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Preface

Pulmonary hypertension (PH) is a severe disorder primarily characterized by
elevated pulmonary artery (PA) pressure, which affects the right side of the heart,
sometimes leading to failure. Despite advancement and education in the field, there
is a significant delay from the onset of symptoms to the time of diagnosis, leading to
increased morbidity and mortality [1].

According to the World Health Organization (WHO), PH can be organized into five
different categories. It can occur in individuals of all ages, genders, and races, mak-
ing epidemiology difficult to determine. Idiopathic pulmonary arterial hypertension
(IPAH) and heritable pulmonary arterial hypertension (HPAH) are both uncommon
entities and fall under the WHO categorization 1 PH. Their prevalence is estimated

at 5 to 15 cases per million adults [2, 3]. European registries have reported the preva-
lence of PAH to be around 5 to 52 per million adults [4, 5]. Though PH is prevalent

in both genders, females seem to be affected more than males with prevalence rates
ranging from 1.7 to 4.8:1.0 [6]. Recent data indicate that PAH-related hospitalizations
might be decreasing along with overall deaths. Per a national registry, PAH-related
hospitalization decreased to 38/100,000 hospitalizations from 79/100,000 hospi-
talizations from 2007 to 2011, while population-based deaths reduced to 1.7/million
from 4.6/million [7]. Unfortunately, in-hospital mortality during the same period was
unchanged. With better diagnostic tools and the advent of PAH-specific therapies,
more patients are diagnosed promptly, and treatment modalities are instituted earlier
compared to past decades. The reduction in hospitalization and overall death is prob-
ably the reflection of advancements in the field of PH.

Initial clinical features of PH are most commonly fatigue and exertional dyspnea. As
the PH progresses, patients present with symptoms such as presyncope or syncope,
leg edema, weight gain, ascites, and exertional chest pain. Clinical suspicion and
timely diagnosis may be delayed since these symptoms can manifest with other or
coexisting medical conditions. Initial manifesting symptoms are often attributed to
age, deconditioning, or a comorbid medical condition.

Diagnosis of PH starts with a detailed history and clinical examination. An echo-
cardiogram is a useful initial noninvasive diagnostic modality. It helps estimate
right ventricular systolic pressure in the presence of a tricuspid regurgitation jet. An
echocardiogram also helps in estimating right ventricular systolic function and size,
identifying intracardiac shunts and valvular lesions, estimating chamber size, left
ventricular function, and presence of pericardial effusion, amongst other findings.
All these findings give important clues for further diagnosis. An echocardiogram is
also a valuable tool for the follow-up of PH patients [8, 9]. Electrocardiogram, pro-
brain natriuretic peptide, and chest radiography are other ancillary tests helpful dur-
ing initial diagnosis and follow-up of PH patients. Right heart catheterization is the
gold standard test in the diagnosis of PH. It is generally performed before initiating
PH-targeted therapy. It is also utilized to assess response to PH-specific therapy [10].



PH medical treatment primarily targets WHO group 1 (PAH) patients. With the
approval of inhaled treprostinil for patients with PH due to interstitial lung disease
and riociguat in chronic thromboembolic pulmonary hypertension, the scope of
medical therapy has slightly extended beyond WHO group 1 PH. Agents used for
treatment of PAH include phosphodiesterase inhibitors (sildenafil, tadalafil), endo-
thelin receptor antagonists (ambrisentan, bosentan, macitentan), prostacyclin ago-
nists (selexipag, epoprostenol, treprostinil, iloprost), soluble guanyl cyclase receptor
stimulator (riociguat), and rarely calcium channel blockers (diltiazem, nifedipine)
[11]. Lung transplantation and atrial septostomy are surgical modalities generally
used in refractory patients with PAH [12].

This book provides a comprehensive overview of PH. It presents the history of PH
and discusses its classification and clinical features, including the role of right heart
catheterization in diagnosing and managing patients with PH. In addition, the book
reviews the five types of medical management of PH. It also discusses surgical treat-
ment and the role of transplants. In addition, the book explores the role of left heart
disease in PH and the role of heart-lung transplant for congenital heart disease with
Eisenmenger syndrome and IPAH.

Overall, this book provides a comprehensive understanding of the diagnosis and
management of PH. It is a helpful guide for clinicians and healthcare providers who
encounter PH in their practice, aiding them in identifying and managing patients and
guiding them on when to refer patients to a specialized center.

Dr. Salim R. Surani
Texas A&M University,
College Station,

Texas, USA

Munish Sharma, MD

Division of Pulmonary, Critical Care and Sleep Medicine,
Baylor-Scott & White,

Temple, Texas, USA

Hayat Syed Muhammad, MD

Baylor College of Medicine,
Houston, Texas, USA
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Chapter1

Pulmonary Hypertension:
Revisiting the Historical Facts

Shan Samir Lakhani, Shaleen Sunesara,
Shavanya Ezhilavasan Santhi, Munish Sharma
and Salim R. Surani

Abstract

Pulmonary hypertension is a progressive and potentially fatal medical condition.
Around 1% of global population is estimated to be affected by it. With significant
advancement in diagnostic and therapeutic modalities in pulmonary hypertension,
there has been a surge in interest in medical fraternity. We aim to revisit some of the
major historical events pertinent to the evolution of the field of pulmonary hyperten-
sion. We try to understand how our predecessors in medicine laid foundation based
on which the field of pulmonary hypertension is growing.

Keywords: pulmonary hypertension, BMPR gene, pulmonary hypertension history,
CTEPH, lung transplant, heart-lung transplant

1. Introduction

Pulmonary hypertension (PH) is an uncommon, progressive, and potentially
life-threatening medical condition that is basically characterized by elevated blood
pressure in the pulmonary arteries [1, 2]. The pulmonary arteries are blood vessels that
carry oxygen-poor blood from the right side of the heart to the lungs to get oxygenated.
Around 1% of the global population is estimated to be affected by pulmonary hyper-
tension [3]. It is more frequently observed in women between the ages of 30 and 60,
and Hispanic women and African American women are disproportionately impacted
[1, 2]. However, PH can affect people of all ages, and incidence increases with age.
There has been advancement in diagnostic and therapeutic modalities in PH in the past
decade or so. There seems to be a simultaneous increase in interest and awareness about
PH in the medical fraternity as well. PH is an evolving field in medicine. In this chap-
ter, we will be revisiting the historical perspectives and reviewing the major events that
have unfolded in the course of understanding this unique disease entity.

2. Early observations and recognition in PH

The earliest known description of PH dates to 1891. A German Physician, Ernst
Von Romberg, was presented with a 24-year-old patient suffering from shortness of
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breath, tiredness, and cyanosis. Unfortunately, he was unable to treat the young man,
who subsequently passed away. During his autopsy, Dr. Romberg noted thickened
and damaged pulmonary arteries; to define this previously unidentified condition,
he coined the term “Pulmonary Hypertension.” Since no tool to measure the pressure
in the pulmonary vascular system had been invented yet, the only reliable evidence
indicative of elevated pulmonary artery pressure was the presence of cardiac and
vascular remodeling during autopsy [4, 5].

Further development in PH followed a decade later. In August 1901, an Argentinian
Professor, Dr. Abel Ayerza, expanded the definition of pulmonary hypertension. Dr.
Ayerza’s patient was a 38-year-old male with polycythemia presenting with a chronic
productive cough, dyspnea, cyanosis, and daytime somnolence. His examination
revealed crackles and acute wheezing bilaterally in addition to jugular venous disten-
tion, hepatomegaly, ascites, and lower limb edema. Laboratory tests depicted an
elevated systolic blood pressure of 150 mmHg with a heart rate of 112 bpm [6]. Twenty-
four days following admission, this patient also expired. His autopsy revealed right
ventricular hypertrophy and right atrial dilation. The pulmonary arteries had thickened
media and intimal layers with the presence of microthrombi in the lumen. Dr. Ayerza
termed this unique set of symptoms as “Cardiaco Negros (black cardiac)” [7].

Four years later, Dr. Pedro Escudero reported new findings that further deepened
the understanding of this condition. He recorded the presence of black cardiac disease
in patients with bronchial syphilis [8]. His paper indicated that the disease was a
result of syphilis damaging the pulmonary vessels rather than due to pulmonary
disease. His work was rapidly followed up on by Dr. F.C Arigilla in 1913, a pupil of
Ayerza’s. He carried out a case series on 11 patients [9]. His research grouped all
those patients with the common symptoms of cyanosis, dyspnea, and polycythemia.
“Ayerza’s disease” was a term that had begun to be used to describe patients with pul-
monary vascular sclerosis presenting with these symptoms [7]. However, Dr. Arigilla’s
work was novel in noting that these common symptoms were not specific and, in fact,
presented various etiologies. Prior to this finding, the absence of any signs of pulmo-
nary disease in patients with such symptoms was puzzling to physicians.

In 1919, the confusion and misconceptions around “Ayerza’s” disease seemed
to have further been resolved when Dr. Aldred Warthin first discussed the case in
the United States at the 34th Meeting of the American Society of Medicine [10]. He
presented a patient with the standard clinical presentation of cyanosis, dyspnea,
and fatigue, with autopsy results yielding evidence of syphilitic disease. This aligned
with Dr. Escudero’s and Dr. Arigilla’s reports of syphilitic patients as well. Hence, at
the time, the consensus was made that this presentation of “Ayerzas Disease” was an
outcome of syphilis [6].

The aforementioned theory was challenged in 1935 by Dr. Oscar Brenner. He had
studied 100 patients, all with the same symptoms of cyanosis, dyspnea, and fatigue.
However, he found that not many of the patients had the same severity of symptoms
that were described by Dr. Argilla. Moreover, Dr. Brenner found evidence of pulmo-
nary vascular sclerosis (as described by Dr. Romberg) in patients with no evidence of
syphilis [11]. Dr. Brenner himself could not explain the cause of the vascular remodel-
ing in some of his patients. Hence, he concluded that there were a variety of causes of
pulmonary hypertension, some of which could not be explained at the time. His work
also suggested that the symptoms of Ayerza’s disease were not, in fact, a disease but
rather an outcome of the pulmonary remodeling, which he hypothesized was due to
pulmonary arterial hypertension. This theory was pivotal in shaping how we describe
this condition today [7].
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Dr. Brenner’s publication was widely recognized among the medical community.
Pulmonary hypertension became the official term to describe this condition. Multiple
reports in the 1940s, including those published in Guy’s Hospital and Kings College
London, described patients whose presentations matched Dr. Brenner’s proposed
definition of pulmonary hypertension [12]. Trials carried out at Kings College London
reported an enlarged right ventricle and a dilated pulmonary artery in their autopsy
reports, which aligned with their X-ray and electrocardiogram (ECG) findings as well
[12]. Another interesting finding worth noting was the “Hilar Dance” phenomenon,
which refers to the pulsating motion of the pulmonary artery, possibly due to the
increased blood flow and pressure in these vessels. This was the first time imaging
techniques had been used on patients with PH and would go on to inspire the basis of
future imaging techniques [7].

3. Historical perspectives of chronic thromboembolic pulmonary
hypertension (CTEPH)

Chronic Thromboembolic Pulmonary Hypertension (CTPH) is an infrequently
encountered outcome of pulmonary embolism that was first discussed in the 1950s
[13]. The pathogenesis involves multiple pulmonary embolisms lodging in the pul-
monary vasculature. Over time, the occlusion of circulation leads to the development
of cor pulmonale and eventually right-sided heart failure. However, what makes this
condition unique and often hard to identify is the silent asymptomatic period, which
occurs after the thrombus lodges in the vasculature. Simultaneously, cardiac remodel-
ing silently occurs in the background.

Following its identification, initial surgical management was tested in the early
1960s, however, with little success. Due to the rarity of this disorder and the lack of
existing knowledge about it, surgical outcomes were poor. It was not until 1969 when
Ken Moser at the University of California in San Diego developed a new procedure
known as the thromboendarterectomy, that the outcomes of this radically improved
[14]. After initially carrying out the procedure on a single patient in 1970, Dr. Moser
published his breakthrough findings in 1983, when he had successfully managed to
improve outcomes in 13 out of the 15 patients through the thromboendarterectomy
procedure [14]. By 2002, due to a wide variety of factors, the mortality rate of CTPH
had been reduced to 4.4%, with major improvements in patient performance. The
development of new diagnostic and imaging tests has led to earlier diagnosis and ini-
tiation of treatment for patients with CTPH [14]. Moreover, improvements in surgical
techniques and increased experience among doctors have improved patient outcomes.
This procedure created by Dr. Ken Moser has saved numerous lives and proved to be
an undeniable success in the field of pulmonary surgery [15].

4. Evolution of right heart catheterization in pulmonary hypertension

Cardiac catheterization was first attempted in Germany in 1929 by Dr. Wener
Frossman. In his quest to introduce a safe method of studying cardiac and pulmonary
hemodynamics, he inserted a urinary catheter into his own heart [16]. While this
experiment was somewhat successful, it was deemed dangerous by the medical com-
munity, and Forssman was exiled due to his unsafe practice in medicine. However, his
work would not go unnoticed. This quickly caught the attention of André Cournand
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and Dickinson Richards in the United States of America. They realized how mixed
venous blood samples from the catheter would allow the cardiac output to be calcu-
lated using the Ficks Equation—a calculation that had previously only been explored
theoretically since there was no way to access these blood samples [17].

In 1945, the duo carried out cardiac catheterization more than 250 times, each time
with no significant complications to the patients. They also managed to use the cath-
eters to collect the mixed venous samples and calculate the cardiac output using the
Ficks Principle. Their work led them, along with Dr. Frossman, to win the Nobel Prize.
Right heart catheterization (RHC) paved the way for further research into PH [16, 17].

5. World Health Organization (WHO) Geneva meeting 1973: an important
milestone

In November of 1965, Aminorex Fumarate was released into markets in parts of
Europe and advertised as an ordinary over-the-counter appetite suppressant helping
in weight loss. Its mode of action was increasing the levels of 5-hydroxytryptamine
(serotonin) in the bloodstream and releasing norepinephrine from neurons [18].
However, the drug came with an unexpected and fatal side effect in a small portion
of the population, leading to a more than a twenty-fold increase in global Primary PH
occurrence [19]. This inevitably led to its removal from markets in October 1968.

There were many questions raised regarding the mechanism of how Aminorex
caused PPH. However, the most popular theory suggests that the elevated serotonin
levels caused the proliferation of the pulmonary arterial smooth muscle, causing pre-
capillary PH. Interestingly, studies conducted by Kay et al. found that when given to
animals, Aminorex did not lead to PH development [20]. This raised another question
regarding what led to animals, as well as the majority of Aminorex users, not develop-
ing any disease. Was there a chance of genetic predisposition in the populations that
developed PH? Due to the disease’s rarity, there was also limited information available
regarding the different etiologies and their causative mechanisms. This led to the
WHO calling its first meeting focused solely on pulmonary hypertension.

There were two primary objectives the WHO aimed to address in the meeting in
Geneva. The first objective was to create consensus among experts about the true defini-
tion of primary pulmonary hypertension. Up until then, the nomenclature regarding
PH was rather convoluted, with the same names being given to multiple etiologies of
PH. Indeed, at that time, there were two distinct diseases being referred to as primary
hypertension: one used by clinicians to define PH due to an unidentifiable cause, and the
second one was used by morphologists for a group of histopathological changes in the
pulmonary vasculature, which were closely related to pulmonary arterial hypertension
[21]. It was decided to rename these morphological changes to plexogenic pulmonary
arteriopathy. Additionally, they concluded that hypoxia, drugs (such as Aminorex),
connective tissue disorders, and chronic thromboembolism were all causes of PPH [21].

The second objective of this meeting was to establish an international registry of
PH patients. Since the disease was so rare, it would be beneficial to record any updates
regarding the disease’ etiology, patient outcomes, and treatments that could poten-
tially lead to the establishment of a standardized protocol of care for patients with PH
[21]. Notably, the criteria for diagnosis of PH were also defined at this meeting. Since
histopathological and clinical signs may differ, the gold standard of diagnosis of PH
was defined as a pulmonary arterial pressure of >25mmHg as measured by cardiac
catheterization [21].
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Despite the WHO?’s suggestions, an international registry for PH patients was
never established [22]. Instead, the National Institutes of Health’s (NIH) Heart Lung
and Blood Institute launched its own registry, which managed to collect data for
6 years between 1981 and 1987. There were multiple wings established by the NIH,
which aimed to collect a wide variety of patient data and help spread knowledge about
the clinical presentation and pathophysiology of PH [22].

On the 25th anniversary of their initial meeting in 1998, the WHO met in Evian,
France, to discuss developments in PH research. A new classification system known
as the “Evian classification” was created to categorize cases of PH into five groups:
(1) Pulmonary arterial hypertension (PAH), (2) pulmonary venous hyperten-
sion (PVH), (3) PH due to lung disease, (4) chronic thromboembolic PH, and (5)
miscellaneous causes [23].

6. Heart lung transplant in pulmonary hypertension

In 1981, a team of three doctors at Stanford University performed the first heart-
lung transplant to treat a patient with PAH [24]. Up until then, the survival rates of
PH had been marginal, with the average survival duration being 2.8 years. Hence, the
work of Dr. Norman Shumway, John Wallwork, and Bruce Reitz was revolutionary in
our understanding of the treatment of PAH. In the following years, multiple different
surgical procedures were developed based on the first successful heart-lung trans-
plant. The survival post-lung transplant is improving.

7.BMPR gene mutation

Initial evidence of a genetic link to primary pulmonary hypertension was pre-
sented in 1997 by Nichols WC et al. When running a genome-wide search for genes
in patients with PH, he discovered that families with a high prevalence of PH had
changes on the Q arm of chromosome 2 [25]. Then, in 1998, Deng et al. correctly
identified that the bone morphogenic protein receptor 2 (BMPR 2) gene had a group
of mutations that were strongly associated with PH [26]. Interestingly, the associa-
tion of the genes with PH also showed sexual dimorphism, with penetrance in
females being three times higher (42%) than males (14%) [26, 27]. This was the first
time a genetic link had been established for PH and allowed for a way to identify
high-risk families.

For the purposes of genetic testing and alterations, animal testing has been
employed, particularly in rodents such as rats and mice. Mice are the animal of choice
due to the relative ease with which their genetic sequences can be manipulated [28].
Animal testing has allowed us to identify which sets of mutations lead to a worse
outcome of PH, as well as the relationship between BMPR mutations and changes
in the Tissue Growth Factor Beta (TGF-B) genes [28]. However, the role of TGF-B is
incredibly complex and is a gene that requires further research.

8. Conclusion

Revisiting the unfolding of major events in the field of pulmonary hypertension
and medicine, in general, helps us understand the contribution of our predecessors
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in medicine. It awakens a sense of appreciation for their effort and encourages us to
utilize that information to form a foundation on which further research and develop-
ment can be done.
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Abstract

This chapter explores the clinical manifestations and initial diagnostic findings
associated with pulmonary hypertension (PHTN) at different stages. The definition
of PHTN, as proposed in the 6th World Symposium, considers a mean pulmonary
arterial pressure at rest (mPAP) of greater than 20 mmHg (previously 25 mmHg)
and a pulmonary vascular resistance equal to or exceeding 3 WU. PHTN is clini-
cally classified into five groups: Group 1 includes idiopathic, hereditary, and other
forms; Group 2 comprises PHTN due to left heart disease; Group 3 consists of PHTN
associated with pulmonary diseases or hypoxia; Group 4 pertains to PHTN caused by
pulmonary artery obstruction; and Group 5 encompasses cases with unclear or mul-
tifactorial etiologies. The classification of PHTN into these groups holds significant
clinical value as it contributes to determining survival rates and treatment responses.
The chapter elaborates on the clinical features observed throughout various stages
of PHTN and highlights the abnormalities detected during initial diagnostic assess-
ments. The in-depth details will also be outlined in subsequent chapters of the book.

Keywords: pulmonary hypertension, PAH, World Symposium of PH, classification,
type 2 PH, type 3 PH, toxins and PH, drugs and PH

1. Introduction

“Pulmonary hypertension” (PH) is characterized by increased mean pulmonary
artery pressure (mPAP) of more than 20 mmHg at rest, calculated by the right-sided
cardiac catheterization (RHC) [1]. PH refers to a diverse range of conditions marked
by an increase in pulmonary vascular resistance that eventually results in right ven-
tricular failure and early death [2]. Given the high burden of the disease, especially in
the older population aged 65 years and above [3], the effectiveness of PH treatment
is early diagnosis. However, early-stage PH is frequently disregarded because the
presenting symptoms are either non-specific or manifest later in the course [2].

