

Josanna Rodriguez-Lopez and Richard N. Channick

Abstract Endothelin-1 (ET-1) is a potent vasoconstrictor and mitogen that is
secreted by the endothelium. Pulmonary vascular expression of endothelin is
increased in pulmonary hypertension and plasma levels correlate with the severity
of disease. Several endothelin receptor antagonists (ERAs) have been developed
and are available for the treatment of pulmonary arterial hypertension (PAH). These
drugs have been shown to be effective at improving functional capacity, decreasing
pulmonary vascular resistance and delaying the time to clinical worsening and play
an important role in the management of PAH. This chapter briefly reviews how the
endothelin signaling pathway modulates pulmonary vascular function and describes
its role in the pathogenesis of PAH. The major clinical trials responsible for the cur-
rently available ERAs are presented along with their findings and limitations.
Recently, adopted treatment guidelines for the use of ERAs in the treatment of pul-
monary hypertensive disease are discussed along with potential side effects and
adverse reactions associated with the use of these drugs.

Keywords Endothelin * Endothelin-1 ¢ Endothelin receptor ¢ Endothelin receptor
antagonist * Pulmonary hypertension ¢ Pulmonary arterial hypertension
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6MWD  6-min Walk distance

CTEPH Chronic thromboembolic pulmonary hypertension
ERA Endothelin receptor antagonist
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ET, Endothelin receptor A

ETp Endothelin receptor B
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IPAH Idiopathic pulmonary arterial hypertension
mPAP Mean pulmonary artery pressure

NO Nitric oxide

PAH Pulmonary arterial hypertension
PPET-1 Preproendothelin

PVR Pulmonary vascular resistance
TPR Total pulmonary resistance
Endothelin

The endothelins are a family of 21-amino acid peptides that play a key role in the
regulation of vascular tone. The first member of this family to be identified was
endothelin-1 (ET-1), a 2,492 Da peptide with potent vasoconstrictor properties,
isolated in 1988 by Yanagisawa et al. [1]. Two additional endothelin isopeptides,
endothelin-2 (ET-2) and endothelin-3 (ET-3), were subsequently discovered [2].

Vascular endothelial cells are the major source of endothelin production in
humans. However, endothelin is also produced in a wide range of additional cell
types including bronchial epithelium, macrophages, cardiac myocytes, glomerular
mesangial cells and glial cells, among others [3-6].

The discovery that endothelin-1 is expressed in pulmonary artery endothelial
cells and its receptors are expressed in pulmonary artery smooth muscle cells, led to
the development of endothelin receptor antagonists as a therapy for pulmonary arte-
rial hypertension (PAH).

Endothelin Receptors

There are two distinct receptors for the endothelin family of peptides, endothelin
receptor A (ETA) and endothelin receptor B (ETB). The endothelin receptors belong
to the family of receptors connected to guanine nucleotide-binding (G) proteins [7].
ETA receptors are expressed on pulmonary vascular smooth muscle cells while
ETB receptors are located on both pulmonary vascular endothelial cells and smooth
muscle cells. When activated, the ETA receptor mediates vasoconstriction. The
mechanism is thought to occur via G-protein-induced phospholipase C activation;
1,4,5-inositol triphosphate (IP3) formation; and the consequent release of Ca** from
intracellular stores [7]. In addition to mediating vasoconstriction, ET-1 is known to
be a potent mitogen, with the ability to induce proliferation in a number of cell
types, including vascular smooth muscle cells [8]. It has been shown that the mito-
genic actions of ET-1 are mediated by both the ETA and ETB receptors [9]. ETB
receptors on endothelial cells mediate vasodilation via increased production of
nitric oxide (NO) and prostacyclin [10]. In addition to its pulmonary vasodilation
properties, there are data suggesting that the ETB receptor may actually mediate a
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vasoconstrictive effect through a population of ETB receptors located on vascular
smooth muscle cells [11]. The vasoconstrictive actions of ETB receptors may
become more pronounced in the pathologic setting of pulmonary hypertension than
in the normal pulmonary vasculature [12].

In humans with pulmonary hypertension, the roles of abnormal endothelin pro-
duction and receptor-mediated effects have been well demonstrated. Patients with
idiopathic pulmonary arterial hypertension (IPAH) demonstrate higher serum levels
of ET-1 than control subjects. Lung specimens from patients with IPAH, when com-
pared to those from patients without pulmonary hypertension, exhibit increased
ET-1 staining of the muscular pulmonary arteries and increased expression of pre-
proendothelin-1 (PPET-1) in the endothelial cells of the same vessels [13]. Similarly,
elevated ET-1 levels have been seen in patients with PAH associated with congenital
heart disease [14] and chronic thromboembolic pulmonary hypertension (CTEPH).

Currently Available Endothelin Receptor Antagonists

The discovery, testing, and approval of oral endothelin receptor antagonists (ERA)
exemplifies true translational research, that is, insights into the vascular pathobiol-
ogy of PAH coupled with systematic clinical trials and drug development. This
coupling of academia and the pharmaceutical industry led directly to breakthroughs
in the treatment of a life-threatening disease, and has led to dramatic improvements
in patients’ lives and outcomes.

Bosentan

Bosentan is a dual ERA and ERB antagonist that became the first orally active
drug for the treatment of PAH when it received Food and Drug Administration
(FDA) approval in November 2001. It is indicated for the treatment of WHO
group 1 PAH patients in WHO functional class III or IV PAH. The first double-
blind, placebo-controlled trial randomized 32 patients with IPAH (84 %) or PAH
associated with scleroderma, functional class III, to bosentan or placebo for
12 weeks [15]. The primary endpoint was the placebo-corrected change in 6-min
walk distance (6-MWT), with secondary endpoints including change in pulmo-
nary hemodynamics, WHO functional class, Borg dyspnea index, and clinical
worsening. The placebo-corrected improvement in 6-MWT was 76 m in favor of
the bosentan group. In addition, cardiac index and pulmonary vascular resistance
(PVR) were significantly improved with bosentan. There were asymptomatic
increases in liver aminotransferases in two patients on bosentan, but these returned
to baseline without discontinuing or changing the dose.

The subsequent BREATHE-1 (bosentan randomized trial of endothelin antago-
nist therapy) trial randomized 213 patients with IPAH (70 %) and pulmonary hyper-
tension associated with connective tissue disease who were WHO functional classes
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IIT and IV to placebo or bosentan at a dose of 125 or 250 mg twice daily. At
16 weeks, the bosentan group had a placebo-corrected 6MWD improvement of
44 m (p<0.001) (Fig. 14.1) [16]. In addition, there were improvements in the Borg
dyspnea score and time to clinical worsening in both bosentan groups. Increases in
liver aminotransferases greater than eight times upper limit of normal were again
noted in the bosentan group and were dose-dependent with two patients in the
125 mg group and five patients in the 250 mg group.

In addition to the above “registration” trials of bosentan, a randomized controlled
trial of bosentan in PAH patients less functionally impaired (WHO class II), the
EARLY trial, demonstrated a benefit in reducing PVR and preventing clinical wors-
ening at 6 months. No statistically significant effect on 6MWD was seen, although
baseline walk distance was greater than 400 m, confirming that this cohort had bet-
ter baseline exercise capacity [17].

Long-term survival data in patients on bosentan, although uncontrolled, have
been published. Of the 169 IPAH patients enrolled in the two pivotal trials of bosen-
tan, estimated survival at 1 year and 2 years was 96 % and 89 % respectively, as
compared to the predicted survival of 69 % and 57 % [18] (based on a validated NIH
equation calculating predicted survival from baseline hemodynamics). It should be
acknowledged that there are no prospective controlled survival data with the newer
agents, given obvious ethical concerns about such trials in the era of existing
therapy.

Bosentan is primarily metabolized in the liver through the P450 enzyme system.
Clinical trials have shown that bosentan can precipitate hepatocellular injury, in
particular when given at higher doses. Combined data from multiple trials have
shown that there is a greater incidence in hepatic injury in patients treated with
bosentan when compared to placebo. Greater than threefold elevations in amino-
transferases were seen in 11 % of bosentan-treated patients (n=658) compared with
2 % of patients treated with placebo (n=280).