This chapter describes in detail the clinical characteristics seen at various phases
of pulmonary hypertension, the newly accepted criteria, and the classifications of
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treatment groups. It further highlights the abnormalities appreciated during the first
diagnostic evaluations and the appropriate treatment measures.

2. The newly proposed pulmonary hypertension criteria

The suggestion to reevaluate the hemodynamic definition of PH has been one of
the most important recommendations at The Sixth World Symposium on Pulmonary
Hypertension (WSPH) in 2018 [4]. In the sixth WSPH, the diagnostic criterion for
mean pulmonary artery pressure (mPAP) was decreased from 25 mmHg or above to
greater than 20 mmHg, measured via the right-sided cardiac catheterization in the
supine position. The previous definition of pulmonary hypertension was a conclusion
of an expert consensus by the World Health Organization based on clinical trials.
However, over time, the accumulating data made the thresholds unreliable. Given the
ethical concerns of an invasive procedure without an underlying pathology, it was
impossible to measure the normative values of mPAP via RHC in individuals. One
of the most important factors that led to a change in the criteria was a meta-analysis
led by Kovacs et al. [5]. This study of 1187 participants from 13 countries concluded
that the supine mPAP at rest was 14.0 + 3.3 mmHg in healthy individuals, and it was
unaffected by sex and ethnicity. The upper normal limit of mPAP was 20.6 mmHg
in the supine position. Therefore, the mPAP value >20 mmHg was pathological after
considering a 2 standard deviation increase to the mean value.

The reliability of the new criteria was under question, as it risked overdiagnosis of
patients. Additionally, it raised questions regarding treatment pathways for individu-
als with previously defined “borderline mPAP values” between 20 and 24 mmHg [6].
In an extensive review of the available literature, a meta-analysis of 16, 482 patients
concluded that patients with mild pulmonary hypertension with mPAP 19-24 mmHg
had an increase in the risk of all-cause mortality (RR 1.52; 95% CI, 1.32-1.74;

P < 0.001; I* = 47%) [7]. A retrospective analysis of 547 patients supported a similar
conclusion. In such patients, an elevated mPAP between 21 and 24 mmHg was an
independent predictor of poor survival probability [8].

Regardless of the statistical evidence to support a revised mPAP threshold, experts
agree that a simple increase in mPAP alone is not sufficient or reliable to [6] derive
a diagnosis of pulmonary hypertension. The physiological basis of this is the prob-
ability that it might also be due to a rise in cardiac output (CO) and pulmonary artery
wedge pressure (PAWP). In order to hemodynamically characterize PH, as shown in
Table 1, the sixth WSPH introduced pulmonary vascular resistance (PVR) as well
as PAWP [9]. According to the 2022 ESC/ERS guidelines for the diagnosis and treat-
ment of pulmonary hypertension, this introduction allows pre-capillary pulmonary

Definitions mPAP PAWP PVR
Pre-capillary PH >20 mmHg <15mmHg 23 WU
Isolated post-capillary PH (IpcPH) >20 mmHg >15 mmHg <3WU
Combined pre- and post-capillary PH (CpcPH) >20 mmHg >15 mmHg PVR>3WU
Exercise PH mPAP/CO slope between rest and exercise
>3 mmHg/L/min
Table 1.

Hemodynamic definitions of pulmonary hypertension.
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hypertension to be differentiated from elevated PAP. This is because it is important
to differentiate pulmonary vascular disease (PVD) from left heart disease (LHD),
elevated pulmonary blood flow, and increased intrathoracic pressure [10].

A retrospective analysis aimed to define the relationship between PVR and
survival in patients with mPAP > 20 mmHg. The study established that in patients
with an mPAP threshold of greater than 20 mmHg, a linear relation between PVR and
mortality for values < 6 WU was appreciated [11].

Inconsistencies were also noted in the PVR cut-off threshold, which was set at
3 WU in the sixth WSPH. Consequently, a recent study evaluated that PVR values
>3 WU prevented an early Pulmonary arterial hypertension (PAH) diagnosisas a
cut-off value >2 WU was already associated with pulmonary vascular disease [12].
The complete criterion for diagnosing pulmonary hypertension is mPAP greater than
20 mmHg, PAWP of 15 mmHg or less, and PVR greater than or equal to 3 WU [10].
Patients with pulmonary hypertension are categorized into three major groups: pre-
capillary, post-capillary, and combined pre- and post-capillary PH. The pre-capillary
PH is a primary elevation in the pulmonary arterial system. For example, conditions
belonging to Groups 1, 3, 4, and 5, such as PAH, can lead to a mPAP >20 mmHg
and PVR >2 WU. On the contrary, Groups 2 and 5 can result in either isolated post-
capillary PH or combined pre- and post-capillary PH [13].

By revising the definition, a sizable subgroup of patients who were previously
thought to be normal are now classified under PH. This revision emphasizes the
importance of early diagnosis in the PH criteria [14]. Where there was skepticism
around the increased number of patients from the revised criteria, it also hints at a
possibility of a patient population being protected by being in the buffer zone two
standard deviations above the normal. The REVEAL registry highlighted that a 2-year
delay in the PH diagnosis and symptom onset had increased the burden of diseases
[15]. This is compelling clinical justification to accept the newly defined pulmonary
hypertension criterion for treatment and diagnosis.

3. Classification of pulmonary hypertension

Multiple clinical diseases are divided into groups by the WHO classification
(Table 2) based on shared characteristics in the clinical presentation, pathological
findings, hemodynamic characteristics, and therapeutic strategy [9, 10]. Therefore,
the underlying causes of abnormal mPAP, PVR, and PCWP are divided into five main
categories:

3.1 Group 1: pulmonary arterial hypertension

Pulmonary arterial hypertension (PAH) is largely idiopathic, hereditary with
a BMPR2 mutation carrier [16], or drug/toxin-induced, affecting females and the
younger population. Besides these, some of the less common causes of PAH include
veno-occlusive diseases, persistent pH of newborns, or underlying conditions such as
connective tissue disorders, HIV, and portal hypertension. The algorithm to diagnose
PAH is the absence of any alternative PH pathology and threshold values of mPAP >20,
PWAP < 15 mmHg, or PVR > 3 WU, fulfilling the criteria for pre-capillary PH [17].
Group 1 is divided into two broad categories based on treatment and prognosis. The
first subgroup includes patients with positive vasoreactivity testing. These are patients
with a decrease of more than 10 mmHg but less than 40 mmHg in the Mpap [18]. This
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1. Pulmonary arterial
hypertension (PAH).

* Idiopathic.
* Hereditary.
¢ Drug and toxin-induced.

* pulmonary veno-occlusive disease or pulmonary capillary hemangioma-
tosis-like features in PAH.

* Persistent pulmonary hypertension of a newborn.
* Associated with the following diseases:

o Connective tissue disease.

O Portal hypertension.

© Congenital heart disease.

O Schistosomiasis.

o HIV infection.

2. Pulmonary hypertension
due to left heart disease.

* PH due to heart failure with preserved ejection fraction.
* PH due to heart failure with reduced ejection fraction.
e Valvular heart disease.

* Postcapillary PH due to Congenital/acquired cardiovascular conditions.

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

* Obstructive lung diseases.

* Restrictive lung diseases.

* Pulmonary diseases with mixed restrictive/obstructive patterns.
* Hypoxia without lung disease.

* Developmental lung disorders.

* Alveolar hypoventilation syndrome.

4. Pulmonary hypertension
due to pulmonary artery
obstruction.

* Chronic thromboembolic PH.
¢ Other pulmonary artery obstructions.
* Sarcomas.

* Other malignant tumors (renal, uterine, germ cell tumor of the testis,
other tumors).

* Non-malignant tumors (uterine leiomyoma).
* Arteritis without connective tissue disease.
* Congenital pulmonary artery stenosis.

* Hydatidosis.

5. Pulmonary hypertension
with unclear and/or
multifactorial mechanisms.

» Hematological disorders:
o chronic hemolytic anemia.
© myeloproliferative disorders.
* Systemic disorders like neurofibromatosis and sarcoidosis.
* Metabolic disorders like Gaucher disease, glycogen storage disease,
* Fibrosing mediastinitis,
* Chronic renal failure (with/without dialysis),

* Pulmonary tumorous thrombotic microangiopathy and HIV.

Table 2.

Clinical classification of pulmonary hypertension [10].
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Definitive associations Possible associations
Aminorex Cocaine
Fenfluramine Phenylpropanolamine
Dexfenfluramine I-Tryptophan
Benfluorex St. John’s wort
Mitomycin C (PVOD) Amphetamines
Toxic rapeseed oil IFN-a and -p
Alkylating agents
Bosutinib

Direct-acting antiviral agents against
hepatitis C virus
Leflunomide

Table 3.
Drugs and toxins resulting in potential pulmonary hypertension [21].

group of individuals has a better treatment response to calcium channel blockers and,
thus, a good prognosis [19]. The second subgroup includes patients with pulmonary
capillary hemangiomatosis and pulmonary veno-occlusive disease (PVOD). Treatment
of this subgroup risks the development of pulmonary edema and, therefore, poor
survival chances [20]. The 2022 ESC/ERS guidelines for diagnosing and treating pul-
monary hypertension have established an updated list of drugs and toxins that possibly
establish or aggravate the underlying PAH (Table 3) [10].

3.2 Group 2: pulmonary hypertension due to left-sided heart disease (LHD)
(PH-LHD)

As elaborated in Table 2, Group 2 includes a patient population with PH caused by a
left-sided heart pathology. These can be due to heart failure with reduced or preserved
LVEF, valvular heart diseases, or any pathology that results in post-capillary PH [20].

3.3 Group 3: pulmonary hypertension caused by chronic lung disease (CLD)
(PH-CLD) and/or hypoxia

In this group of patients with PH due to lung diseases, chronic obstructive pul-
monary diseases (COPD) are the most important cause [22]. Pulmonary hyperten-
sion results from a complex nature of decreased functional status and worsening
hypoxemia [23]. Studies have identified that in individuals suffering from severe
emphysema, the mPAP has an inverse relation with arterial PO2 and a direct associa-
tion with PCWP. Consequently, there is a close relationship between mPAP, PVR,
and the degree of alveolar hypoxia [24, 25]. Therefore, this category falls under the
pre-capillary hemodynamic threshold ranges by the new definition.

3.4 Group 4: pH caused by pulmonary artery obstruction
In this subset of patients with PH, pathology arises from obstructed pulmonary
arteries such as chronic thromboembolic PH (CTEPH), tumors, and pulmonary

artery stenosis. CTEPH potentially results from chronic obstruction with thrombi and
as a small vessel disease [25].
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3.5 Group 5: miscellaneous mechanisms

Patients with a multifactorial pathophysiological response were often diagnosed
with hematologic or systemic disorders, such as sickle cell anemia, sarcoidosis,
glycogen storage disease, and Gaucher’s [21]. Therefore, it would be likely to find pre-
and post-capillary PH mechanisms. The classification groups of PH are originally the
same as proposed in the sixth WSPH and the 2015 ESC/ERS Guidelines for diagnosing
and treating pulmonary hypertension [26]. Exceptions include updated recom-
mendations that reposition vasoreactive patients with idiopathic pulmonary arterial
hypertension (IPAH) [10].

4. Clinical characteristics
4.1 History and physical examination

Pulmonary hypertension (PH) comprises a heterogeneous group of disorders
that result from various pathophysiological mechanisms but are all characterized
by an elevated mean pulmonary arterial pressure (mPAP) of >20 mmHg at rest [9].
The early clinical symptoms of PH are typically nonspecific or easily attributable to
comorbid conditions, including congestive heart failure, coronary artery disease,
pulmonary embolism, and chronic obstructive pulmonary disease. Hence, diagno-
sis can be challenging and requires a stepwise evaluation [27]. A detailed history,
physical examination, and a high suspicion index are essential to diagnosing PH
[28]. The suspicion index should be particularly high in patients presenting with
conditions associated with PH, including sickle cell anemia, systemic sclerosis, and
HIV. There is a well-documented lag between symptom onset and clinical diagnosis,
as evidenced in a study by Humbart et al., who reported that there is an average delay
of 27 months from symptom onset to final diagnosis [29]. This delay may be attrib-
uted to a lack of screening guidelines for PH in asymptomatic individuals, including
in high-risk groups, which contributes to a significant delay in diagnosis [18]. The
hallmark initial manifestation of PH includes dyspnea on exertion, while multiple
nonspecific symptoms may also be present. Dyspnea could be accompanied by
exhaustion, chest tightness, or presyncope initially while exercising and then later
at rest [26]. Clinical manifestations in accordance with the progression of PH have
been given in Table 4. These include fatigue, generalized weakness, early exhaus-
tion, tachycardia, hemoptysis, and syncope/presyncope or light-headedness [26].
Patients may also present with signs of advanced PH leading to right ventricular fail-
ure and systemic volume overload state such as weight gain, peripheral edema (e.g.,
ankle edema), ascites, and abdominal, jugular venous distention, hepatomegaly,
hepatojugular reflex, and low-volume arterial pulses [26]. Pulmonary artery (PA)
enlargement due to progressive PH may lead to physical manifestations comprising
angina, i.e., chest pain on exertion, hoarseness of voice, cough, wheezing, lower
respiratory tract infections, and atelectasis [30]. These symptoms manifest due to
the compression of various anatomical structures by the enlarged PA, including
the left main coronary artery (LMCA), left recurrent laryngeal nerve leading to
Ortner Syndrome, and bronchi [13, 30]. Patients may also present with clinical signs
owning to underlying comorbidities such as arthralgias, skin rash, cough, history
of thrombosis, and daytime sleepiness [13]. Hence, not only a physical examination
but also a patient’s family, sexual, and travel histories are equally essential when
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WHO functional Clinical characteristics

class

ClassI No symptoms; Can perform ordinary physical activity.

ClassII Comfortable at rest; Routine activities cause symptoms of dyspnea, fatigue, angina, or

pre-syncopal features.

Class I1I Comfortable at rest; Less than ordinary activity causes symptoms.
Class IV Cannot perform any activity without symptoms. Dyspnea and/or fatigue at rest.
Table 4.

Clinical presentation of pulmonary hypertension.

evaluating them for suspected PH. Multiple findings may be present on physical

exam in patients with associated chronic lung diseases, including telangiectasias,
Raynaud’s phenomenon, digital clubbing, ulceration, symptoms associated with

gastroesophageal reflux, crackles/wheezing on lung auscultation, joint edema as
well as erythema [13].

4.2 Clinical findings on auscultation

Auscultatory examination suggestive of PH includes accentuated P2, i.e., second
heart sound associated with the pulmonic component due to loud closure of the
pulmonic valve at the base of the heart as the initial physical finding [31, 32]. As the
disease progresses, right ventricular dysfunction occurs. This results in jugular venous
distention due to elevated jugular venous pressure, which is seen with a prominent “a”
wave with an eventual prominent “v” wave, suggesting tricuspid regurgitation [31].
Tricuspid (pan systolic murmur along the left sternal border that increases in inten-
sity upon inspiration) and pulmonary regurgitation (diastolic murmur also known as
the Graham Steell murmur along the left sternal border indicating pulmonary valve
insufficiency), right-sided S3 and S4 gallop may be heard, while right parasternal
heave may also be present on palpation [33]. Increased PA pressures and eventual
RV heart failure may cause these. These may be associated with ascites, abdominal
distention, hepatosplenomegaly, and dependent peripheral edema. As right heart
failure progresses, pallor, delayed capillary refill, peripheral cyanoses, and dizziness
may be evident, indicating decreased cardiac output [13].

4.3 Clinical findings on electrocardiogram

Electrocardiography (EKG) is one of the initial tests obtained from patients to
confirm the presence of PH and identify the underlying etiology. The cardiac rhythm
in patients with PH is usually sinus. However, electrical abnormalities exist due to RV
and RA enlargement. Although a normal EKG report does not exclude the diagnosis
of PH, an abnormal finding points toward severe disease, particularly QRS and QTc
prolongation [34-38]. Other EKG changes are nonspecific and comprise signs of
right-sided cardiac strain and chamber enlargement, including P-pulmonale, right
ventricular strain, right-axis deviation, right bundle branch block (RBBB), right
ventricular (RV) hypertrophy, and QTc prolongation. As the disease progresses,
supraventricular tachycardia, including atrial fibrillation and atrial flutter, may
manifest, while ventricular arrhythmia is rare [36]. The EKG findings suggestive of
poor prognosis include the increased amplitude of P wave inlead II, P > .25 mV in
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lead I, qR in V1, and the presence of World Health Organization (WHO) criteria for
RV hypertrophy [35, 37]. This criterion includes a small S wave in lead V1 (R > 7 mm,
S <2 mm, and R/S ratio > 1), a tall R wave, a tall S wave with a small R wave in lead V5
or Vg (R/S ratio < 1), and right axis deviation (QRS axis > 90°) [33]. Electric abnor-
malities suggestive of right-sided cardiac strain comprise ST-segment depressions
and T-wave inversions in the anterior leads, i.e., V1 through V4. Electrocardiographic
features indicative of RA enlargement include a P-wave greater than 2.5 mm in leads
I, III, and aVF [33].

4.4 Clinical findings on chest radiography

Pulmonary hypertension (PH) is frequently associated with bilateral enlargement
of hilar structures representing the central, right, and left main PA. Chest radiog-
raphy is abnormal in 90% of the patients with PH at the time of diagnosis [39], and
clinical features usually show right-ventricular enlargement, a prominent central PA
(PA enlargement), peripheral hypervascularity, water-shaped cardiac silhouette, and
pruning of peripheral vessels [40-42]. In severe cases of PH, cardiac silhouette on
chest radiograph indicates an enlarged RV causing cardiomegaly on the posteroante-
rior view and increased retrosternal filling on the lateral view [43]. In addition, clini-
cal signs of left-sided heart disease are appreciated. These include pleural effusions,
enlargement of the left heart, Kerley B lines, and signs of pulmonary diseases, such
as flattened diaphragm (COPD), hyperlucency (COPD), volume loss, and reticular
opacifications (fibrotic lung disease) may also be present [40-42].

4.5 Clinical findings on pulmonary function testing and arterial blood gas
analysis

Patients with PAH demonstrate reduced diffusion lung capacity for carbon mon-
oxide (DLCO), and low DLCO of <45% is associated with poor prognosis [44, 45].
Patients also present with slightly low partial pressure of oxygen (Pa0O2), which results
in alveolar hyperventilation. This leads to low-to-low normal partial pressure of
carbon dioxide (PaCQO2) [46].

4.6 Clinical findings on chest computed tomography and abdominal ultrasound

A chest CT helps to identify additional information, which raises suspicion
for PH. These clinical features include enlarged diameter of PA, ascending aorta/
main PA diameter ratio of >0.9, and enlargement of right heart chambers (RA or
RV). The PA diameter of >30 mm, with a right ventricular outflow tract thickness
of >6 mm, and > 140 degrees of septal deviation or right ventricle/left ventricle
ratio > 1, is suggestive of PH [47]. Abdominal ultrasound may detect secondary
liver and kidney damage as PH progresses, leading to liver abnormalities and/or
portal hypertension [48].

4.7 Clinical findings on echocardiography

A transthoracic echocardiogram is considered to be the most important non-
invasive diagnostic procedure to estimate the probability of PH, while right heart
catheterization (RHC) is required for the confirmation of diagnosis as well as to guide
therapy [26, 49-51]. The echocardiogram aids in grading the probability of PH into
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Peak tricuspid regurgitant Presence of other PH signs on Echocardiographic
velocity (m/s) echocardiography probability of PH
< 2.8 or not measurable No Low
<2.8 or not measurable Yes Intermediate
29-34 No Intermediate
29-34 Yes High
>34 Not required High

Tables.

Echocardiographic probability of PH [13].

Ventricles RV/LV basal diameter/ Flattening of the Tricuspid annular plane
arearatio > 1.0 interventricular septum systolic excursion/systolic
(left ventricular pulmonary artery pressure
eccentricindex >1.1in ratio < 0.55 mm/mmHg
systole and/or diastole)
Pulmonary Right ventricular outflow Early diastolic PA > Aortic root diameter
artery tract acceleration pulmonary regurgitation PA diameter > 25 mm
time < 105 ms and/or mid- velocity > 2.2 m/s
systolic notching
Inferior vena Inferior vena cava RA area
cavaand diameter > 21 mm with (end-systole) > 18 cm?

right atrium decreased inspiratory
collapse (<50% with a
sniff or < 20% with quiet

respiration)

Table 6.
Echocardiographic signs suggestive of PH [13].

three categories, namely low, intermediate, and high probabilities, as laid down by the
European Society of Cardiology guidelines shown in Table 5. The echocardiographic
signs indicative of PH is given in Table 6.

4.8 Clinical findings on cardiopulmonary exercise testing (CPET)

Clinical findings on cardiopulmonary exercise testing (CPET) is an important
tool to identify the underlying cause of PH when clinical symptoms are induced
by exercise. Pulmonary arterial hypertension (PAH) results in low oxygen pulse
(VO2/HR), low peak oxygen uptake (VO2), elevated ventilatory equivalent for
carbon dioxide (VE/VECO2), and a reduced end-tidal partial pressure of carbon
dioxide (PETCO?2) [52, 53].

5. Diagnostic evaluation

Despite advanced technological developments to evaluate PH, a considerable delay
has been reported between symptom onset and clinical diagnosis. In accordance with
the Registry to Evaluate Early and Long-Term PAH Disease Management (REVEAL
registry), 21% of the patients experienced a 2-year delay in receiving the final
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diagnosis of PH [54]. This persistent time lag in reaching final diagnosis across the
past decades led to the 6th World Symposium of Pulmonary Hypertension (WSPH)
task force to update the recommended diagnostic algorithm with the aim of facilitat-
ing a more efficient evaluative process [32]. For instance, patients who present with
multiple confounding medical comorbidities are complex and challenging to treat,
hence prompting the recommendation that they should be referred early to special-
ized PH centers known as Pulmonary Hypertension Care Centers accredited by the
Pulmonary Hypertension Association to guide their long-term management [22,
54-57]. Patients presenting with dyspnea in the absence of signs of specific heart

or lung disease or those who present with clinical signs/symptoms indicative of PH
should be carefully evaluated with a detailed medical and family history, thorough
physical examination, monitoring of body vitals including blood pressure, pulse rate,
oxygen saturation, and serum tests comprising brain natriuretic peptide (BNP)/N-
terminal pro-BNP (NT-proBNP) with a resting electrocardiogram. This first stage
points toward a potential cardiopulmonary cause. The second stage includes a
detailed cardiac assessment using echocardiography and the lungs (if the medical his-
tory is indicative) using pulmonary function tests, chest imaging modalities compris-
ing X-ray and computed tomography, as well as cardiopulmonary exercise testing in
certain cases.

6. Conclusion

Pulmonary hypertension is a multifactorial disease-carrying a high risk of mor-
bidity and mortality. It requires a specialized PH expert center to carry out consistent,
detailed evaluation and management. The disease involves progressive loss and
obstruction of the pulmonary vasculature, resulting in elevated mean pulmonary
arterial pressure (mPAP) and pulmonary vascular resistance (PVR), which can
eventually lead to RV dysfunction and right ventricular heart failure. Careful assess-
ment of medical history, physical examination, echocardiograms, and hemodynamic
parameters are essential to identify and classify the different forms of PH.
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Chapter 3

Right Heart Catheterization: The
Role of Hemodynamic Assessment
in the Diagnosis and Management of
Pulmonary Arterial Hypertension

Aaron C. Miller

Abstract

Right heart cardiac catheterization remains the gold standard for the diagnosis
of pulmonary arterial hypertension and is an essential component to classify and
characterize the type of pulmonary hypertension. Performing a diagnostic right
heart catheterization for the assessment of pulmonary hypertension requires a
detailed understanding of waveform physiology, cardiac output assessment, right
ventricular afterload evaluation, vasoreactivity testing, and accurate left atrial
pressure measurement. Furthermore, right heart catheterization can be used to
unmask left heart disease by utilizing fluid challenge testing and exercise right
heart catheterization. Additionally, the determination of pulmonary artery compli-
ance, in conjunction with pulmonary vascular resistance, can help provide a more
comprehensive assessment of pulmonary artery load and right ventricular afterload.
Lastly, hemodynamic information obtained by right heart catheterization can be
used as a risk assessment tool to guide management and predict mortality.

Keywords: right heart catheterization, pulmonary hemodynamics, pulmonary artery
pressure, pulmonary vascular resistance, hemodynamic risk assessment

1. Introduction

Pulmonary hypertension generally refers to an abnormal elevation of the pulmo-
nary artery pressure, and it represents a complex and multifactorial disease process
with significant morbidity and mortality implications for patients. Right heart
catheterization remains the gold standard for the appropriate classification and diag-
nosis of pulmonary hypertension. Accurately diagnosing and classifying pulmonary
hypertension requires careful analysis and accurate interpretation of the hemody-
namic waveforms obtained during right heart catheterization. Accurate interpretation
of hemodynamic data is a powerful skillset that provides important risk assessment
information and serves as the basis of treatment decisions that can have a meaningful
impact on patient morbidity, mortality, and quality of life.
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The World Symposium on Pulmonary Hypertension last convened in 2019 and
defined pulmonary hypertension as a mean pulmonary artery pressure (mPAP)
>20 mmHg [1]. Hemodynamically, pulmonary hypertension is further classified into
pre-capillary, post-capillary, and combined pre- and post-capillary pulmonary hyper-
tension. Pre-capillary pulmonary hypertension is defined as a mPAP >20 mmHg,

a pulmonary vascular resistance (PVR) >2 wood units, and a pulmonary capillary
wedge pressure (PCWP) < 15 mmHg [2]. Post-capillary pulmonary hypertension
is generally associated with left heart disease and is defined by a mPAP >20 mmHg,
PVR <2 woods units, PCWP >15 mmHg. Lastly, combined pre- and post-capillary
hypertension is characterized by a mPAP >20 mmHg, PVR > 2 woods units, and a
PCWP >15 mmHg. Table 1 provides a summary of the different hemodynamic clas-
sifications of pulmonary hypertension.

Once the hemodynamic classification is determined, then pulmonary hypertension
can be further classified into one of five groups, as outlined in Table 2. To appropriately
classify pulmonary hypertension, additional testingis needed to assess for left heart
disease, chronic pulmonary disease or sleep-related breathing disorders, chronic throm-
boembolic disease or other pulmonary artery obstruction, and other disorders such as
hematologic disorders, systemic disorders, chronic kidney disease/end-stage renal dis-
ease, and fibrosing mediastinitis. Basic testing that is essential for the appropriate clas-
sification of pulmonary hypertension includes the following: laboratory testing to assess
for HIV; chronic kidney disease, connective tissue disease, and hematologic/systemic/
metabolic disorders; complete pulmonary function testing, arterial blood gas analysis,
chest X-ray, CT chest imaging, ventilation-perfusion scan, transthoracic echocardio-
gram, and polysomnography. This initial barrage of testing helps clarify the clinical
context with which to interpret the hemodynamic results. Interestingly, only the Group 2
and Group 5 patients have a post-capillary component to their pulmonary hypertension.
Groups 1, 3, 4, and 5 can all have a pre-capillary hemodynamic pattern depending on the
results of the previously mentioned test results. Therefore, an appropriate classification
of pulmonary hypertension requires both the cardiac catheterization results and a thor-
ough clinical evaluation. For many patients, there could be a combination of pulmonary
hypertension groups contributing to the development of pulmonary hypertension. For
these more complicated, multifactorial cases, identification and optimization of all
underlying disorders must be performed as part of a patient’s treatment plan.

Finally, hemodynamic data from a right heart catheterization can be utilized to assess
the function and afterload of the right ventricle. Right ventricular failure represents the
leading cause of death in pulmonary hypertension patients [3, 4]. Therefore, accurately

Classification Hemodynamic criteria

Pre-capillary PH mPAP>20 mmHg, PAWP<15 mmHg, PVR > 2WU
Post-capillary PH mPAP>20 mmHg, PAWP>15 mmHg, PVR <2 WU
Combined pre—/post-capillary PH mPAP>20 mmHg, PAWP>15 mmHg, PVR > 2WU

This table summariges the hemodynamic classification of pulmonary hypertension. The mPABE, PAWP, PVR are
obtained during the right heart cardiac catheterization.

Abbreviations: PH, pulmonary hypertension; mPAP, mean pulmonary artery pressure; PAWE, pulmonary artery
wedge pressure; PVR, pulmonary vascular resistance; WU, wood units.

Source: Eur Heart J. 2022 Oct 11;43(38):3618-3731.

Table1.
Hemodynamic classification of pulmonary hypertension.

26



Right Heart Catheterization: The Role of Hemodynamic Assessment in the Diagnosis...
DOI: http://dx.doi.org/10.5772/intechopen.1003228

Group 1: Pulmonary arterial hypertension (PAH)

1.1 Idiopathic PAH

1.2 Heritable PAH

1.3 PAH associated with drugs/toxins

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 disease

1.4.5 Schistosomiasis

1.5 PAH with features of venous/capillary (PVOD/PCH) involvement

1.6 Persistent PH of the newborn

Group 2: Pulmonary hypertension (PH) associated with left heart disease

2.1 Heart failure:

2.1.1 heart failure with preserved ejection fraction

2.1.2 heart failure with reduced ejection fraction

2.2 Valvular heart disease

2.3 Congenital/acquired cardiovascular conditions

Group 3: PH associated with lung diseases and/or hypoxia

3.1 Obstructive lung disease or emphysema

3.2 Restrictive lung disease

3.3 Lung disease with mixed restrictive/obstructive pattern

3.4 Hypoventilation syndromes

3.5 Hypoxia without lung disease (e.g. high altitude)

3.6 Developmental lung disorders

Group 4: PH associated with pulmonary artery obstructions

4.1 Chronic thromboembolic PH

4.2 Other pulmonary artery obstructions

Group 5: PH with unclear and/or multifactorial mechanisms

5.1 Hematological disorders

5.2 Systemic disorders

5.3 Metabolic disorders

5.4 Chronic renal failure with or without hemodialysis

5.5 Pulmonary tumor thrombotic microangiopathy

5.6 Fibrosing mediastinitis

Source: Eur Heart J. 2022 Oct 11;43(38):3618-3731.

Table 2.
Clinical classification of pulmonary hypertension.

assessing right ventricular function using hemodynamics is an essential component of
treatment planning for pulmonary arterial hypertension. Cardiac output measurements
are obtained during right heart catheterization to assess right ventricular function
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and to help calculate pulmonary vascular resistance and pulmonary artery compli-
ance (PAC). PVR and PAC provide important information regarding right ventricular
afterload and can provide crucial information to optimize right ventricular function.

2. Right heart cardiac catheterization: Essential components and
evidenced-based measurements for pulmonary hypertension assessment

2.1 Basic setup and supplies

Right heart catheterization remains the gold standard for the diagnosis and
classification of pulmonary hypertension. Therefore, completing the right heart
catheterization requires expertise in terms of setup and pressure acquisition. The
basic essential components of performing a right heart catheterization are a catheter;
a transducer; a fluid-filled tubing to connect the catheter to the transducer; a physi-
ologic recorder to display, analyze, print, and store the hemodynamic waveforms [5].

The most common catheter used to measure right heart and pulmonary pressures
is the Swan-Ganz catheter. At a minimum, the Swan-Ganz catheter has a distal port
for pressure measurements, a proximal port that is located 30 cm from the tip used
for manual thermodilution cardiac output measurements, a balloon tip for flotation to
the pulmonary artery, and a thermistor at the distal tip which allows for the measure-
ment of temperature changes duringthe thermodilution cardiac output assessment.
The Swan-Ganz catheter is generally 110 cm in length and comes in different sizes,
usually ranging from 5 to 8 Fr. Also, the Swan-Ganz catheter comes in different
types. Usually, the Swan-Ganz catheters that are placed in critically ill patients for
hemodynamic assessment include a thermal filament that allows for continuous
thermodilution cardiac output monitoring. The Swan-Ganz catheters used in the
cardiac catheterization lab do not have the thermistor coil since thermodilution
cardiac output measurements in the cardiac catheterization lab can be done manually
by infusing chilled saline through the proximal port (Figure1).

The transducer and tubing are also important components of accurate hemo-
dynamic assessment. The tubing should be stiff pressure tubing to avoid waveform
damping. The transducers are generally table-mounted and fluid-filled. The pressure
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Figure 1.

This image identifies the major components of a Swan-Gang catheter (Model 782F75M). This type of catheter
has a thermal filament that is generally used in a critical care setting for continuous cardiac output monitoring.
(Source: Edwards Lifesciences, Irvine, CA, USA).
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Figure 2.
This is an image of a transducer. The small black object in the transducer unit is the membrane that deforms
creating the electrical signal that generates waveforms. (Source: N Engl ] Med. 2017 Apr 6;376(14):€26.)

wave is transmitted through the fluid-filled catheter, through the stiff pressure
tubing, and finally to a membrane in the transducer. The pressure transmitted from
the catheter deforms the membrane resulting in a change in electrical resistance. This
electrical signal is transmitted to the analyzing computer and converted to a graphic
representation of the pressure wave (Figure 2).

The Swan-Ganz catheter, tubing, and transducer circuit must be set up appropri-
ately to ensure accurate right heart and pulmonary pressure assessment. Important
principles to help optimize setup and data integrity include the following: 1) avoid
air, blood, kinks, and soft tubing as these can result in overdamping the signal, 2)
use the shortest tubing length possible and avoid the use of numerous stop cocks
as this can result in underdamping the waveform. Over- or under-damping results
in inaccurate pressure measurements which can compromise the integrity of the
waveforms resulting in misdiagnosis or incorrect classification of a patient’s pul-
monary hypertension. If the hemodynamic waveforms do not appear normal or the
pressures do not make sense physiologically, then a square wave test can be used
during the right heart catheterization to determine if the waveforms are over- or
under-damped.

Lastly, to ensure the waveform pressures are accurate during set-up, the catheter
or transducer should be zeroed and aligned with the mid-thoracic level [6]. At the
mid-thoracic level, the catheter is level with the left atrium. Making the transducer
level with the left atrium will allow for the most accurate measurement of the pulmo-
nary artery wedge pressure (PAWP). The PAWP is one of the most important deter-
minants when classifying the type of pulmonary hypertension; therefore, obtaining
an accurate PAWP is essential for making the appropriate pulmonary hypertension
diagnosis and determining the appropriate treatment for the patient.

2.2 Evidence-based measurements recommended to be obtained during right
heart catheterization

Ideally, right heart cardiac catheterizations should be performed at an expert
pulmonary hypertension center. When the right heart catheterization is performed at
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an expert center, the frequency of serious events is only 1.1%, and procedure-related
mortality is only .055% [7]. In addition to these favorable complication rates, an
expert center can review the hemodynamic waveforms and interpret them in the
context of the patient’s clinical presentation and diagnostic testing.

During the right heart catheterization, there are hemodynamic parameters that are
directly measured and others that are calculated. The measured values are as follows:
right atrial pressure, systolic pulmonary artery pressure, diastolic pulmonary artery
pressure, mean pulmonary artery pressure, pulmonary artery wedge pressure, cardiac
output, mixed venous oxygen saturation measured from the pulmonary artery, arterial
oxygen saturation, and systemic blood pressure. The calculated values determined
by right heart catheterization results are as follows: pulmonary vascular resistance,
pulmonary vascular resistance index, total pulmonary resistance, cardiac index,
stroke volume, stroke volume index, and pulmonary artery compliance. Pulmonary
vascular resistance is especially important in the classification of pulmonary hyperten-
sion; therefore, it must be calculated in all patients undergoing right heart cardiac
catheterization [2].

When measuring cardiac output during the right heart catheterization, there are
2 most common methods utilized: 1) indirect Fick, 2) thermodilution cardiac output.
The indirect Fick is calculated based on the following formula:

. ( mL j
O, consumption| ——
{ min 1)

~ Arterial 0O, content — Venous O, content

Oxygen content of the blood can be calculated by the following formula:

Ca0, =(1.34 x hgh x Sa0, ) +( Pa0, x.003)

The same formula can be used to calculate the O, content of venous blood, but
the SvO, would be used instead of the Sa0, for venous blood. Therefore, in the
cardiac catheterization lab, the hemoglobin, SaO,, SvO, can be easily obtained
to determine the arteriovenous oxygen difference (A-VO,). For indirect Fick, the
oxygen consumption must be calculated. The Dehmer Formula is the simplest and
only requires the patient’s body surface area. Other formulas, such as the LaFarge
and Bergstra formulas, can also be used. Direct Fick is considered the gold stan-
dard for measuring cardiac output, but this method is not clinically practical since
oxygen consumption must be simultaneously measured during the right heart
catheterization [2].

Thermodilution cardiac output is the second most common method used for
measuring cardiac output, and it is the preferred method for determining cardiac
output in pulmonary hypertension patients [8]. Thermodilution cardiac output is
determined by injecting 10 mL of chilled normal saline through the proximal port
located 30 cm from the catheter tip. The chilled saline causes the blood to transiently
cool, creating a decrease in blood temperature that is detected by the thermistor at the
distal tip of the Swan-Ganz catheter. The blood eventually warms back to normal with
time. This temperature change creates a skewed bell-curve graphic. The area under
the bell curve is inversely proportionate to the cardiac output based on the modified
Stewart-Hamilton conservation of heat equation. This equation is as follows:
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In the numerator of the modified Stewart-Hamilton equation, Tb = blood temper-
ature, Ti = injectate temperature, Vi = injectate volume, and K = correction constant.
The denominator of the equation represents the area under the thermodilution curve.
Therefore, alarge area under the curve will result in low cardiac output. Alternatively,
a smaller area under the curve will correspond to normal or high cardiac output.
Figure 3 illustrates this important concept about the relationship between the area
under the thermodilution curve and the cardiac output.

The thermodilution and indirect Fick cardiac output measurements were com-
pared in a large clinical trial [8]. The results of this trial demonstrated a poor correla-
tion between indirect Fick and thermodilution. Interestingly, thermodilution cardiac
output results correlated significantly to patient mortality, whereas the indirect Fick
measurements did not have a mortality correlation. Therefore, thermodilution cardiac
output has become preferred since it correlates with patient mortality, whereas
indirect Fick does not. The cardiac output range in this study varied from 1.7-7.8 L/m,
making thermodilution a reliable measure of cardiac output within the studied range.
When comparing direct Fick to thermodilution across the cardiac output range, ther-
modilution correlated closely to direct Fick in both the low and normal cardiac output
groups. Hence, thermodilution can be reliable even in low cardiac output states [9].

Thermodilution cardiac output has been thought to be inaccurate in patients with
severe tricuspid regurgitation. In theory, severe tricuspid regurgitation would cause

Normal Cardiac output

Time
Temperature
Low cardiac output
Time
Temperature
. High cardiac output
Time

Temperature

Figure 3.

These three different graphs represent diffevent thermodilution curves corresponding to a normal, low, and high
cardiac index. These curves illustrate the concept that the avea under the thermodilution curve are inversely
proportionate to cardiac output. (Source: Top Companion Anim Med. 2016 Sep;31(3):100-108.)
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the chilled 10 mL normal saline injectate to recirculate, which would potentially
cause a falsely low cardiac output. In reality, this recirculation theory does not seem
to be true. When the thermodilution cardiac output method was compared to direct
Fick across a spectrum of mild/moderate and severe tricuspid regurgitation patient
groups, there was no significant variability in cardiac output measurements, even in
the severe tricuspid regurgitation group. Therefore, thermodilution cardiac output
can still be used in both low cardiac output states and in patients with severe tricuspid
regurgitation.

In some cases, patients with pulmonary hypertension have intra-cardiac shunts. In
patients with an intra-cardiac shunt, thermodilution cardiac output is unreliable and
should be avoided. In these cases, direct Fick cardiac output assessment is preferred [2].

3. Right heart catheterization: fundamentals of waveform interpretation

The main goal of a hemodynamic study is to accurately reproduce and analyze
changes in pressure in a heart chamber or in the pulmonary circulation during the
cardiac cycle. The pressure transducer used in the cardiac catheterization procedure
contains a diaphragm that generates an electrical current when it is triggered by fluid
waves that are transmitted from the heart through the Swan-Ganz catheter tip. This
electrical current from the transducer is used to generate pressure waves over time.
These generated waves can then be utilized to diagnose and characterize the type of
pulmonary hypertension present in a patient.

The waveforms obtained during a right heart catheterization procedure should be care-
fully analyzed to ensure proper fidelity. Also, the waveforms should be carefully aligned
with an electrocardiogram (EKG) to appropriately identify the filling and emptying
phases of the cardiac cycle. Furthermore, careful attention to identifying end-expiration is
important since this is the respiratory cycle phase where the pulmonary pressures are least
impacted by pressure shifts associated with the chest wall and diaphragm. All pressures,
especially the PAWP, should be measured at end-expiration without breath holding [2].