In the BREATHE-1 study, increases in hepatic aminotransferases occurred in
10 % of the patients and were found to be dose-dependent (more frequent in the
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250 mg group), and reversible with dose reductions or upon stopping the drug.
Based on these findings, the recommended dose of bosentan is 125 mg twice daily.
Patients on bosentan must undergo baseline monitoring of liver function tests prior
to initiation of the drug, and monthly thereafter.

Bosentan in Other Types of Pulmonary Hypertension

The initial bosentan trials only included adult patients with IPAH and associated
PAH, predominantly scleroderma or connective tissue-related PAH. Data regarding
the use of bosentan in other classes of PAH are limited. BREATHE-4 was a small,
uncontrolled, prospective study of 16 patients with class III and IV HIV-associated
PAH. The study found that HIV-associated PAH patients treated with bosentan had
similar safety and efficacy profiles to prior groups studied [19]. At 16 weeks there
were significant improvements in 6 MWD, echocardiographic parameters, and qual-
ity of life scores. However, there was no comparison placebo arm. There was also
an improvement in functional class, with 14 out of the 16 patients improving at least
one class when compared to baseline. Treatment with bosentan did not have a nega-
tive impact on control of HIV infection. In this small study, bosentan had similar
hepatic tolerability to that found in other patients with PAH, despite several patients
being co-infected with either hepatitis B or C virus. In patients with hepatitis co-
infection, bosentan should be used with caution and frequent monitoring of liver
function tests.

BREATHE-5 was a randomized, placebo-controlled trial that evaluated the effect
of bosentan in patients with Eisenmenger’s syndrome due to congenital heart dis-
ease and functional class III PAH [20]. Fifty-four patients were randomized in a 2:1
fashion to bosentan (n=37) or placebo (n=17) for 16 weeks. Bosentan treatment
did not reduce systemic arterial blood oxygen saturation, and showed significant
improvement in hemodynamics (PVR, mPAP) and exercise capacity, with a treat-
ment effect of +53 m in 6MWD. An open-label extension of this study revealed
improvement in functional class in 24 out of the 37 patients. A subgroup analysis
comparing atrial septal defect to ventricular septal defect patients receiving bosen-
tan did not show any significant difference between the two groups [21]. This sug-
gests the location of septal defects is not an important determinant of treatment
response with bosentan.

The Bosentan Effects in iNopErable Forms of chronic Thromboembolic pulmo-
nary hypertension (BENEFiT) trial investigated bosentan use in CTEPH [22]. One
hundred and fifty-seven patients with CTEPH, who had either inoperable disease or
persistent pulmonary hypertension 6 months after pulmonary endarterectomy, were
enrolled. A statistically significant treatment effect of —24.1 % reduction in PVR
was demonstrated in patients treated with bosentan over placebo. There was an
improvement in 6MWD, but it did not reach statistical significance.
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Ambrisentan

Ambrisentan is a specific ETA receptor antagonist approved for PAH, functional
classes II and III at doses of 5 or 10 mg once daily. Following a Phase 2, dosing
study showing improvement in pulmonary hemodynamics [23], two randomized
controlled trials, ARIES 1 and ARIES 2 (ARIES 1: 5 mg, 10 mg, placebo; ARIES
2: 2.5 mg, 5 mg, placebo) were conducted, enrolling a total of 394 patients [24].
Both trials demonstrated improvement in the primary endpoint of placebo-cor-
rected 6MWD (Fig. 14.2). In ARIES-2, there was a significant improvement in
time to clinical worsening in the treatment group as compared with placebo. There
was a trend toward improvement in time to clinical worsening in the ARIES-1
study, but it was not statistically significant (p=0.307). World Health Organization
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Fig. 14.2 Effect of ambrisentan on the primary endpoint of change in 6-min walk distance at week
12, from the ARIES-1 and ARIES-2 trials. Based on this finding, ambrisentan was approved at
doses of 5 mg daily and 10 mg daily (From [24])
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(WHO) functional class improvement was significant in ARIES-1 and there was
trend toward improvement in ARIES-2 but did not reach statistical significance
(p=0.117). Two hundred and ninety-eight patients were enrolled and followed in
a long-term extension study over 48 weeks. Eighteen patients required additional
therapies (prostanoids or phosphodiesterase type-5 [PDE-5] inhibitors). Of the 280
patients continued on ambrisentan monotherapy, the improvement in 6MWD at
12 weeks was 40 m and maintained at 39 m. Although there were no patients with
elevations in serum aminotransferases >3 times upper limit of normal while on
ambrisentan, in the trials, long-term follow-up has revealed cases of transaminase
elevations which resolve upon discontinuation of ambrisentan. However, because
post-marketing surveillance suggested a minimal risk of drug-induced liver
toxicity, the FDA removed the black box warning and requirement for monthly
liver function monitoring. However, regular monitoring of pregnancy tests and
hemoglobin is still required.