3.1 Atrial waveforms

The right atrium and left atrium have similar appearing waveforms; however, the
normal pressure in the atria is slightly different. The right atrium is characterized
by a relatively low pressure of 2-6 mmHg, while the left atrial pressure is normally
4-12 mmHg.

Generally, an atrial waveform has an “a” wave and a “v” wave as well as an “x” and
“y” descent. The “a” wave corresponds to the pressure increase associated with atrial
contraction. This first atrial wave usually follows the P wave on EKG by approximately

«_»

80 msec. The “x” descent follows the “a” wave and represents the pressure decay
associated with atrial relaxation and the downward movement of the atrioventricular

«__» «w__»

(AV) junction that occurs due to ventricular contraction. The “v” wave follows the “x
descent and corresponds to passive venous filling during atrial diastole. This occurs in

«__»

conjunction with ventricular systole when the tricuspid valve is closed. The “v” wave

«_d

can be identified as occurring at the end of the T wave of the EKG. The “y’ descent

< . »

occurs following the “v” wave and represents rapid emptying of the right atrium

when the tricuspid valve opens. In a normal clinical setting, the “a” wave is generally
(43 » «_» (43 »

taller than the “v” wave. Figure 4 demonstrates how to identify the “a” and “v” waves
relative to an EKG on an actual patient.
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Figure 4.
This figure represents a right atrial waveform with the “a” and “V’ waves labeled relative to the EKG. Image
created by Aaron Miller.

«__»

Conceptually, the right and left atrial waveforms have “a” and “v” waves and an
x and y descent. However, the left atrial waveform does have some important differ-
ences compared to the right atrial waveform. First, the fine details of the left atrial
waveform are not present due to damping associated with the longer distance the
pressure signal is traveling from the left side of the heart to the catheter tip in the
pulmonary artery. Second, the “v” wave is generally slightly taller than the “a” wave,
related to the slightly higher-pressure gradients on the left side of the heart compared
to the right heart. Lastly, there is a much larger delay in the left atrial waves and
descents relative to the EKG tracing compared to the right atrium. Again, this reflects
the increased distance the signal travels from the left atrium to the catheter tip in the
pulmonary artery. The left atrial “a” wave occurs 240 msec after the P wave on EKG.
The “v” wave occurs shortly after the T wave on the EKG.

Measuring the left atrial pressure from the pulmonary arteries requires temporary,
complete occlusion of the pulmonary artery with the balloon on the tip of the Swan-
Ganz catheter. Obtaining a high-quality pulmonary capillary wedge pressure is arguably
the most difficult wave to obtain during a right heart catheterization, and it is the most
important component to distinguish pre- and post-capillary pulmonary hypertension.
Identifying a high-quality PCWP requires a few key components. First, there should be
a clearly identifiable “a” and “v” wave. Recognizing a clear “a” and “v” wave can help the
provider ensure the balloon is not under-wedged. In the case of an under-wedged wave-
form, the wave tends to resemble a damped pulmonary artery waveform and loses the
“a” and “v” waves. Second, there should be obvious respiratory variation. In the case of
an over-wedged waveform, the PCWP waveform tends to flatten and lose clear variabil-
ity with respiratory effort. Third, when the balloon is deflated in a wedge position, the
waveform should quickly return to a pulmonary artery waveform. Fourth, blood gas can
be collected from the distal tip of the Swan-Ganz catheter when the catheter tip balloon
is inflated. This blood gas sample should have a SpO, > 90% [10]. Lastly, fluoroscopy can
be used to confirm the correct position of the Swan-Ganz catheter tip. The ideal location
for the catheter tip on fluoroscopy is below the level of the left atrium in West lung zone
3. Figure 5 visually summarizes the key components of the PAWP waveform.
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Figuress.
This image demonstrates a PAWP waveform. Relative to the EKG, the “a” and ‘V’ waveforms have been identified.
Image created by Aaron Miller.

3.2 Right ventricular waveform

Normally, the right ventricle systolic pressure is 20-30 mmHg, and the diastolic pres-
sure is 0-8 mmHg. In the absence of significant tricuspid valve disease, the diastolic right
ventricular pressure should be similar to the right atrial pressure. The pressure tracing
increases during right ventricular systole. The pressure waveform will then decrease with
pressure decay after the systole completes, and the downsloping side of the waveform
corresponds to a rapid filling phase. A slow-filling phase precedes the systolic phase of
the next cardiac cycle. Figure 6 summarizes the key components of the RV waveform.

Figure 6.
This schematic vepresents an RV waveform. The red circle corresponds to an increase in pressure associated with
systole followed by a vapid decrease in pressure as the RV empties into the PA. The black circle corresponds to the

diastolic or filling phase of the RV. Sometimes, there is an “a” wave located at the green arrow that represents
atrial kick. Image created by Aaron Miller.
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Measured values Normal range
Right atrial pressure, mean (RAP) 2-6 mmHg
Right ventricular systolic pressure 15-30 mmHg
Right ventricular diastolic pressure 0-6 mmHg
Pulmonary artery pressure, systolic (sPAP) 15-30 mmHg
Pulmonary artery pressure, diastolic (dPAP) 4-12 mmHg
Pulmonary artery pressure, mean (mPAP) 8-20 mmHg
Pulmonary artery wedge pressure (PAWP) <15mmHg
Cardiac output (CO) 4-8L/m
Mixed venous oxygen saturation (SvO,)* 65-80%
Arterial Oxygen saturation (SaO,) 95-100%
Calculated Values

Pulmonary vascular resistance (PVR)® 3-2.0WU
Total pulmonary resistance (TPR)® <3WU
Cardiac Index (CI) 2.5-4.0 L/m/m’
Stroke Volume (SV) 60-100 mL
Pulmonary artery compliance (PAC)? >2.3 mL/mmHg

WU, Wood units

“Sv0;, is derived from a blood sample collected from the pulmonary artery
YPVR = (mPAP-PAWP)/CO

‘TPR = mPAP/CO

“PAC = SV/(sPAP-dPAP)

Source: Eur Heart J. 2022 Oct 11;43(38):3618-3731.

Table 3.
Normal hemodynamic values obtained during right heart catheterization.

Figure?7.

This schematic vepresents the transition from RV to PA during a right heart catheterization and highlights two
important difference between the RV and PA waveforms. The red waveform represents the RV pressure. The black
circles demonstrate the diastolic step-up that occurs when the catheter tip enters the PA. Also, the green arrow
points to the dicrotic notch that is also a characteristic feature of the PA. Image created by Aaron Miller.
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3.3 Pulmonary artery waveform

The pulmonary artery pressure waveform has a normal systolic pressure of
20-30 mmHg and a diastolic pressure of 4-12 mmHg. Table 3 summarizes all of the
normal hemodynamic values commonly measured during right heart catheterization.
In the setting of a normal pulmonic valve, the systolic pulmonary artery pressure
should be similar to the systolic right ventricular pressure. Likewise, the diastolic
pulmonary artery pressure is generally slightly higher than the PAWP. Also, one help-
ful concept that helps differentiate the right ventricular waveform from the pulmo-
nary artery waveform is a diastolic step-up in pressure between the right ventricular
diastolic pressure and the pulmonary artery diastolic pressure. This pressure change
represents the increased resistance due to the high pulmonary artery surface area.
These concepts can help confirm that the recorded hemodynamic pressures during
aright heart cardiac catheterization make sense physiologically. Excessive pressure
gradients should prompt a close assessment of the waveform quality, and it should
prompt a close evaluation of cardiac structure on imaging to explain the gradients.
Excessive pressure gradients could represent significant valvular disease.

Another important component of the pulmonary artery waveform that distin-
guishes it from the right ventricular waveform is the dicrotic notch found on the
curve’s down-sloping side. The dicrotic notch represents the pulmonic valve’ closure,
marking the beginning of diastole. Figure 7 provides a schematic that visually high-
lights the major differences between the RV and PA waveforms.

4. Right heart catheterization: role and interpretation of vasoreactivity
testing, fluid challenge testing, and exercise testing

Vasoreactivity testing plays an important role in evaluating and managing patients
with pulmonary arterial hypertension. The main purpose of this test is to determine
which patients would benefit from treatment with high dose calcium channel block-
ers as opposed to traditional pulmonary vasodilators. Based on the most recent
guideline recommendations, vasoreactivity testing should be completed in patients
with idiopathic pulmonary arterial hypertension, hereditary pulmonary arterial
hypertension, and drug/toxin-induced pulmonary arterial hypertension [2]. This
vasodilator challenge test can be completed with inhaled iloprost or inhaled nitric
oxide. Intravenous epoprostenol can be used but requires incremental dose increases
and serial measurements, which can significantly prolong the procedure, making this
approach less practical [11]. Intravenous adenosine had been previously listed as an
acceptable medication for use during vasoreactivity testing; however, due to frequent
side effects, adenosine is no longer recommended.

A positive vasoreactivity test response can be defined by the following crite-
ria: decrease in mPAP by >10 mmHg to reach an absolute value in the mPAP to
<40 mmHg with an unchanged or improved cardiac output. This positive response
is not common in patients with PAH. In a study that included 557 patients with
Idiopathic PAH, approximately 13% of patients had a positive vasodilator response
[11]. In patients with PAH due to causes other than Idiopathic PAH, such as anorexi-
gen use, HIV, connective tissue disease, congenital heart disease, and pulmonary
veno-occlusive disease, a sustained positive vasodilator response was rare, with the
exception of patients with anorexigen-associated PAH. In patients with anorexigen
PAH, there was close to a 10% success rate of sustained response to calcium channel
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blockers [12]. Patients with the appropriate pulmonary arterial hypertension diag-
nosis and a positive vasodilator challenge test can be treated with high dose calcium
channel blocker therapy. Commonly used calcium channel blockers and acceptable
doses are as follows: nifedipine 20 mg 2-3 times daily, amlodipine 15-30 mg daily,
diltiazem 120-360 mg twice daily, felodipine 15-30 mg daily. The general approach is
to start a low calcium channel blocker dose and gradually increase it as tolerated [11].

There are clinical scenarios where calcium channel blocker therapy may not be
an ideal treatment option. Patients with a depressed cardiac output on right heart
catheterization, systemic hypotension, known hypersensitivity to calcium channel
blockers, history of postural hypotension, hemodynamic instability, bradycardia,
or heart block may not tolerate calcium channel blocker therapy. Also, patients who
do not undergo vasoreactivity testing or patients with a negative vasoreactivity test
should not be started on calcium channel blocker therapy [11-15].

Lastly, vasoreactivity testing can provide important prognostic information
depending on the calcium channel blocker response duration. After initiating
calcium channel blocker therapy, patients must be followed closely at intervals of
3-6 months to ensure adequate clinical response. Repeat right heart catheterization
is recommended in that follow-up interval to determine if the patient has a persistent
vasodilator response and to determine if the patient achieved an ideal hemodynamic
improvement defined by mPAP<30 mmHg and PVR < 4 WU. Calcium channel
blocker therapy can be increased if there is persistent vasoreactivity or if the patient
has not reached ideal hemodynamic improvement. The 5-yr survival in patients who
were long-term responders to CCB was >90% [11]. Therefore, vasoreactivity testing
can also be used as a tool for predicting mortality.

One important purpose of performing a right heart catheterization in diagnos-
ing PAH is to exclude left heart disease and confidently confirm the presence of
pulmonary vascular disease. More recent epidemiologic data from the USA and
Europe indicate that PAH is now frequently diagnosed in older patients >65 years old
[16]. This older patient population can be much more challenging to confirm PAH
due to co-morbid conditions such as essential hypertension, diabetes, atrial fibril-
lation, and BMI > 30 kg/m” since these comorbid conditions are also risk factors for
heart failure with preserved ejection fraction (HFpEF), coronary artery disease and
other left heart issues [17, 18]. Distinguishing pulmonary vascular disease from left
heart disease can be challenging, and the pulmonary capillary wedge pressure can be
normal in patients with left heart disease who are euvolemic due to optimized diuretic
dosing. Fluid challenge testing and exercise testing during the right heart catheteriza-
tion can help unmask left heart disease and more confidently confirm the presence of
pulmonary vascular disease.

The fluid challenge test can be helpful in revealing left ventricular diastolic dys-
function in patients with normal pulmonary capillary wedge pressure and clinical
risk factors for left heart disease. Generally, the fluid challenge test is performed by
giving approximately 500 mL (7-10 mL/kg) normal saline bolus over 5-10 minutes. If
the pulmonary capillary wedge pressure increases to >18 mmHg after the fluid chal-
lenge, then this would confirm left heart disease [18]. Unfortunately, additional data is
needed to better validate this fluid challenge assessment. Also, there is insufficient data
assessing the hemodynamic response to a fluid challenge in patients with PAH [19].

The gold standard assessment for cardiopulmonary hemodynamics during
exercise and to define exercise PH is the exercise right heart cardiac catheterization
[20]. For the purposes of pulmonary hypertension assessment, the main purpose of
an exercise right heart catheterization is to assess patients with unexplained dyspnea
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Classification Hemodynamic criteria

Exercise changes in PAH mPAP/CO slope > 3 mmHg/L/min

PAWP/CO slope < 2 mmHg/L/min

Exercise changes in left heart disease mPAP/CO slope <3 mmHg/L/min

PAWP/CO slope >2 mmHg/L/min

PAWP increase to >25 mmHg

This table summarizes the hemodynamic classification for exercise-induced pulmonary hypertension. The mPAP,
PAWE, CO are measured during the right heart cardiac cathterization at consistent intervals during exercise.
Abbreviations: PAH, pulmonary arterial hypertension; mPAB, mean pulmonary artery pressure; PAWE, pulmonary
artery wedge pressure; CO, cardiac output

Source: Eur Heart J. 2022 Oct 11;43(38):3618-3731.

Table 4.
Hemodynamic classification of exercise-induced pulmonary hypertension.

and normal resting hemodynamics. This test allows early detection of pulmonary
vascular disease or left heart disease. Furthermore, exercise hemodynamics can reveal
important prognostic and functional information in patients at risk for developing
PAH such as systemic sclerosis patients [21]. Exercise right heart cardiac catheteriza-
tion has been shown to have a safety profile and a complication rate similar to resting
right heart catheterization [20].

The exercise right heart catheterization should follow an incremental exercise
protocol such as a ramp or step protocol. Repeat hemodynamic measurements should be
gathered at predefined time intervals to maximize the clinical utility of the test. The most
important hemodynamic variables to be collected during the exercise right heart cath-
eterization include the following: right atrial pressure (RAP), pulmonary artery pres-
sure, pulmonary artery wedge pressure (PAWP), cardiac output, cardiac index, heart
rate, and systemic blood pressure. In patients with pulmonary vascular disease, there is
a steep rise in mean pulmonary artery pressure relative to the change in cardiac output.
The mPAP/CO slope will be >3 mmHg/L/min in patients with early pulmonary vascular
disease. Additionally, the PAWP should not increase significantly relative to the patient’s
cardiac output making the PAWP/CO slope < 2 mmHg/L/min. Conversely, patients with
left heart disease would be expected to have an mPAP/CO slope < 3 mmHg, L/min and
a PAWP/CO slope > 2 mmHg/L/min [2]. Additionally, to confirm a diagnosis of HFpEF,
the PAWP should increase to >25 mmHg during supine exercise [22] (Table 4).

5.Right heart catheterization: evaluating right ventricular afterload using
pulmonary vascular resistance and pulmonary artery compliance

Normally, the right ventricle (RV) is thin-walled and crescent-shaped, and it is
designed to accommodate the entire systemic venous return to the heart while main-
taining the same effective stroke volume as the left ventricle. The RV relies on the
highly distensible, low resistance pulmonary arteries to accomplish this purpose. In
pulmonary arterial hypertension (PAH), the pulmonary arteries become remodeled,
causing them to lose their normal distensibility and low impedance, essential in main-
taining normal RV function. The changes to the pulmonary circulation from pulmo-
nary vascular disease in PAH result in increased RV afterload and eventual RV failure
and death. Measuring RV afterload is an important component of PAH diagnosis and
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management. In clinical practice, RV afterload can be best understood and measured
using the three-element Windkessel model [23], which defines RV afterload in three
components: pulmonary vascular resistance (PVR), pulmonary arterial compliance
(PAC), and pulmonary arterial impedance (PAI). These three components represent
both static and dynamic components of RV afterload.

PVR is the most used parameter of the three components of RV afterload since
it is an essential component in the definition of pulmonary arterial hypertension.
Interestingly, PVR is estimated to represent approximately 75% of total RV afterload
which partly explains why it’s a necessary component to the definition of PAH [24].
PVR represents a static component of RV afterload and is determined by the prin-
ciples of Poiseuille’s law, which establishes an inverse relationship to the fourth power
between the radius of the blood vessel and resistance. Due to the static nature of
PVR, it does not account for the pulsatile component of pulmonary circulation or the
effect of blood volume [25]. Therefore, assessing RV afterload requires an assessment
of both static and dynamic parameters to more accurately determine which patients
truly have pulmonary vascular disease.

Pulmonary artery compliance (PAC) is a second important component of RV
afterload measurement, and it accounts for approximately one-fourth of the total
RV afterload [23]. The PAC is generally distributed throughout the pulmonary
circulation and includes both distal and proximal pulmonary vessels. The main,
proximal left and right pulmonary arteries together contribute approximately
one-fifth of the total PAC. The distal pulmonary arteries contribute the major
portion of both resistance and compliance in the pulmonary circulation. Normally,
the pulmonary circulation has a high compliance that is designed to handle large
blood volume changes with exercise while maintaining a relatively normal pres-
sure. In pulmonary arterial hypertension, pulmonary artery compliance decreases
[26, 27], and it correlates with pulmonary hypertension severity [27]. Additionally,
a decrease in pulmonary artery compliance has been associated with pulmonary
vascular remodeling in the proximal pulmonary arteries [28-30]. Interestingly,
evidence suggests that decreased PAC occurs early in the disease process of PAH and
can be present in patients with normal resting pulmonary pressure. In these patients
with low PAC and normal resting PA pressures, an exercise right heart catheteriza-
tion would be needed to unmask exercise-induced pulmonary hypertension [25].
The PAC decreases due to disruption of the internal elastic lamina, which generally
occurs prior to pulmonary artery smooth muscle cell hypertrophy and endothelial
cell proliferation [31].

Calculating PAC in vivo is challenging, and there are many proposed formulas for
measuring arterial stiffness [32]. In clinical practice, PAC is most commonly estimated
by the following formula: PAC = stroke volume/pulmonary artery pulse pressure.
Pulmonary artery pulse pressure is the difference between systolic and diastolic pul-
monary artery pressures. PAC is an important parameter for estimating RV afterload,
and it has been shown to be an independent predictor of mortality in patients with
PAH, scleroderma-related PAH, and congestive heart failure [26, 33, 34].

Decreasing PAC significantly impacts RV function by increasing pulsatile work-
load [35]. This increased workload forces the RV to generate increased pressure
to eject blood [36]. These changes ultimately lead to increased RV wall stress and
increased O, consumption. Structurally, in response to this increased workload,
the RV becomes hypertrophied and dilated, which progresses to reduced cardiac
output, ultimately leading to RV failure and death [37, 38]. A decrease in PAC has
been independently associated with RV dysfunction, dilation, and hypertrophy [39].
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Compared to PVR, the contribution of PAC to RV stroke work index is 1.2-18-fold
higher, highlighting the significant contribution of PAC on RV function [39].

The final component of measuring RV afterload is pulmonary artery impedance
(PAI). Fundamentally, PAI evaluates the ratio of the pulmonary arterial pressure
waveform to the blood flow waveform throughout the cardiac cycle [32]. In essence,
PAI represents the opposition of proximal pulmonary arteries to pulsatile blood flow.
Therefore, the impedance is another dynamic measurement of RV afterload, and
it accounts for the effect of blood mass on RV afterload. Additionally, it factors in
the stiffness of the proximal pulmonary arteries. The contribution of PAI on total
RV afterload is small and is not routinely used [23]. In clinical practice, the role and
relevance of PAI have not been clearly established. More studies are needed to better
determine the clinical application of PAI.

6. Right heart catheterization: using hemodynamic results as a risk
assessment tool to guide management and predict mortality

Pulmonary hypertension management follows an organized, goal-directed
approach to ensure patients are responding favorably to treatment. Risk assessment
tools such as REVEAL 2.0 [40], REVEAL Lite 2.0, [41] COMPERA 2 [42], FRENCH
Risk Score [43], and the 2015 ESC/ERS Guidelines Risk Tool [44] can be used to
assess response to treatment and mortality risk on an ongoing basis. Guidelines in
pulmonary arterial hypertension management recommend the regular use of a risk
assessment tool when managing and evaluating pulmonary arterial hypertension
patients. These risk assessment tools are superior to physician gestalt alone and can
provide inciteful and objective information about how well patients are responding
to treatment [45]. When patients have not reached a low-risk status based on the risk
assessment tools, then the treatment approach should be escalated if appropriate until
low-risk status is achieved.

Within the REVEAL 2.0 and the 2015 ESC/ERS Guidelines risk assessment tools,
there are hemodynamic variables that have a meaningful and significant impact
on mortality as isolated numbers. Also, the change in some of these hemodynamic
variables in response to treatment has an impact on patient mortality. In the 2015
ESC/ERS Guideline Risk Assessment tool, there are a few hemodynamic variables
with important prognostic significance which are as follows: right atrial pressure
(RAP), cardiac index (CI), and SvO,. Conceptually, these variables are markers of RV
dysfunction severity which is generally the most common cause of death in patients
with pulmonary arterial hypertension. Therefore, preserving RV function is the
cornerstone of treatment in patients with pulmonary arterial hypertension. Multiple
clinical studies have been performed over the years to confirm that CI>/= 2.5 L/m/m’
is an independent predictor of mortality in patients with PAH [46, 47]. Additionally,
patients were more likely to have a worse outcome if the CI did not improve by >/=
.5 L/m/m?’ or if the CI did not improve by>2.5 L/m/m® This supports the importance
of utilizing hemodynamic data as a marker of mortality but also as a marker of
treatment response. Mean RAP >10 mmHg and a SvO, < 65% at baseline were also
associated with higher mortality rates [46]. If the SvO, increased to >65% on follow-
up after treatment for 1 year, patients have a more favorable outcome from a mortality
perspective.

Another commonly used risk assessment tool that includes hemodynamic param-
eters to measure risk and estimate mortality is the REVEAL 2.0 score. In the latest
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edition of the risk score, the PVR and mean RAP are included in the risk assessment
tool. For this score, if the PVR is <5 Wood units, then the patient gets a reduced score
which would favor an improved mortality estimation. If the mean RAP is >20 mmHg,
then the patient would receive a higher total score which would be associated with
worse outcomes. In the original study that established the REVEAL score, a multi-
variate analysis was completed that established PVR and mean RAP as independent
predictors of mortality. In the original study, the PVR cutoff was 32 Wood units [48].
The more recent study that led to the revised REVEAL 2.0 score demonstrated that
the reduced PVR cutoff of 5 Wood units improved the calculator’s predictive power
as a risk assessment tool. Therefore, targeting a PVR goal of <5 Wood units is in-line
with a goal-directed treatment approach.

The role of mPAP as a measurement of estimated mortality has been unreliable
in many previous studies; therefore, mPAP is not included in any of the risk assess-
ment scores. Previous studies have shown that the baseline mPAP and change in
mPAP after treatment did not show a significant correlation to increased risk of
death [46, 47]. The one exception to this trend was patients who were considered
positive vaso-responders when challenged with vasoreactivity testing during cardiac
catheterization. Long-term responders to calcium channel blockers successfully
maintained a mean PAP of <40 mmHg and had a percent change in mPAP of >31%
[11]. The patients who were long-term responders to calcium channel blockers had a
significantly improved mortality risk compared to those patients who were unable to
maintain a positive response to pulmonary vasodilators.

More recently, a study cohort evaluating a population of patients managed in
Japan demonstrated that mean PAP did have a significant correlation with mortal-
ity. In this study, patients who achieved a minimum mPAP <42 mmHg had lower
mortality rates compared to the nonsurvivor patient group. Interestingly, the few
patients who reached a minimum mPAP <42 mmHg in the nonsurvivor group were
highly likely to die from causes unrelated to PAH. Also, mPAP data was plotted
on a ROC curve for this study. The area under the curve for mPAP was the largest
compared to other variables tested, such as BNP, cardiac output, and 6-minute walk
distance. These results supported the conclusion that a mPAP cutoff of approximately
<40 mmHg could be a useful target for improving survival in PAH patients. Perhaps,
based on the results of this study, mPAP will become a more generally accepted
marker of treatment response and mortality in patients with PAH.

7. Conclusions

Pulmonary hypertension is a disorder associated with an abnormal elevation of
the pulmonary artery pressure, and it represents a complex and multifactorial disease
process with significant morbidity and mortality implications for patients. Right
heart catheterization remains an essential tool for the appropriate diagnosis and
classification of pulmonary hypertension. Performing right heart cardiac catheteriza-
tion well requires a thorough and methodical approach to ensure all the appropriate
supplies are acquired and to ensure the catheterization setup is performed correctly.
While obtaining hemodynamic data, careful attention to the waveforms is needed
to ensure good data integrity. End-expiratory pressures should be identified and
used when interpreting the waveform results. In addition to obtaining waveform
data, cardiac output monitoring is performed, preferably using the thermodilution
technique. The thermodilution cardiac output can be used in combination with the
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mPAP and PAWP waveforms to calculate the PVR, which should always be performed
when evaluating a patient for pulmonary hypertension. In the appropriate setting,
vasoreactivity testing should be performed to identify patients who would be good
candidates for calcium channel blocker therapy. The hemodynamic results can also

be used to assess right ventricular afterload and to assess the risk of mortality based
on risk assessment scoring systems such as REVEAL 2.0 and the 2015 ESC/ERS risk
assessment. Overall, the hemodynamics of pulmonary hypertension can be a power-
ful diagnostic and management tool when performed correctly and comprehensively.
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Chapter 4

Left Heart Disease in Pulmonary
Hypertension
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Abstract

Pulmonary hypertension (PH) due to left heart disease (LHD) is the most
common type of pulmonary hypertension. Pulmonary hypertension due to LHD
has two subgroups: isolated post-capillary PH due to left sided filling pressures, and
then in long-standing cases, the pre-capillary component is added due to pulmonary
vascular disease developing, which is termed post- and pre-capillary PH. These
groups have differing clinical implications. We describe the hemodynamic, from left
and right heart cardiac catheterization, pathophysiology, and the role of pulmonary
vasodilators and studies of this up to date. We will also discuss the left heart diseases
that cause PH, such as congestive heart failure and valvular heart disease. We will also
discuss future areas for research in this area of PH.

Keywords: left heart disease, isolated post capillary PH, postcapillary and precapillary
PH, left heart catheterization, hemodynamic, valvular heart disease, congestive cardiac
failure, pulmonary vasodilators

1. Introduction

Right heart catheterization has been covered extensively in this book. Left heart
catheterization is considered the gold-standard test for coronary artery disease
diagnosis but can also provide further diagnostic and therapeutic uses.

Left heart catheterization is performed via percutaneous access of the femoral or,
in preference to this, via the radial artery due to reduced complications from bleeding
[1]. Through various arterial branches, access is gained to the aorta and left ventricle,
where pressures can be transduced. Similarly, to intubation of the coronary arteries
in which catheters can measure pressures and take images of each artery, the anatomy
of the aorta and left ventricle can be delineated by aortogram and ventriculogram,
respectively.

Therefore, left heart catheterization can be used to evaluate and treat coronary
artery disease as well as assess valvular disease, defects, and cardiomyopathies. Aortic
stenosis is typically assessed by echocardiography, but cardiac catheterization can
add important information through pressure transducing. Mitral stenosis can also
be assessed with gradients across the valve in stenosis assessed by left ventricular
pressure readings and the pulmonary artery wedge pressure (PAWP) being taken asa
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surrogate for left atrial (LA) pressure, although direct LA measurements can also be
taken via trans-septal puncture from the right atrium via venous access. Both aortic
and mitral regurgitation can also be measured.

Right heart catheterization will produce pressure waveforms. An important
measurement achieved from right heart catheterization is PAWP, also known as the
pulmonary capillary wedge pressure (PCWP). This is measured by “wedging” the
pulmonary arterial catheter tip into a small pulmonary artery. By measuring pres-
sures at end-expiration at end-diastole (the p wave on the ECG), the blood flow
between the pulmonary artery and left atrium is static, and therefore, the pressure
represents the left ventricular end-diastolic pressure (LVEDP). Pressures are normally
6-12 mmHg, which is generally 1-5 mmHg less than pulmonary artery diastolic pres-
sure. Pressures of more than 18 mmHg are suggestive of left heart failure.

Left heart catheterization is not performed in all patients where pulmonary artery
hypertension is being assessed but should be performed where invasive right-sided
heart pressures are being measured to assess for the left heart diseases mentioned [2].

2. Pulmonary hypertension secondary to left heart disease

Left heart disease is the most common cause of PH where mean pulmonary artery
systolic pressure is >20 mmHg and pulmonary capillary wedge pressure > 15 mmHg
during right heart catheterization [3].

Pulmonary hypertension can be defined as pre- or post-capillary according to the
PCWP.

PH is defined as precapillary when PCWP measurement is <15 mmHg, as the
left-sided pressure measurement is considered normal. If the pulmonary capillary
wedge pressure measurement is >15 mmHg, it is defined as postcapillary pulmonary
hypertension.

Pulmonary hypertension can be classified as isolated postcapillary pulmonary
hypertension and combined post-and precapillary pulmonary hypertension.

Pulmonary vascular resistance, transpulmonary pressure gradient, and diastolic
pressure gradient is obtained through right heart catheterization and can help to
define the subtype of pulmonary hypertension caused by left heart disease.

Pulmonary vascular resistance is calculated by subtracting pulmonary capillary
wedge pressure from mean pulmonary artery pressure and then dividing this by the
cardiac output. A measurement of <3 wood units suggest that the left atrial pressure
is raised and that the pulmonary vasculature remains normal. This is called isolated
postcapillary pulmonary hypertension, as only the left atrial pressure is abnormal.

A measurement of >3 wood units indicates that there is raised left atrial pressure
alongside pulmonary vascular disease. The diastolic pressure gradient is pulmonary
capillary wedge pressure subtracted by diastolic pulmonary artery pressure. A low
diastolic pressure gradient of <7 mmHg suggests isolated postcapillary pulmonary
hypertension. Where gradients are >7 mmHg, this would suggest post-and precapil-
lary involvement.

3. Pathophysiology of left heart disease causing pulmonary hypertension

Heart failure (both with preserved and reduced ejection fraction) and valvular
heart disease can lead to an increase in left atrial pressure and volume. This can lead to
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reduced left atrial compliance [4]. This reduction in compliance increases the hydro-
static pressure of the pulmonary veins.

As the left atrial volume and pressure increase, the left atrium cannotactasa
barrier between elevated left ventricular pressure and pulmonary vascular resistance.
This passive pressure transmission to the pulmonary vascular tree results in isolated
postcapillary pulmonary hypertension [5], which will gradually lead to structural
abnormalities in the pulmonary vasculature. This includes intimal fibrosis and medial
hypertrophy, which results in reduced vasodilator response, pulmonary vasocon-
striction, and elevated pulmonary vascular resistance [3]. This is how postcapillary
pulmonary hypertension can lead to combined pre- and post-capillary pulmonary
hypertension. The increased hydrostatic pressure of the pulmonary veins will over
time cause increased pressure of the pulmonary arteries.

Elevated pulmonary capillary wedge pressures result in a reduction in pulmonary
vascular compliance for a given pulmonary resistance due to alterations of right
ventricular pulsatile load. As the pulmonary circulation becomes less compliant,
there is accompanying endothelial dysfunction that leads to a reduction in nitric oxide
production and an increase in endothelin levels [3].

Nitric oxide is an important pulmonary vasodilator because as the levels reduce,
the pulmonary vascular resistance increases. Endothelin is a vasoconstrictor and
proliferative cytokine, so increased levels further increase the pulmonary vascular
resistance. This increase in pulmonary vascular resistance will cause an increase
in right ventricular afterload and result in right ventricular dysfunction/heart
failure.

4. Clinical classifications
There are 5 broad pulmonary hypertension clinical categories that focus on the
underlying cause of abnormal pulmonary artery pressure. The table below illustrates

these, with the prevalence showing left heart disease (group two) is the most preva-
lent subtype (Figure 1) [6].

PH associated with PH with unclear

pulmonary and/or multifactorial
artery obstructions mechanisms
* |diopathic/heritable * IpcPH * Non-severe PH * CTEPH * Hematologic
* Associated * CpcPH = Severe PH + Other pulmonary disorders
conditions obstructions * Systemic disorders
Rare Very common Common Rare Rare
b a2 23 2 23 2 2
adii a 3
Figure 1.

Clinical classifications of pulmonary hypertension [6].
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The most common left heart disease causing pulmonary hypertension is left
ventricular dysfunction, where systolic contraction is impaired [7].

It is important to note that while there are vasodilator therapies available to treat
pulmonary arterial hypertension with robust evidence to support their use, there are
no specific treatments for managing pulmonary hypertension due to left heart disease
apart from optimization of the underlying etiology [8]. The treatments for individual
left heart diseases are broad and varied. Ensuring accurate diagnosis and confirma-
tion of the cause of pulmonary hypertension is therefore important so the correct
treatment can be offered.

5. Treatment

Multiple pharmacological therapies for pulmonary artery hypertension include
prostanoids, endothelin-1 receptor antagonists, phosphodiesterase-5 inhibitors,
and soluble guanylate cyclase stimulators. Trials using these therapies in pulmonary
hypertension with left heart disease have not yet shown enough evidence to promote
their use, and at the 6th World Symposium on Pulmonary Hypertension, these
therapies were strongly recommended against use for this group [9].

Treatments for left heart disease are dependent on the specific disease itself. Left
ventricular systolic dysfunction or heart failure, which is the most common cause of
PH, has pharmacological and surgical treatment. Coronary artery disease is treated
medically or by percutaneous coronary intervention or coronary artery bypass
grafting. Pharmacological treatment of heart failure follows a strong evidence base of
prognostic medications such as ace-inhibitors, angiotensin-2 receptor blockers, aldo-
sterone antagonists, cardioselective beta-blockers, aldosterone receptor antagonists,
angiotensin receptor neprilysin inhibitors, sodium-glucose cotransporter 2 inhibitors
and digoxin which is a cardiac aminoglycoside. Although diuretics are not prognostic
in left ventricular systolic dysfunction, they form the cornerstone of symptomatic
benefit. Surgical or rather procedural treatment of left ventricular systolic dysfunc-
tion is by the placement of biventricular pacemakers, also known as cardiac resyn-
chronization therapy. Here, pacing leads are placed in the right ventricle and a branch
of the coronary sinus to improve cardiac function and contractility, where patients
fulfill various guidelines, the main one being the electrocardiogram criterion of the
left bundle-branch block.

Aortic and mitral regurgitation are initially treated with ace-inhibitors or angio-
tensin-2 receptor blockers, but ultimately, the treatment is percutaneous or surgical.
Aortic and mitral stenosis are both only treated by percutaneous or surgical replace-
ment of the valves. Similarly, shunts such as atrial septal defects and ventricular
defects can be treated percutaneously or surgically. Cardiomyopathies encompass a
huge spectrum of diseases, each with specific and varied treatments, as do the rarer
causes of left heart disease that cause PH.

6. Trials

Previous clinical trials have often grouped both post-capillary with combined
pre-and postcapillary pulmonary hypertension, which may have contributed to the
results not showing significant benefits. Many clinical trials are now focusing on
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these subtypes separately, as the previous trials of drugs described above could have
conflicting results due to differing results on each subtype.

In the CHAMPION study, an implantable sensor called CardioMEMS™ was used
and provided for the funding [10]. The study enrolled patients with symptomatic
heart failure irrespective of left ventricular ejection fraction in 64 centers across the
USA. The sensor allowed a home measurement of pulmonary arterial pressure as a
surrogate of pulmonary capillary wedge pressure. Diuretics were used significantly
more in the intervention group due to these readings, and there was a lower composite
outcome of death and all-cause hospital admissions over a 31-month follow-up for the
intervention group. The addition of pulmonary artery pressure information to signs
and symptoms allowed for much-improved heart failure management.

The REDUCE LAP-HF II trial was a prospective randomized controlled trial with
an intervention group treated with an interatrial shunt device. [10] 626 patients with
heart failure with preserved ejection fraction with isolated post-capillary pulmonary
hypertension were treated with the device or placebo for up to 24 months. The study
showed no significant effects of the device on the primary composite outcomes,
which included cardiovascular deaths. The trial was analysed further to discriminate
patients with latent pulmonary vascular disease by using the measurement of peak
exercise pulmonary vascular resistance. The patients with no evidence of latent
pulmonary vascular disease showed clinical benefit from the device. Thisis also a
possible area for research in future trials.

7. Future areas of research

Two therapies that are being studied currently for pulmonary hypertension with
left heart disease are sodium-glucose cotransporter 2 inhibitors such as empagliflozin,
and angiotensin receptor neprilysin inhibitors such as sacubitril/valsartan. Some
studies have shown significant improvements in pulmonary artery pressures; how-
ever, these studies have been small and, therefore, need repeating on a much larger
scale.

8. Conclusion

Pulmonary hypertension due to left heart disease is an important but complex
disease process. Identifying the cause of pulmonary hypertension through use of right
and left heart catheterization is vital to ensure appropriate treatment can be started.
Current guidelines for treatment are limited due to multiple studies showing poor
evidence for use of traditional pulmonary hypertension treatments in this subgroup.
Treating the left heart disease is currently the best treatment option, however through
ongoing research additional treatments will hopefully be discovered.
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Abstract

Pulmonary hypertension is a condition characterized by elevated blood pressure
in pulmonary arteries due to increased muscle mass of vessel walls, leading to arterial
constriction and reduced blood oxygenation. Commonly classified into five major
groups, pulmonary hypertension is often viewed as quite rare when, in fact, it is
far more common than traditionally advertised. It is also an extremely debilitating
disease with far-reaching economic, societal, personal, and psychosocial impacts,
especially in underserved populations. Though 10 FDA-approved medications—tar-
geting four different biological pathways—have come to market over the last 20 years,
more recent research has focused on complex signaling pathways regulating hypoxic
and metabolic signaling, proliferation, apoptosis, senescence, and inflammation.

In this chapter, we provide an overview of pulmonary hypertension’s prevalence

and widespread impact, its underlying pathophysiology and clinical presentations,
currently recognized treatment strategies, recommended regimens in special popula-
tions, and emerging therapeutic options and fields of research.

Keywords: pulmonary, hypertension, phosphodiesterase, endothelin, prostanoid, PH

1. Introduction

Pulmonary hypertension (PH) is a pathological condition characterized by
elevated blood pressure in the pulmonary arteries (i.e., mean pulmonary arterial
pressure or mPAP >20 mmHg at rest) due to increased muscle mass of the ves-
sel walls, leading to arterial constriction and reduced blood oxygenation [1, 2].
Definitions for PH are based on hemodynamic assessment by right heart catheteriza-
tion (RHC). While hemodynamics is key in defining PH, the final diagnosis and
classification must consider the entire clinical scenario, incorporating findings from
all diagnostic evaluations [2].

This multifactorial disease is influenced by a variety of etiological factors, with
left heart disease and chronic lung disease being the most common [1, 3]. It exhibits
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a higher prevalence among women, non-Hispanic Black populations, and the elderly
[1]. Clinically, PH initially presents with nonspecific symptoms like dyspnea and
fatigue, which can delay diagnosis, later progressing to more severe manifestations like
syncope and chest pain [1]. While there is no cure for PH, treatment often focuses on
symptom management and includes pharmacotherapy, diuretics, and oxygen therapy.
Preventive strategies tend to emphasize lifestyle modifications and management of
underlying conditions like systemic hypertension and coronary artery disease [1].

PH is often classified into five major groups based on similar pathophysiological
mechanisms, clinical presentation, hemodynamic characteristics, and therapeutic
management (Table 1) [2, 3]. Besides variations in hemodynamics, groups include a
wide spectrum of underlying conditions, each with its own prevalence and distinctive
treatment strategies [2, 3].

1.1 Prevalence of disease: United States and abroad

Unfortunately, the medical establishment has historically focused on rarer forms
of PH—Iike PAH and chronic thromboembolic pulmonary hypertension—leading
to the belief that PH, as a whole, is extremely rare [4]. However, as stated by Rich
and colleagues, “Pulmonary hypertension should stop being treated as a rare disease of
high-income countries and should be acknowledged as an important global disease, with a
high prevalence that is largely neglected...The rveality is that pulmonary hypertension has a
spectrum from mild to severe and is associated with common disorders... Estimates suggest
that pulmonary hypertension might be the fourth most prevalent cardiovascular disease
in the world” [5]. With a prevalence of about 1% globally—and increasing up to 10%
in patients greater than 65 years of age—as many as 20-70 million individuals could
be afflicted with PH [4, 5]. Domestically, a population-based study from the United
States found that 20% of older patients (i.e., 72-96 years old) showed echocardio-
graphic evidence of PH, while a Canadian cohort study demonstrated a 28% increase
in disease prevalence between 1993 and 2012 from 100 to 127 cases per 100,000
individuals [5, 6].