Macitentan

Macitentan is a novel dual ERA that was developed by modifying the chemical
structure of bosentan to produce a drug with high oral efficacy and lipophilicity.
This led to discovery of several alkyl sulfamide-substituted pyrimidines, including
macitentan. Chemically, macitentan is N-[5-(4-bromophenyl)-6-[2-[(5-bromo-2-
pyrimidinyl)oxy]ethoxy]-4-pyrimidinyl]-N'-propylsulfamide [25].

Compared with bosentan and ambrisentan, macitentan has a higher pKa and dis-
tribution coefficient, resulting in a higher percentage of nonionized drug at physio-
logic pH and favoring distribution across the phospholipid bilayer of the cell
membrane. Compared to bosentan, macitentan also has improved receptor associa-
tion and dissociation kinetics with more sustained receptor binding [26]. In human
pulmonary artery smooth muscle cells, this leads to insurmountable antagonism and
suggests that macitentan may have the ability to block endothelin more effectively
in the setting of variable endothelin levels.

Macitentan: Initial Phase 1 and 2 Clinical Trials

Macitentan was first studied in healthy subjects in single dose followed by ascend-
ing multiple dose studies of 1-30 mg of macitentan versus placebo [27]. In these
studies, macitentan was well tolerated and pharmacokinetics were supportive of
once daily dosing with a maximal effect on endothelin levels at a dose of 10 mg. The
half-life of macitentan was 14—18 h, while the half-life of ACT-132577, an active
but less potent metabolite, was approximately 48 h. Drug elimination and formation
of the active metabolite is catalyzed by cytochrome (CYP) P450, predominantly
CYP3A4 and CYP2C19.
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Macitentan: Phase 3 Clinical Trial

The landmark Phase 3 clinical trial that led to approval of macitentan in the U.S. and
several other countries was the SERAPHIN (Study with an Endothelin Receptor
Antagonist in Pulmonary arterial Hypertension to Improve cliNical outcomes) trial
[28]. The study was designed as an event-driven morbidity and mortality trial. In
this study, 742 patients with symptomatic PAH (52 % FC II, 46 % FC III and 2 %
FC IV) were randomized 1:1:1 to receive placebo (n=250), macitentan 3 mg
(n=250), or macitentan 10 mg (n=242) and were followed for a median duration of
115 weeks. The study cohort included patients with idiopathic and heritable PAH
(57 %), PAH associated with connective tissue disease (31 %), PAH associated with
congenital heart disease (8 %), and PAH associated with HIV or drug/toxin expo-
sure (4 %). Sixty-four percent of patients were on stable background PAH therapy
with phosphodiesterase inhibitors or oral or inhaled prostanoids which they were
allowed to continue throughout the study.

The primary endpoint was time from initiation of treatment to the first occur-
rence of a morbidity event related to PAH or death from any cause in an intention-
to-treat analysis. The components of the morbidity/mortality event endpoint
included death, atrial septostomy, lung transplantation, initiation of intravenous or
subcutaneous prostanoids, or a composite endpoint for worsening of PAH.

The primary endpoint occurred in 46.4 (n=116), 38 (n=95), and 31.4 %
(n="76) of patients treated with placebo, macitentan 3 mg and macitentan 10 mg,
respectively, with a hazard ratio of 0.70 (97.5 % CI, 0.52-0.96; p=0.01) for maci-
tentan 3 mg versus placebo and a hazard ratio of 0.55 (97.5 % CI 0.39-0.76;
p<0.001) for macitentan 10 mg versus placebo (Fig. 14.3). Worsening of PAH
was the most frequent first event, which is not unexpected since worsening of
PAH often precedes other components of the endpoint, such as initiation of pros-
tanoids or mortality.