Approximately 80% of afflicted patients live in developing countries, where PH
is frequently associated with congenital heart disease and infectious disorders like
schistosomiasis, HIV, and rheumatic heart disease [4]. It is estimated that nearly 200
million individuals may be infected by Schistosoma species, nearly 85% of which live
in Brazil and sub-Saharan Africa. Left-sided heart failure—particularly heart failure
with preserved ejection fraction (HFpEF)—may be a leading cause of PH, affecting
about 5-10% of individuals 65 years or older, or nearly 30 million patients worldwide
[4]. Moreover, another 25 million individuals 40 years or older might be affected by
PH due to COPD [4]. Chronic high-altitude exposure—impacting over 140 mil-
lion people worldwide—is a known, yet sparsely researched, cause of PH. There is
believed to be a strong association between a higher prevalence of PH and occupation
at altitudes exceeding 4000 meters [4, 7]. Table 2 depicts crude estimates of the
total number of patients worldwide afflicted with PH due to its frequent underlying
disorders. It is self-evident that PH is far more common than traditionally advertised.

1.2 Economic, societal, and personal impact of pulmonary hypertension

PH is a complex and often debilitating cardiovascular disorder characterized by
high blood pressure in the pulmonary arteries, which can lead to right heart failure and
areduced quality of life. While PH affects individuals from various backgrounds, it

56



*[€ <e] uorsuaraddy Cavuouynd fo worgworfissvio (waruryyd
‘TIIqEL

“sDIsIp 14vaY 1J3] = QH'T
“asvastp aaisnypao-ousa Aavuougnd = qOAJ ‘sisoruiorduvway Cavipidp Lawvuownd = fDJ uorsuaraadly vty Lapuowgnd = [yJ uot1ovaf u0110alo avinaraguaa 1f2] = JIAT Suouviaziqqy

awoIpuAs

aseasIp WIOqMAU 3} JO HJ JULISISIo] /T
11eay [e3ruaduod xaduio) g JuswRA[oAUI (HDJ
(stsAperp /AOAJ) satre[ides/snouaa

INOYIIM IO YILM) dIN[rey
[BUSI DTUOIYD ‘SHIUNSEIPIW
Sursoiquy s1YIQ €°G

JO $2INJJ 11240 IIM HYJ 9'T
SI9YD0[q [PUUBYD WNID[ED
03 szopuodsa1 urral-3uol HYJ ST

SISOJEWIOIIJOINAU DSLISIP SI9pIOSIp SISEIUWIOSOISIYDS G T
a3e103s uaB0o43 ‘oseasip Suny reyuswdorpas( §'¢ aseasIp 1reay [eauaduo) 4T
I9YDNEL) ‘SIS01AD0TISTY [[9D aseasIp Hd Areidesisod o1 Surpes| suonipuod uotsual1adAy [e1104 €41
sueyradue Areuowrnd Sunpinoynm erxodAy ¢ Ienoseaorpred paxmboe/enuaduo) 47 uonodyuI ATH Z'+'T
‘SISOPIODIES :SIOPIOSIP urayed aanonasqo 9SEISIP 1189 Je[NAJEA €7 9SEISIP ANSSI} SAIDIUUOD) [T
orjoqeIaul pue SrulskS 7's suonoNNsSqo A1a1e /OATIOLIISAT PIXTUI YIIM AFAT paonpax YIM POFeIO0sse HVd T
s1apI0sIp aanerajijordofohur Areuowrnd 12430 7' aseastp Sun1y1Q £°¢ [aim a1n[rej 1reaty Aq pasned Hd 77 HVd peonpur-urxol pue -3ni( €T
‘eruraue dIA[OWAY JIUOIYD Hd d1oquiaoquionyy aseastp Sun|aAnoLISaY 7'E JANT poaasaxd HVd 9[qeadH ¢'T
:s13p10sIp [ed13o[oreway TG swoIy) T aseasIp SunjaanonnsqQ 1'¢ M axn[rej 1reay Aq pasned Hd 17 HVvd oryredorpy T'T
SWISTUBYOIUI [BLIO}OBJIINUL suononsqo A1ayre erxodAy 10/pue
10/pue 1es[oun yum HJ Areuourynd £q pasnes HJ saseastp Junj Aq pasnes HJ HTAq pasned HJ HVd
G dnoin { dnoin ¢ dnoin zdnoin 1dnoxn

//dx.doi.org/10.5772/intechopen.1004588

http

Classification, Diagnosis, and Medical Treatment of Pulmonary Hypertension

DOI

57



New Insights on Pulmonary Hypertension

Heart Moderate- HIV Schistosomiasis Rheumatic Sickle
failure to-severe heart cell
COPD disease disease
Worldwide 61 250 million 30 200 million 15 million 20 million
estimates million million
Estimated 30 25 million 150,000 Unclear 3.75 million 2 million
PH-associated million

cases

Table 2.
Estimated PH-associated cases due to underlying disorders.

disproportionately impacts underserved minority populations, exacerbating existing
health disparities. This overview will discuss PH’s economic, societal, personal, and
psychosocial impacts, with a special focus on its effects on underserved minorities.

PH imposes a substantial economic burden on individuals and healthcare systems.
Ogbomo and colleagues detected significant direct and indirect healthcare costs asso-
ciated with PH among commercially insured patients in the United States [8]. Their
study found that the average annual healthcare cost per patient was approximately
$105,943, including direct costs such as hospitalizations, specialized treatments, and
medications. This financial burden can be particularly challenging for underserved
minority populations, as they often face barriers to accessing healthcare services and
insurance coverage [8].

The economic impact extends to Medicare and other healthcare programs. A 2017
United States Government Accountability Office (GAO) report discussed Medicare
Part D and how it oversees prescription drug plan sponsors’ fraud and abuse pro-
grams. This work is relevant because it sheds light on how government healthcare
programs address pharmaceutical costs associated with conditions like PH, which can
have implications for underserved populations [9].

The societal impact of PH is profound since it can limit an individual’s ability to
work and engage in daily activities. Patients often require frequent hospitalizations
and specialized treatments, which can disrupt daily routines and reduce their capac-
ity to participate in social events and contribute to society. A study by Badlam and
company provided insights into the demographics of patients with PH in the United
States, helping us understand populations affected by the disease [10]. Underserved
minority communities may face additional challenges, such as limited access to
healthcare facilities specializing in PH diagnosis and treatment, which can further
exacerbate these disruptions [11].

Moreover, a study by Namuyonga and colleagues examined the impact of PH
in underserved populations, specifically South African children. This case series
highlighted the unique challenges and disparities in pediatric care, emphasizing the
broader societal impact of the disease, especially in resource-limited settings [12].

Undoubtedly, PH takes a toll on mental health and well-being. Anxiety and depres-
sion are common comorbidities, and the afflicted may experience feelings of isolation
and hopelessness. Underserved minority patients may face unique psychosocial chal-
lenges related to cultural stigma, mistrust of the healthcare system, and limited access
to mental health resources, exacerbating their mental health burdens [11].

Underserved minority populations—including African Americans, Hispanics, and
Native Americans—often face disparities in healthcare access and outcomes related
to PH. African American and Hispanic patients with PH tend to have worse outcomes
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and higher mortality rates compared to their white counterparts, as reported in a 2021
study published in the European Respiratory Journal [13]. Such disparities can be
attributed to socioeconomic factors, systemic racism, and cultural differences, often
resulting in delayed diagnosis and inadequate care.

Addressing these disparities requires a comprehensive approach. Healthcare poli-
cies should focus on eliminating barriers to access, improving early diagnosis through
community outreach and education programs, and providing culturally competent
care. Research efforts should also prioritize understanding the determinants of
PH in underserved minority populations to develop more personalized treatment
approaches [11].

Ultimately, PH is a debilitating disease with far-reaching economic, societal,
personal, and psychosocial impacts. Underserved minority populations bear a dispro-
portionate burden of this disease, highlighting the need for targeted efforts to address
healthcare disparities and improve outcomes for these individuals. By implement-
ing comprehensive strategies that address both medical and social determinants of
health, we can work toward reducing the disparities in PH management and enhanc-
ing the quality of life of all affected individuals.

2. Pathophysiology of pulmonary hypertension

The mechanisms behind PH include increased pulmonary vascular resistance,
pulmonary venous pressure, and/or pulmonary venous flow due to congenital heart
disease [14]. The progressive narrowing of blood vessels is caused by a combination
of endothelial dysfunction and increased contractility of small pulmonary arteries,
proliferation, and remodeling of endothelial and smooth muscle cells, and iz situ
thrombosis [15]. There is also increased activity of vasoconstrictors like thromboxane
A2 and endothelin 1, along with reduced activity of vasodilators like prostacyclin and
nitric oxide [14, 15].

Group 1 PAH is primarily caused by a loss and remodeling of the pulmonary
vascular bed [16]. Thrombotic coagulopathy due to platelet dysfunction, increased
activity of plasminogen activator inhibitor type 1 and fibrinopeptide A, and
decreased tissue plasminogen activator activity may also contribute to an increase in
pulmonary vascular resistance [14]. Group 4 PAH is generally caused by a pulmonary
embolism or obstruction to pulmonary arteries, which thereby increases pulmonary
vascular resistance [17].

Several mutations associated with idiopathic or hereditary PAH have been identi-
fied, including BMPR2, SMAD1, SMAD9, KCNK3, and CAV1 [18]. Most cases of
hereditary and idiopathic PAH may be due to such mutations [14]. Of these, the most
common include mutations in the BMPR?2 gene, leading to disruptions in TGF-/BMP
endothelial cells and increased pulmonary vascular resistance [14, 15].

Increased pulmonary venous pressure, commonly seen in Group 2 PAH, is
typically caused by disorders affecting the left side of the heart [16]. Persistently
elevated pulmonary venous pressure can damage the alveolar-capillary wall and
eventually lead to irreversible thickening of alveolar-capillary membrane walls
and decreased lung function capacity [14]. Group 3 PAH is caused by chronic lung
disease that elevates mean pulmonary arterial pressure and results in the loss of
lung vasculature, vascular distensibility, and reduced vessel recruitment [16].
Lastly, increased pulmonary venous blood flow due to congenital heart disease
may cause PH [14].
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3. Clinical presentation of pulmonary hypertension

Signs and symptoms of PH differ depending on the stage of the disease. Initial
signs and symptoms are general in nature and may include dyspnea, fatigue, and
weakness. These early signs and symptoms are nonspecific in nature, making it diffi-
cult to diagnose PH in its early stages [19]. As the disease progresses, additional signs
and symptoms may appear, including exertional chest pain, exertion intolerance,
dyspnea at rest, worsening fatigue, bloating, distention of the abdomen (ascites),
anorexia, lower extremity edema, and syncope [19].

When evaluating patients for PH, some objective signs include audible S, at the
apex of the heart, mid-systolic ejection murmur, palpable left parasternal lift, right
ventricular S, gallop, and a prominent “a” wave. These observed signs—along with
the symptoms described above—are associated with right ventricular dysfunction,
eventually leading to PH’s complication of right-sided heart failure [19].

However, as PH advances, signs and symptoms become more pronounced. More
pronounced symptoms include further worsening of chest pain, dyspnea, and
fatigue, as well as worsening signs like mid-systolic ejection murmur progressing to
diastolic murmur of pulmonary regurgitation. Clinicians may also see a pansystolic
murmur of tricuspid regurgitation, audible S, no longer at just the apex of the heart,
an audible right ventricular S; gallop, distension of jugular veins, hepatojugular
reflux, hypotension, and worsening of lower extremity edema accompanied by cool
extremities suggestive of decreased cardiac output and increased vasoconstriction in
the periphery [19].

Since signs and symptoms of PH are nonspecific, diagnosis is obtained via the
exclusion of differential diagnoses. The first step involves determining the underlying
cause of those signs and symptoms. Since fatigue and dyspnea are among the first,
examination of physical indicators of PH like audible murmurs and distention—along
with a good patient history—must be conducted [20]. This should be followed by
imaging tests such as a chest X-ray or an echocardiogram to evaluate the presence of
disease markers. If markers are present and support suspicions of PH, confirmation
should be completed through right heart catheterization (RHC) [20].

RHC is ultimately used to confirm the presence of conditions like PAH [21]. It
is an outpatient surgical procedure that measures pulmonary artery pressure in
the lungs [21]. The measurements obtained are mean pulmonary artery pressure
(mPAP), pulmonary capillary wedge pressure (PAWP), and pulmonary vascular
resistance (PVR) [22]. Depending on the value of these measurements (e.g.,
mPAP > 20 mmHg, PAWP < 15 mmHg, PVR > 2 WU), the presence of conditions
like PAH may be confirmed [22]. In addition, performing an RHC provides insight
into the severity of the disease, allows the assessment of congenital heart defects
(including the exclusion of left-side heart disease), assesses patient response to
vasodilator challenge, and helps guide clinical decision-making of pharmaco-
therapy [21, 23, 24].

RHC is not performed on all patients for a wide range of reasons. Reasons may
include lack of knowledge or training to perform the procedure, overall cost, per-
ception of elevated risk (due to its invasive nature), or presence of inadequately
controlled pre-existing conditions [24, 25]. Since it is not performed on all patients,
it is important to note that without an RHC, clinicians cannot—and typically should
not—prescribe PH-specific therapies [21].

60



Classification, Diagnosis, and Medical Treatment of Pulmonary Hypertension
DOI: http://dx.doi.org/10.5772/intechopen.1004588

4. Medical treatment of pulmonary hypertension

The World Health Organization (WHO) has classified PH into five groups based
on different underlying causes and pathophysiological mechanisms. The 2022 ESC/
ERS guidelines recommend targeting treatment approaches based on the specific
group. Below is an overview of the treatment strategies for each of the five groups:

4.1 Group 1: pulmonary arterial hypertension (PAH)
4.1.1 General measures

The comprehensive management of pulmonary arterial hypertension (PAH)
involves a spectrum of general measures aimed at enhancing both the quality of life
and overall well-being of affected individuals.

* Exercise training: With PAH patients on stable medical treatment, exercise training
has positively influenced both exercise capacity and overall quality of life [26].

* Anticoagulation: PAH has been associated with a procoagulant state, but the use of
anticoagulation therapy is tempered by elevated bleeding risk. Due to the absence
of studies demonstrating clear clinical benefits, routine anticoagulation therapy is
currently not recommended. Instead, decisions regarding the initiation of antico-
agulation should be approached on an individualized basis, considering a careful
assessment of the specific risks and potential benefits for each patient [24].

* Diuretics: In those experiencing right-sided heart failure with fluid retention, the
use of loop diuretics, thiazides, and mineralocorticoid receptor antagonists can
be considered either as standalone therapy or in combination, depending on the
patient’s clinical condition and renal function [24].

* Ouxygen: Due to the lack of robust data regarding oxygen therapy in PAH, current
recommendations are based on data from COPD patients. If the PaO, is <8 kPa
(60 mmHg; alternatively, SaO, < 92%) on at least two occasions, oxygen can be
administered to achieve a PaO2 > 8 kPa [24].

* Iron: In PAH patients, iron deficiency can lead to impaired myocardial function
and increased mortality risk. Therefore, routine monitoring of iron status and
iron replacement is recommended. In patients with severe iron deficiency anemia
(hemoglobin < 7-8 g/dL), IV iron supplementation is recommended [24].

* Vaccines: At a minimum, patients with PAH should receive vaccinations for
influenza, Streptococcus pneumonia, and SARS-CoV-2 [24].

4.1.2 Treatment of vasoreactive patients with idiopathic, heritable, or
drug-associated pulmonary arterial hypertension

Calcium channel blockers (CCB): For patients exhibiting positive responses to
acute vasoreactivity testing, CCB therapy can be titrated to high doses. However, it is
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important to note that only 10% of individuals with idiopathic, hereditary, or drug- or
toxin-induced PAH typically show positive results in vasoreactive tests. Additionally,
a positive vasoreactive test does not reliably predict long-term response. Therefore,
for such patients, the consideration of continuing CCB therapy is warranted in
WHO-FC I or II with marked hemodynamic improvement. In cases where patients
persist in World Health Organization Functional Class (WHO-FC) III or IV—or fail
to show significant hemodynamic improvement despite high-dose CCB therapy—the
introduction of additional PAH-specific therapies is recommended [24].

4.1.3 Recommendations for the treatment of non-vasoreactive patients with
idiopathic, heritable, or drug-associated pulmonary arterial hypertension who
present without cardiopulmonary comorbidities

For patients presenting at low-to-intermediate risk of death, initial combination
therapy with an endothelin receptor antagonist (ERA) and a phosphodiesterase
5 inhibitor (PDE-5 inhibitor) is recommended (Class I recommendation). These
patients can be considered for the addition of selexipag during follow-up to reduce the
risk of clinical worsening. Alternatively, if receiving ERA/PDE-5 inhibitor therapy,
the PDE-5 can be switched to riociguat if treatment-escalation is required [24].
Patients with a high risk of death should receive initial combination
therapy with PDE-5 inhibitor, ERS, and IV/SC prostacyclin analogs (Class IIa
Recommendation). If the addition of an intravenous (IV) or subcutaneous (SC)
prostacyclin analog is not feasible, selexipag can be added, or the PDE-5 inhibitor
can be switched to riociguat [24].

4.1.4 Recommendations for the treatment of non-vasoreactive patients with
idiopathic, heritable, or drug-associated pulmonary arterial hypertension who
present with cardiopulmonary comorbidities

There is a lack of conclusive evidence regarding the optimal treatment for
elderly patients with PAH and cardiopulmonary comorbidities. As a result, the
current recommendation suggests initiating monotherapy with a PDE-5 inhibitor
with an ERA. Nevertheless, individualized consideration for additional therapy is
advisable, particularly for those at intermediate or high risk of mortality while on
monotherapy [24].

4.1.5 Interventional therapies

Balloon atrial septostomy and the Potts shunt are surgical procedures that decom-
press the right heart and increase systemic blood flow. However, these procedures
are rarely performed due to the substantial risk of procedure-related mortality.
Pulmonary artery denervation (PADN) applies radiofrequency to the pulmonary
arterial baroreceptors to decrease sympathetic activation in PAH. While PADN
showed positive benefits for a 6-minute walk distance in a small study, this therapy is
considered experimental [24].

4.1.6 Lung and heart-lung transplantation

If patients remain refractory to optimized medical therapy, lung transplant is an
important treatment option, and referral to a transplant center should be considered
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early. Most patients receive bilateral lung transplants, while heart-lung transplants
can be considered in patients with non-correctable cardiac conditions [24].

4.2 Group 2: pulmonary hypertension due to left heart disease (LHD)

For individuals with PH due to left heart disease (PH-LHD), the primary focus of
therapy should revolve around optimizing the management of the underlying cardiac
condition. In cases where fluid retention is a concern in PH-LHD, diuretics serve
as a cornerstone of treatment. Notably, drugs approved for PAH are generally not
advisable for PH-LHD, since available data suggests inefficacy and heightened risk of
adverse effects, including fluid retention [24].

While no specific recommendation is provided for the use of PDE-5 inhibitors in
the context of heart failure with preserved ejection fraction (HFpEF) and combined
post and precapillary pulmonary hypertension (CpcPH), it is worth noting that
PDE-5 inhibitors may be safely considered for administration in this population [24].

4.3 Group 3: pulmonary hypertension due to lung diseases and/or hypoxia

For an individual’s lung disease and PH, it is recommended to optimize the
treatment of the underlying lung disease. Overall, the use of PAH medications is not
recommended in patients with lung disease and nonsevere PH. In severe PH, referral
to a PH center is recommended for individualized treatment decisions and consider-
ation for lung transplantation. PH centers may consider PDE-5 inhibitors in severe
PH associated with ILD [24].

4.4 Group 4: chronic thromboembolic pulmonary hypertension (CTEPH)

In patients with confirmed CTEPH, lifelong anticoagulation is recommended
due to the risk of recurrent pulmonary thromboembolism. If the condition is oper-
able, pulmonary endarterectomy (PEA) is the treatment of choice. If symptoms are
persistent or recurrent, medical therapy followed by possible balloon pulmonary
angioplasty (BPA) is recommended. PEA will treat proximal PA fibrotic obstructions,
BPA will treat distal PA fibrotic obstructions, and medical therapy will treat micro-
vasculopathy [24].

Riociguat and SC treprostinil are indicated in patients with inoperable CTEPH or
persistent/recurrent PH after PEA. Other medical therapies are primarily used off-
label in symptomatic patients with inoperable CTEPH. For example, PDE-5 inhibitors
and ERAs are common treatments in CTEPH with severe hemodynamic compromise
despite the lack of data from recent trials. General measures recommended in PAH
are recommended in CTEPH, including exercise training, which has been shown to be
safe and effective in cases of operable and inoperable CTEPH [24].

4.5 Group 5: pulmonary hypertension with unclear and/or multifactorial
mechanisms

For patients in Group 5, the therapeutic approach is directed toward identifying
and managing underlying conditions contributing to PH [4]. In cases such as sickle-
cell disease (SCD), the limited available data suggests a cautious stance regarding
the use of PAH drugs in SCD-associated PH. Optimal management for these patients
necessitates the expertise of multidisciplinary teams capable of tailoring treatment
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strategies to address underlying conditions effectively. On the other hand, prelimi-
nary data supports the use of PAH drugs in specific populations—such as potential
improvement in a 6-minute walk distance in sarcoidosis with PH—these findings
warrant validation through larger-scale studies to conclusively establish their thera-
peutic benefits (Table 3) [24, 27].

Non-drug treatments are part of a comprehensive approach to managing PH, which
focuses on reducing symptoms, preventing complications, and improving patient
quality of life. PH sufferers may want to avoid certain medications or drug classes. For
example, cardiovascular drugs used in systemic hypertension or left-sided heart fail-
ure—such as angiotensin-converting enzyme inhibitors (ACEs), angiotensin receptor
blockers (ARBs), angiotensin receptor-neprilysin inhibitors (ARNIs), sodium-glucose
cotransporter-2 inhibitors (SGLT-2is), beta-blockers, and ivabradine—may cause
potentially dangerous drops in blood pressure and heart rate in PH patients. Thus, their

use is generally not recommended unless necessary for comorbid conditions [24].
While guidelines do not explicitly mention limiting sodium intake, this is a com-
mon recommendation in managing heart failure and conditions like PAH since it
helps to reduce fluid retention and pressure on the heart. Immunization against
SARS-CoV-2, influenza, and Streptococcus pneumoniae is recommended for patients
with PH. This is also important for preventing infections that may exacerbate PH [24].

Group 1: Pulmonary arterial
hypertension (PAH)

Vasodilator therapy: Medications such as prostacyclin analogs, endothelin
receptor antagonists, and phosphodiesterase-5 inhibitors are commonly

used. The number of agents will depend on whether patients are at low-
intermediate- or high risk of death.

Supportive therapies: Diuretics, anticoagulants, and oxygen therapy may be
used to manage symptoms and improve exercise tolerance. Iron therapy should
be administered in patients with iron deficiency.

Vaccines: influenza, Streptococcus pneumoniae, SARS-CoV-2

If acute vasoreactivity test is positive, titrate calcium channel blockers to high
doses; however, many patients will not have sustained long-term response.

Group 2: Pulmonary
hypertension due to left
heart disease

Treatment of underlying cause: Management focuses on addressing the
underlying heart condition and optimization of fluid status. Diuretics may be
prescribed to manage fluid overload.

Group 3: Pulmonary
hypertension due to lung
diseases and/or hypoxia

Treatment of underlying lung disease: Managing conditions such as chronic
obstructive pulmonary disease (COPD) or interstitial lung disease is essential.
Refer to a PH center for individualized decision-making. Oxygen therapy may
be needed.

Pulmonary vehabilitation: Exercise and pulmonary rehabilitation therapy may
be beneficial.

Group 4: Chronic
thromboembolic pulmonary
hypertension (CTEPH)

Anticoagulation: Long-term anticoagulation therapy is often prescribed to
prevent further clot formation.

Pulmonary endarterectomy (PEA): Surgical removal of chronic blood clots from
the pulmonary arteries is the preferred treatment when feasible.

Balloon pulmonary angioplasty (BPA): In cases where PEA is not possible, BPA
may be considered as an alternative.

Medical therapy is indicated in patients within operable CTEPH or persistent/
recurrent PH after PEA.

Group 5: Pulmonary
hypertension with unclear or
multifactorial mechanisms

Treatment of underlying causes: Identify and manage any underlying conditions
contributing to pulmonary hypertension.

Table 3.
Treatment strategies for pulmonary hypertension by group.
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Long-term oxygen therapy is recommended for those with an arterial blood oxygen
pressure below 8 kPa (60 mmHg). Evaluation for obstructive sleep apnea and noctur-
nal oxygen therapy should be considered in the case of sleep-related desaturation [24].
Surgical interventions are typically reserved for advanced or complex cases of PH
where other medical treatments have failed to provide adequate symptom relief or slow
disease progression. The choice of intervention depends on the specific type of PH, the
patient’s overall health, and the availability of surgical expertise and resources.

a. Lung transplantation is for patients with certain types of PH refractory to opti-
mized medical therapy. Early referral to a lung transplantation center is advised
for those eligible for transplantation, especially in cases of treatment failure,
progressive disease, recent hospitalization for worsening disease, need for IV
or SC prostacyclin therapy, and presence of high-risk variants such as pulmo-
nary veno-occlusive disease (PVOD) or pulmonary capillary hemangiomatosis
(PCH), systemic sclerosis, large and progressive pulmonary artery aneurysms, or
secondary liver or kidney dysfunction due to PH [24].

b.Heart-lung transplantation is considered for rarer cases unresponsive to medical
treatment, with limited availability due to organ availability and lesion complex-
ity. Unfortunately, this treatment option is associated with high mortality during
the first year after surgery [24].

PEA for CTEPH is recommended when the risk of pulmonary embolism recur-
rence is intermediate or high. Surgical PEA is the treatment of choice for those with
accessible pulmonary artery lesions. Operability decisions are based on team experi-
ence, accessibility of lesions, the correlation between PH severity and degree of artery
obstructions, and comorbidities [24]. Balloon atrial septostomy and Potts shunts are
considered interventional therapies in the management of PH, especially in advanced
cases where other treatments might not be sufficient or applicable [24].

Responders to calcium CCB therapy demonstrate a reduction in PAP and PVR,
with an increase in cardiac output during the test. Long-term treatment may include
high doses of CCBs like nifedipine, diltiazem, or amlodipine. Regular follow-up and
monitoring are recommended to ensure continued responsiveness and management
of potential side effects from high-dose therapy. Conversely, some “non-responders”
may not show significant improvement during a vasoreactivity test; CCB therapy is
generally not effective and may even be harmful in such patients. Treatment typi-
cally involves alternative PAH-specific therapies, such as ERAs, PDE-5 inhibitors, or
prostacyclin analogs. Management is focused on the underlying pathophysiological
mechanisms. Only a small percentage of patients with PH are actual “responders” to
CCBs. Therefore, careful assessment and close monitoring are essential to determine
the appropriate therapy for each individual [24].

5. Pharmacologic treatment of pulmonary hypertension
5.1 Endothelin receptor antagonists (ERAs)
Bosentan: Endothelins (ETs) are made of 21 amino acid peptides and three differ-

ent isoforms: ET-1, ET-2, and ET-3. The most common isoform, ET-1, is seen in airway
epithelial lining, lung parenchymal cells, pulmonary tumors, pulmonary vessels,
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kidneys, small intestine, and cardiac myocytes [28]. Once endothelins are produced
and secreted, they bind to endothelin G protein-coupled receptors, known as endo-
thelin A and endothelin B (ETA, ETB). More specifically, bosentan is a nonselective
ET-1 receptor antagonist.

Pulmonary vasculature and airway smooth muscles are populated with ETA recep-
tors, though ETB receptors are mainly found in the endothelium [29]. The binding of
endothelin to ETA receptors causes vasoconstriction while binding to ETB receptors
causes bronchoconstriction. Because of the functions and locations of endothelin,
they are associated with many respiratory diseases, including asthma, pulmonary
hypertension, COPD, connective tissue disorders, bronchiolitis obliterans, and lung
transplant rejections. Bosentan antagonizes receptors in lung tissue, causing smooth
muscle relaxation along the pulmonary vasculature and decreasing pulmonary
pressure and resistance [28]. Adverse effects of bosentan include nasopharyngitis,
headache, chest pain, syncope, flushing, hypotension, sinusitis, arthralgia, abnormal
liver enzymes, peripheral edema, palpitation, and decreased hemoglobin. Bosentan’s
target dose is 125 mg by mouth twice daily—with monthly liver function testing—
since dose-dependent increases in liver transaminases (though reversible) may occur
in approximately 10% of patients.

Macitentan: As a dual ERA, it demonstrates superior receptor-binding proper-
ties, with improved tissue penetration and a longer duration of action, which
allows for daily dosing. The recommended dose for oral macitentan is 10 mg by
mouth once daily.

This drug has a favorable side effect profile with little evidence of increased risk
of hepatotoxicity or peripheral edema, though concentrations may be reduced by
significant anemia [30]. Notable side effects include reduced sperm counts during
spermatogenesis, leading to oligospermia and infertility. It is, therefore, contrain-
dicated in pregnancy due to the risk of fetal harm. Though it may elevate hepatic
enzymes, little evidence exists for hepatotoxicity. It may also cause anemia, peripheral
edema, nasopharyngitis, and hypersensitivity reactions.

Ambrisentan: It works as a selective ERA for treating idiopathic, heritable, and
connective tissue disease-associated PAH [31]. Ambrisentan enhances exercise
capacity and hemodynamics by inhibiting endothelin, reducing lung pressures, and
reducing right heart stress. Side effects include peripheral edema, elevated liver
enzymes, and respiratory-related side effects (i.e., nasal congestion, sinusitis, and
cough). Recommended oral dosages are 5 and 10 mg by mouth once daily.

5.2 Phosphodiesterase-5 inhibitors (PDE-5)

This class works by inhibiting the phosphodiesterase type 5 enzyme, which is
abundant in pulmonary vasculature. This inhibition leads to increased levels of cyclic
guanosine monophosphate (cGMP), causing relaxation of pulmonary arterial smooth
muscle cells and vasodilation [24].

Sildenafil: It is an orally active, potent, and selective inhibitor of PDE-5, which is
often found in high concentrations in pulmonary arteries and the corpora cavernosum
[32]. It has been shown to improve exercise capacity, symptoms, and hemodynamics.
The recommended dose is 20 mg by mouth three times daily. Adverse effects include
headache, flushing, and dizziness. Priapism has also been reported in post-marketing
surveillance [33].

Tadalafil: It is a once-daily PDE-5 inhibitor shown to have positive outcomes on
exercise capacity, symptoms, hemodynamics, and time to clinical worsening in PAH
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patients [24]. Recommended doses are up to 40 mg once daily. Side effects are usually
mild to moderate and are mainly related to vasodilation, including headache, flush-
ing, heart palpitations, syncope, and epistaxis [34].

General: PDE-5 inhibitors should not be combined with soluble guanylate cyclase
stimulators or nitrates, as this may lead to systemic hypotension. Interactions between
PDE-5 inhibitors and protease inhibitors have been reported, resulting in major
increases in PDE-5 drug concentrations. Caution is advised when combining these
drugs; lower dosages and close monitoring of potential side effects like hypotension
are recommended [24]. Regular follow-ups to monitor hemodynamics, exercise
capacity, and clinical symptoms are crucial. Patients should be educated about poten-
tial side effects and when to seek medical attention.

5.3 Soluble guanylate cyclase stimulators

Riociguat: It is a soluble guanylate cyclase (sGC) stimulator with a dual mode of
action. It acts in collaboration with endogenous nitric oxide and directly stimulates
sGC, independent of nitric oxide availability. This action ultimately increases cyclic
guanosine monophosphate (cGMP) production, causing vasorelaxation, antiprolifer-
ative, and anti-fibrotic effects. Side effects include hypotension, bleeding, vomiting,
diarrhea, and GERD [35].

5.4 Prostacyclin pathway or prostanoids

Prostanoids include epoprostenol (IV), treprostinil (IV, SC, inhaled), iloprost
(inhaled), and selexipag (oral) [36]. This class binds to prostacyclin receptors, thereby
increasing cyclic adenosine monophosphate (cAMP) and leading to vasodilation,
antiproliferative and antithrombotic effects. Common side effects include flushing,
jaw pain, headache, diarrhea, nausea, rash, and muscle aches (particularly in legs and
feet). Side effects can be dependent on the dosage and can be eliminated with dose
reductions [37].

5.5 Calcium channel blockers (CCBs)

CCBs inhibit the flow of extracellular calcium through ion-specific channels that
spread through the cell wall. When its inward flow is prevented, vascular smooth
muscle cells relax, leading to vasodilation and a decrease in blood pressure. In heart
muscles, contractility is decreased, and the sinus pacemaker and atrioventricular
conduction velocities are slowed [38, 39].

Nifedipine: It blocks the entry of calcium ions by inhibiting voltage-dependent
L-type channels in smooth muscles of vessels and myocardial cells. During the
depolarization phase in smooth muscle cells, there is usually an influx of calcium ions
through voltage-gated channels. Since intracellular calcium is reduced by nifedipine,
there is decrease PVR and dilatation of coronary arteries, leading to a reduction in
systemic blood pressure and increased myocardial oxygen delivery. Thus, nifedipine
has both hypotensive and antianginal properties. Its immediate-release formulations
are available in 10-20 mg capsules, while extended-release formulations are available
in 30, 60, and 90 mg tablets [39].

The recommended dose for PH is 20 mg by mouth daily [40]. Key side effects
include peripheral edema, dizziness, headache, and flushing. Hypersensitivity reac-
tions like pruritus, urticaria, and bronchospasms tend to be rare. Discontinuation
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after long-term use can lead to hypertension or angina. Nifedipine is absolutely con-
traindicated in hypersensitivity and ST-elevated myocardial infarction, while relative
contraindications include severe aortic stenosis, unstable angina, hypotension, heart
failure, and moderate-to-severe hepatic impairment. Patients should be monitored
for peripheral edema, dizziness, and flushing; regular blood pressure checks are
recommended [39].

Amlodipine: It is a long-acting, lipophilic, third-generation dihydropyridine (DHP)
CCB that prevents the influx of calcium ions into smooth muscles of vessels and myo-
cardial cells, leading to decreased PVR. Due to its long half-life, it is typically dosed
once daily, which is favorable for patient compliance. The recommended starting
dose is 5 mg by mouth once daily, with a maximum dose of 10 mg. The 2.5 mg dose is
usually reserved for elderly patients and those with hepatic failure.

Side effects may include peripheral edema, dizziness, fatigue, headache, pal-
pitations, and nausea. Amlodipine is contraindicated in cases of breastfeeding,
cardiogenic shock, and unstable angina. Its vasodilatory effect can lead to reduced
cardiac output in aortic stenosis [41]. Moreover, it should be used cautiously in those
with hepatic diseases and titrated in small doses. Using amlodipine together with
dihydrocodeine may increase plasma concentrations of dihydrocodeine, increasing
the likelihood of opioid adverse reactions like hypotension, respiratory depression,
sedation, coma, or death.

Diltiazem: It is used in treating stable and unstable angina and systemic hyper-
tension (mild-to-moderate) but has also proven effective at terminating supraven-
tricular tachycardia and controlling ventricular feedback in atrial fibrillation/flutter.
Diltiazem has complex cardioprotective effects, which have been beneficial after
intracoronary administration to patients undergoing coronary angiography and
bypass procedures [42]. The dosages of 120-360 mg by mouth once daily are used for
systemic hypertension and angina pectoris, while those in the 480-720 mg per day
range are used for pulmonary hypertension [43]. Side effects include edema, nausea,
headache, dizziness, asthenia, and rash [42]. It is contraindicated in acute myocar-
dial infarction, pulmonary congestion, sick sinus syndrome, and severe ventricular
arrhythmia. Coadministration with acalabrutinib may cause infection, bleeding, and
atrial arrhythmias. Monitoring parameters include blood pressure, EKG, heart rate,
liver function tests, and serum creatinine.

General: Current PAH guidelines suggest that the effectiveness of this class is
limited to a small percentage of patients with significant acute responses to CCBs (i.e.,
“responders”). According to recent guidelines, specific advanced agents are recom-
mended for treating patients with PAH [44].

5.6 Combination therapies

Combination therapies involve drugs with different mechanisms of action to
achieve a more effective management of PH. Unfortunately, a significant number
of patients with PH require two- or three-drug regimens due to the complexity and
severity of the disease. This approach may be based on various factors, including:

a. Disease progression and severity: PH is a progressive disease, and many patients
may not respond adequately to monotherapy. As the disease advances, it often
becomes necessary to add additional medications to achieve better control of
symptoms and to slow disease progression [24]. Recent guidelines suggest start-
ing dual-combination therapy if the patient can tolerate it.

68



Classification, Diagnosis, and Medical Treatment of Pulmonary Hypertension
DOI: http://dx.doi.org/10.5772/intechopen.1004588

b. Targeting multiple pathways: PH may involve the endothelin, nitric oxide, and
prostacyclin pathways. Using drugs that target different pathways can provide a
more comprehensive treatment approach. For instance, an ERA can be combined
with a PDE-5 inhibitor and/or a prostacyclin analog to cover multiple aspects of
the disease process [24].

c. Clinical evidence: Recent research has demonstrated the benefits of combination
therapy in PH. For instance, the TRITON study, which investigated treatment-
naive patients with PAH, demonstrated the superior efficacy of initial dual-com-
bination therapy with macitentan and tadalafil or triple-combination therapy
with macitentan, tadalafil, and selexipag. Though combination therapies have
been associated with a significant reduction in the risk of clinical worsening in
PAH patients, their impact on all-cause mortality is less clear [24].

d.Individualized treatment plans: The decision to use two- or three-drug regimens is
based on individual patient factors, including response to initial therapy, side effect
profiles, and presence of comorbid conditions. This personalized approach helps to
optimize treatment effectiveness and manage risks associated with advanced PH.

e.Initial combination therapy: In the TRITON study mentioned above, treatment-

naive PAH patients were assigned to initial dual-combination therapy with
macitentan and tadalafil or initial triple-combination therapy with macitentan,
tadalafil, and selexipag. For those presenting at low or intermediate risk, initial
combination therapy with an ERA and PDE-5 inhibitor is recommended. Initial
combination therapy with ambrisentan and tadalafil, as well as macitentan and
tadalafil, is reccommended. However, initial combination therapy with maciten-
tan, tadalafil, and selexipag is not recommended [24].

f. Sequential drug combination therapy: For those with idiopathic, heritable, or drug-
associated PAH, the addition of macitentan to PDE-5 inhibitors or oral/inhaled
prostacyclin analogs is recommended to reduce the risk of morbidity/mortality
events. In patients receiving ERA/PDE-5 inhibitor combination therapy, the
addition of selexipag was shown to reduce the risk of clinical worsening events
compared to placebo [24]. Combination therapy has been associated with
significant risk reduction for clinical worsening; however, its impact on all-cause
mortality remains unclear. A substantial proportion of patients may still experi-
ence clinical worsening or death despite combination therapy [24].

6. Special populations
6.1 Treating pulmonary hypertension in pregnancy

In cases of PH, including idiopathic PAH responsive to CCB therapy, there have
been instances of successful pregnancy outcomes [24]. However, pregnancy in
women with PH is still fraught with unpredictable risks and can potentially worsen
disease progression [24]. At any point during or after pregnancy, women are vulner-
able to health deterioration [24]. It is essential for healthcare providers to thoroughly
discuss the potential risks associated with pregnancy with patients, enabling women
and their families to make well-informed decisions [24].
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For women with PH who conceive or are diagnosed with PAH during pregnancy,
treatment in specialized centers with expertise in managing PH in pregnant patients is
recommended. Ongoing pregnancy may necessitate adjustments in disease treatment
protocols [24]. Drugs such as ERAs, riociguat, and selexipag are typically discontinued
due to their potential or unknown risks to fetal development [24, 45]. Conversely,
treatments like CCBs, PDE-5 inhibitors, and prostacyclin analogs administered via
inhalation, IV, or SC routes are generally deemed safe during pregnancy [24, 45].

To manage right heart failure decompensation symptoms, diuretics such as torse-
mide or furosemide may be utilized [24, 45]. However, the use of spironolactone
is not recommended during the first trimester due to its antiandrogenic properties
[24, 45]. When administering diuretics, it is crucial to regularly monitor renal func-
tion and serum electrolytes to prevent complications like volume depletion, which
could further reduce cardiac output and systemic blood pressure [45].