A prespecified secondary endpoint, death or hospitalization due to PAH,
occurred in 33.6 % of the placebo group, 26 % of the macitentan 3 mg group and
20.7 % of the macitentan 10 mg group with a hazard ratio of 0.67 (97.5 % CI,
0.46-0.97, p=0.01) for macitentan 3 mg versus placebo and a hazard ratio of 0.50
(97.5 % C10.34-0.75, p<0.001) for macitentan 10 mg versus placebo (Fig. 14.3).
Hospitalization accounted for the majority of these events, and there was no sta-
tistically significant difference in mortality between the groups. The study, how-
ever, was not designed or powered to show an effect on the endpoint of mortality
alone.

The benefit of macitentan was observed irrespective of background therapy for
PAH; macitentan 10 mg reduced the risk of the primary endpoint by 38 % (95 % CI
11-57 %) in the presence of background PAH therapy and 55 % (95 % CI128-72 %)
in the absence of PAH background therapy. Macitentan also demonstrated an
improvement in secondary endpoints, including functional class and exercise capac-
ity. In a subset of 145 patients who had right heart catheterizations and pulmonary
hemodynamics reported at baseline and month 6, patients in both macitentan groups
also had significant decreases in PVR (66.4 % [95 % CI 56.6-77.8 %] and 61.5 %
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Fig. 14.3 Effects of macitentan compared to placebo on time to first morbidity/mortality event.
The hazard ratio for macitentan 10 mg daily compared to placebo was 0.55 (relative risk reduction
of 45 % over the course of the study). Based on this finding, macitentan was approved at 10 mg
daily (From [28])

[95 % CI 62.4-81.4 %] of placebo-corrected change from baseline for 3 mg and
10 mg macitentan, respectively) and an increase in cardiac index (0.69 L/min/m?
[95 % CT 0.40-0.97] and 0.63 L/min/m? [95 % CT 0.28-0.97] placebo-corrected
change from baseline for 3 mg and 10 mg macitentan, respectively).

SERAPHIN was the first event-driven study ever done in PAH. Compared to
other clinical trials that led to drug approval for ambrisentan and bosentan in
which patients were only exposed to therapy for 12—-16 weeks [15, 16, 24], the
treated patients in SERAPHIN had a median drug exposure of 115 weeks.
Additionally, compared to other studies that have predominantly evaluated PAH
monotherapy versus placebo, this study also included patients on background
PAH therapy and demonstrated a beneficial effect of macitentan as monotherapy
or in combination with other PAH medications. It is also important to note that
even in patients on background PAH therapy, there was a significant incidence of
morbidity/mortality over the course of the study, which was decreased with
macitentan.

In SERAPHIN, the occurrence of aminotransferase elevation or edema and the
number of people discontinuing treatment due to adverse effects were similar in
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placebo and active treatment groups. There was a small, dose-related decrease in
hemoglobin from macitentan. Based on the results of SERAPHIN, macitentan
(Opsumit, Actelion Pharmaceuticals) was approved by the United States FDA in
October 2013 for the treatment of patients with Group 1 PAH and functional class
II-IV symptoms at a recommended dose of 10 mg daily. It became commercially
available for use in the United States in November 2013. Similar to ambrisentan,
there is no required monthly liver function test monitoring for macitentan.

Comparing ERAs to Other PAH Therapy

ERAs have rarely been compared to other PAH therapies in head-to-head trials. The
Sildenafil versus Endothelin Receptor Antagonist for Pulmonary Hypertension
(SERAPH) trial directly compared bosentan to sildenafil. Twenty-six patients with
class IIT PAH (IPAH and associated with connective tissue disease) were random-
ized to receive either sildenafil (50 mg b.i.d. for 4 weeks followed by 50 mg t.i.d.)
or bosentan (62.5 mg b.i.d. for 4 weeks followed by 125 mg b.i.d.) as initial PAH
monotherapy [29]. After 16 weeks, there was not a significant difference between
the two groups in 6MWD, right ventricular mass, cardiac function, brain natriuretic
peptide, or Borg dyspnea score.

A retrospective analysis compared 139 class III IPAH patients initially treated
with bosentan monotherapy, to a historical cohort of 346 class III IPAH patients
who were initially treated with intravenous epoprostenol [30]. Survival estimates up
to 36 months were not significantly different in those initially treated w