During pregnancy, women are often hypercoagulable, elevating the risk of
thrombosis. Heparins are the first-line anticoagulants recommended—particularly
low molecular weight heparin (LMWH)—due to their reduced fetal impact and
osteoporosis risk. They are recommended for those with cardiopulmonary dysfunc-
tion and PH to mitigate thrombosis risks [45]. However, the effectiveness of LMWH
in preventing valve thrombosis is limited. Warfarin, though used in specific dosages
during the second and third trimesters, poses teratogenic risks and its use remains
controversial during pregnancy [45]. Novel oral anticoagulants like dabigatran and
rivaroxaban lack robust evidence for safety and efficacy in pregnant women and are
associated with higher risks of miscarriage and birth defects; as a result, their use is
generally not recommended [45].

6.2 Treating portopulmonary hypertension and pulmonary arterial hypertension
associated with congenital heart disease

Management of portopulmonary hypertension (PoPH) and PAH associated with
congenital heart disease (PAH-CHD) requires a multidisciplinary management
approach [46]. Larger clinical trials have either underrepresented or excluded patients
with these conditions, leading to treatment strategies often based on the experience
of clinical experts or findings from retrospective studies [47].

Supportive therapy, such as the administration of diuretics and oxygen, along with
supervised exercise rehabilitation, plays an important role in the management of both
PoPH and PAH-CHD [46]. The use of beta-blockers, anticoagulants, and CCBs is not
recommended in this patient population [46, 48].

Medications that target three different pathways—nitric oxide, endothelins, and
prostanoids—have shown increasing evidence of efficacy in those with PAH-CHD
[49]. PDE-5 inhibitors like sildenafil and tadalafil are cheaper options and work by
increasing intracellular cGMP levels [48]. These agents have been shown to improve
hemodynamics and exercise capacity [47]. Agents exerting their action through
the endothelin pathway include bosentan, macitentan, and ambrisentan; they have
achieved favorable results in patients with PAH-CHD. Endothelin-1 has been shown
to be a potent mediator of vascular constriction [47].

Bosentan, a dual-receptor endothelin antagonist, is increasingly used in symp-
tomatic patients with PAH-CHD. There is ongoing debate about whether ambrisentan
or macitentan is preferred. Ambrisentan is relatively ETA selective with fewer drug-
drug interactions. On the other hand, macitentan has slow dissociation kinetics,
high receptor occupancy half-life, and provides noncompetitive antagonism at the
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endothelin receptor [48]. Single-center clinical trials of bosentan and ambrisen-
tan—but not macitentan—have proven effective in improving hemodynamics in this
PAH subpopulation [47]. Targeting the prostanoid pathway involves prostaglandin
analogs like epoprostenol and iloprost. Oral or inhaled therapies are preferred in
CHD patients as opposed to IV therapies since use of central lines may lead to sepsis
or paradoxical emboli in those with unrepaired defects. Lastly, surgical options such
as ductal stenting, Potts shunts, atrial septostomy, and lung transplantation remain as
non-pharmacologic treatment options for patients [47-49].

6.3 Treating pulmonary hypertension in patients with connective tissues disease

PAH is a severe complication of connective tissue disorders, and connective tissue
disease-PAH (CTD-PAH) is the second recognized cause of PAH after the idiopathic
type [50]. As previously discussed, PH is classified into five groups. Those with PH
hypertension in association with connective tissue disorders can be found in Groups
1,2,3, and 4 [51].

PH has a severe impact on daily living. Since it is life-threatening, sufferers should
receive psychological, social, and emotional support, which specialized nurses can
provide [52]. Physical activity within limits is also advised. Patients with CTEPH
require anticoagulants, diuretics, and digoxin for heart failure, and long-term oxygen
may be necessary. Vaccinations against influenza and pneumococcal pneumonia and
iron supplementation may also be indicated.

PAH treatment in those with connective tissue disorders is a complex strategy
based on preliminary evaluation of severity and prognostic risk, as well as subsequent
response to treatment. Patients with PH should be referred to expert centers and
treated by multidisciplinary teams of rheumatologists, cardiologists, chest physicians,
and specialized nurses [36].

7. Current clinical investigations and future therapeutic options

Over the last 20 years, 10 FDA-approved medications—targeting four different
pathways—have come to market, but, as many experts lament, the medical establish-
ment is still far away from developing a cure for PH [53]. Encouragingly, there is no
shortage of novel drug targets or medications on the horizon [54].

The first medication to show recent promise is sotatercept, a first-in-class fusion pro-
tein containing a domain of human activin receptor type IIA paired with the Fc domain
of human IgG1. Blocking proliferative pathways in pulmonary vessels incites death in
excess cells, helping to reopen those vessels. In the STELLAR (Study of Sotatercept
for the Treatment of Pulmonary Arterial Hypertension) trial, the drug dramatically
improved the 6-minute walking distance in the treatment group compared to those given
placebo. It also produced an 84% reduction in the risk of death or clinical worsening.

Two tyrosine kinase inhibitors, imatinib, and sorafenib have received significant
attention as adjunct therapy in patients resistant to more traditional drug combina-
tions targeting the nitric oxide, endothelin, and prostacyclin pathways. The IMPRES
(Imatinib in Pulmonary Arterial Hypertension, a Randomized, Efficacy Study) trial
demonstrated significant improvement in 6-minute walking distance and PVR in
patients receiving two or traditional PAH therapies [55]. Meanwhile, sorafenib has
been connected to improvements in functional class and mPAP and is being further
investigated for refractory PAH [55].
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Other novel drugs or delivery systems include inhaled vardenafil, which can
be used as needed for PAH symptom exacerbations. Rodatristat ethyl, which
inhibits tryptophan hydroxylase and blocks the synthesis of serotonin from tryp-
tophan, is also under investigation. It is believed that excessive serotonin could
contribute to vasoconstriction and vascular remodeling seen in PAH [55]. As the
first dedicated hemodynamic study comparing two drugs versus one alone, the A
DUE trial (Macitentan/Tadalafil Fixed-Dose Combination in Pulmonary Arterial
Hypertension) showed that use of a combination pill containing fixed doses of maci-
tentan and tadalafil led to a two-fold greater reduction in PVR compared to either
drug alone. The distinct advantage of a single, once-daily combination pill lies in its
potential to dramatically increase patient adherence [53].

As stated by George and colleagues, “New therapies have emerged that move us
beyond vasodilation, vasoconstriction, and endothelial dysfunction, toward more complex
signaling pathways that regulate hypoxic and metabolic signaling, proliferation, apoptosis,
senescence, and inflammation” [56]. The first such signaling pathway involves growth
suppressor TSC2, which is lacking in small pulmonary arteries of PAH sufferers.
Biologically, SC2 controls cell growth; if present in larger quantities, it could block
the stiffening and remodeling of pulmonary arteries seen in the disease [56]. Since
TSC2 is regulated by the protein SIRT1, researchers have tested the effect of the SIRT1
activator molecule SRT2104, which caused improved lung function and reduced PH
in rodent models. SRT2014 is now undergoing further clinical study [57].

Other novel signaling pathways tied to PH pathogenesis—and serving as the basis
for future clinical investigations—include the following: (a) inhibition of propyl
hydroxylase domain-containing protein 2 (PHD2); (b) inhibition of mammalian
target of rapamycin complex (MTORC); (c) inhibition of hypoxia-inducible factor-1
(HIF-1a); (d) activation of Forkhead box protein O1 (FOXO1); (e) activation of
AMP-activated protein kinase (AMPK); (f) inhibition of pyruvate dehydrogenase
kinase (PDK); (g) inhibition of carnitine palmitoyltransferase (CPT1A); (h) inhibi-
tion of phosphatidylinositol-glycan biosynthesis class F protein (PIGF); and (i)
improvement of insulin sensitivity or activation of ketogenesis using drugs like
metformin, pioglitazone, or SGLT-2 inhibitors [56].

Finally, recent research has targeted the following pathophysiological mechanisms:
(a) fatty acid oxidation using ranolazine and trimetazidine; (b) glycolysis using
dichloroacetate; (c) modulation of Nrf2 and NF-«B pathways using bardoxolone
methyl; (d) metabolic syndrome and AMPK signaling using metformin; (e) modula-
tion of cytokine pathways using anakinra and tocilizumab; (f) inflammation using
ubenimex; (g) modulation of estrogen pathways using anastrozole and fulvestrant;
and (h) improvement in oxygenation using acetazolamide [54].

Though there has been incredible progress over the last two or three decades in
the treatment of PH, researchers hope that the therapies outlined above will help to
move the field toward truly effective and targeted therapies capable of reversing the
underlying pathology in disease sufferers, dramatically increasing quality of life and
overall mortality rates [54-56].

8. Conclusion

Recent research suggests that PH is more commonplace and widespread than
traditionally advertised, particularly in developing countries. It also has far-reaching
economic, societal, personal, and psychosocial impacts, particularly in underserved
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minority populations. Though current therapies tend to focus on the use of ERAs,
PDE-5 inhibitors, CCBs, prostanoids, and soluble guanylate cyclase stimulators,
recent clinical investigations have focused on underlying signaling pathways and
pathophysiological mechanisms, with the promise of significantly improved out-
comes and, perhaps, a cure 1 day. The diagnosis and treatment of PH have undergone
substantial changes in recent decades, and it will continue to evolve even more
significantly in the coming years.
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Abstract

Pulmonary hypertension (PH) is a medical condition with complex
physiopathology due to several diseases involving heart, lung, connective tissue,
or multifactorial. This chapter analyzes the main surgical procedures used in PH,
starting with lung transplantation, pulmonary endarterectomy for chronic throm-
boembolism, mechanical circulatory support, and right-to-left shunts as palliative
procedures. The indications for surgery, donor organ procurement, and preservation
techniques are also reviewed.

Keywords: pulmonary hypertension, lung transplantation, pulmonary artery
endarterectomy, mechanical circulatory support, right-to-left shunts

1. Introduction

Pulmonary hypertension (PH) is a manifestation of high pulmonary artery pres-
sure, which targets pulmonary artery vasculature by stimulating pathological trans-
formations ending with increasing pulmonary vascular resistance and right heart
failure. Pulmonary hypertension definition means a mean pulmonary artery pressure
equal to or higher than 20 mm Hg at rest [1].

The clinical classification of PH incorporates five distinctive categories, group
1, pulmonary arterial hypertension (PAH). Group 2, PH associated with left heart
disease (LHDPH). Group 3, PH associated with lung disease (LDPH). Group 4, PH
related to thromboembolic obstruction of pulmonary arteries (CTEPH), and group
5 with unclear or multifactorial mechanism.

Pulmonary hypertension is very common in group 2, common in group 3, and
rare in groups 1, 4, and 5 [1]. The main therapeutic, surgical procedure for PH is lung
transplantation, mainly for group 1 and for group 3 in selected cases, and pulmonary
artery endarterectomy is dedicated to group 4, including CTEPH [1]. Other surgical
procedures as temporary mechanical circulatory support or shunt palliations can also
be used as bridge to transplantation.
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2. Lung transplantation

Is the procedure used to end-stage damage of pulmonary vasculature in group 1
(PAH) and for group 3 (LDPH), when there is recommendation to refer the patients
for lung transplant evaluation and listing [1].

2.1Indication for lung transplantation (LT)

Pulmonary arterial hypertension treatment for idiopathic, heritable, drug associ-
ated, and connective tissue disorders on risk 4 strata and intermediate and high risk
recommends prostacyclin analog and evaluate for lung transplantation, class Ila [1].

For group 3 (LDPH) for pulmonary hypertension associated with hypoxia, it is
recommended to send the qualified patients to lung transplant evaluation (class Ic) [1].

A 2014 consensus document for the selection of lung transplant candidates [2]
mentioned end-stage lung disease general criteria:

1.High (>50%) risk of death from lung disease within two years if LT is not
performed.

2.High (>80%) likelihood of surviving at least 90 days after lung transplantation.

3.High (80%) likelihood of 5-year posttransplant survival from a general medical
perspective if adequate graft function exists.

Pulmonary hypertension secondary to congenital heart disease is common and
responsive to curative surgery, but on severe PAH, lung transplantation can be
used when medical therapy is futile. Contraindications for lung transplantation
[3] are a recent history of malignancy (less< than 5 years), sepsis, severe organ
dysfunction such as liver failure, heart failure, kidney failure, bleeding, severe
obesity, severe chest wall deformity, no social support, psychiatric disease, drugs,
alcohol intake, nonadherence to medical therapy, and no social support. For
severe cases of PAH is preferable to bilateral lung transplantation [4]; for intersti-
tial lung disease, single lung transplantation (SLT) or double lung transplantation
(DLT) could be both options. In COPD, it depends on age if they are older SLT
if they are younger BLT [4]. Patients with septic or infected lungs should have a
DLT [4].

2.2 Donor lung selection, evaluation, procurement, and transportation
2.2.1 Donor lung selection and evaluation

Donor selection considers history, cause of death, clinical data, bronchoscopy
findings, arterial blood gases evaluation, and other clinical tests such as chest X-Ray,
CT thorax linked with intraoperative lung examination (organ inspection, color,
absence of nodules, compliance, atelectatic areas, recruitable or not, pneumonia
signs, trauma). Extended donor criteria are important for increasing the number
of transplants and reducing the declining rate of organs. We try to accept older
donors with secretions on bronchoscopy, recruitable atelectasis, or even with limited
pneumonia (Table1) [4].
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Standard donor lung selection criteria Extended lung selection criteria

Age <55 Age > 55

Smoking history < 20 pack-years Smoking history

P/F ratio > 300 on FIO, 100% and PEEP 5 P/F ratio < 300

No chest trauma Unilateral lung infiltrate in double lung transplantation
No aspiration Chest X-Ray abnormalities

No prior cardiothoracic surgery EVLP

No infection DCD

No purulent secretions on bronchoscopy

Clear chest X-ray

Table 1.
Donor allocation criteria [4].

Donation after cardiac death (DCD), usually in Maastricht category III, [4] has
been successfully used in the last years with the purpose of donor pool extension.
DCD donation exposes the organs to higher ischemic risk but can be used for lung
retrieval. Ex vivo lung perfusion (EVLP) is a method of lungs preservation outside
the body, focusing on lung repair, and evaluation (by gas analysis, and other blood
criteria and repeat bronchoscopy) if they are qualified to be implanted.

2.2.2 Donor lung procurement (harvesting)
2.2.2.1 Lung procurement in DBD

The ideal lung donor may be less than 55 years old, a nonsmoker, and without
infections. Additionally, the lungs may have the same size, size matching being very
important in ruling out the organ [5]. Oversizing is accepted, but under-sizing is
forbidden. The height, weight, and predicted total lung capacity are considered for
sizing. A single lung transplantation assessment requires selective gases from each
pulmonary vein [5]. Bronchoscopy is done prior to surgery; the tracheobronchial tree
is analyzed, and samples for microbiology are taken. Cautious bronchial inspection
and lavage are performed to improve the quality of the lungs. The surgical technique
starts with opening the chest through median sternotomy, entering pleural cavities,
and lung examination. The organs are inspected carefully and palpated to identify
eventual masses, nodules, and recruitment maneuvers are performed on the atelec-
tatic areas. If suspicious nodules are identified, a biopsy and the tissue will be sent to
pathology [5]. The donor receives heparin, and when all teams are ready, the pulmo-
nary trunk is cannulated, and the prostaglandin is given; the IVC is divided, the left
atrial appendage is open for heart venting, and 3—4 liters of lung preservation solution
Perfadex is administered antegrade in main pulmonary artery. The heart is explanted
maintaining a good cuff around both right and left pulmonary veins to be used in
both heart and lung transplantation. If the heart is not harvested for transplantation,
an extensive atrial cuff is taken in favor of the lung, which is taken as a double lung
block [5]. After the left atrial incision, IVC and SVC are cut, and aorta and pulmonary
trunk are divided, and the heart is removed. Lung harvest begins with pulmonary
ligament division, parallel with the esophagus on both sides, detaching the adjacent

81



New Insights on Pulmonary Hypertension

tissues on the left side until we reach the aorta, which is transversally cut at the site

of the distal arch and on the right until the azygos vein, which is divided as well.

The trachea is then freed from surrounding tissues and divided between two stapled
lines, with the lungs semi-inflated at FIO, 70% under a Valsalva maneuver. The lungs
are examined on the back table, and 1 liter of Perfadex is administered retrogradely
throughout the pulmonary vein’s ostia sequentially. The last step is lung separation, by
section with a stapler of the left bronchus and packing in three bags. Each lung’ first
bag contains a preservation solution, and the other two with ice, and the lungs are
ready for cold preservation and transportation.

2.2.2.2 Lung procurement in DCD donors

Withdrawal of life support is made in ICU when all the circulatory support and
inotropic medication are stopped. Systemic heparin is necessary to prevent throm-
bosis of the donor organs, and warm ischemic time is starting. This agonal status
usually cannot be longer than 60 minutes for lungs, and it varies between 30 and
180 minutes with ex vivo lung perfusion in experienced centers [4]. Once the death is
confirmed by asystole, there is a no-touch period between 2 and 10 minutes (usually
5 minutes) to exclude the spontaneous return of circulation [4]. Then the surgi-
cal team proceeds to harvest the organs, and a skin incision is made. The patient is
reintubated at 15 minutes from cardiac arrest, the aorta is clamped in the thorax, the
arch vessels are clamped to prevent brain reperfusion, the pulmonary trunk or right
ventricular outflow tract is cannulated, and preservation solution delivery is started
[4]. The bronchoscopy can be performed at this moment, and the lungs are recruited.
The PEEP is maintained at 5 and FIO, 50% and tidal volume 6-8 cc/kg. The heart is
excised as usual, and for the lungs, the pulmonary ligament is incised, and dissection
is prolonged at the margin of the esophagus until the aorta on the left and azygos on
the right. Then a stapler is applied to the carina, and with lungs inflated at 60%, the
trachea is stapled and divided. The lungs are removed from the chest, and retrograde
pneumoplegia 250 ml on each pulmonary vein is given.

2.2.3 Donor lung preservation and transportation

The lungs are separated by dividing the mediastinal tissue, the atrial cuff and
pulmonary artery cuff split into two equal pieces, and the left main bronchus is
divided between two stapler lines applied on the proximal half of the left main
bronchus far from the carina. They are placed in three sterile transport bags, first with
Perfadex solution, tied securely, and in additional two plastic bags with cold saline.
The bags are placed in separate containers with ice for transportation [5]. Donor lung
preservation is commonly used in cold storage, and low temperature minimizes cel-
lular damage and oxygen consumption by reducing cellular metabolism [5]. Another
procurement strategy for DCD donors is by in situ thoracoabdominal normothermic
regional perfusion (TA-NRP) for cardiothoracic organs recovery [6], and this method
uses extracorporeal membrane oxygenation as a delivery pump (see Figure1).
Cannulation uses ascending aorta and right atrium (on central ECMO) or femoral
vessels for peripheral approach. Extracorporeal circulation starts, and reperfusion
time could extend to 90 minutes. Afterward, the assessment, retrieval, and preserva-
tion are identical as in DBD donors [6].

Another lung preservation and repair technique is the ex vivo lung perfusion
technique, developed by the Toronto group when lungs are ventilated and perfused
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Figure 1.

Ve%o—arteriul extracorporeal membrane oxigenation. From Ref. [7] Open Access: This article is licensed under a
Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution,
and veproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source =, provide a link to the Creative Commons license, and indicate if changes were made. The images or
other third-party material in this article are included in the article’s Creative Commons license unless indicated
otherwise in a credit line to the material.

outside the body to recondition and extend the preservation time [5]. There are three
EVLP protocols, Toronto, Lund, and organ care system (OCS) Transmedics [8].

Toronto EVLP technique is a lung support system for lung ventilation, a modified
ECMO circuit that offers perfusion. The perfusate is Steen solution, a solution based
on dextran and albumin. The method uses lung perfusion and ventilation, during a
rewarming process, at 30 degrees and 37 degrees, gradually increasing the perfusion
flow. Lung assessment is performed hourly for a minimum of 3 hours, and pulmo-
nary veins gases are analyzed. If the lung’s gases are improving and PO, is more than
350 mm Hg, and the pulmonary artery pressures are stable or improving and stable or
improving airway pressures and compliance after 4-6 hours of EVLP, the lungs can be
used for LT [8].

2.3 Implantation technique
2.3.1 Bilateral sequential lung transplantation (DLT)

The chest entry (see Figure 2) approach is a clamshell incision (bilateral thora-
cotomy with transverse sternotomy with ligation of mammary arteries [10]. Separate
bilateral thoracotomy or sternotomy are other options. Clamshell incision offers the
best lung and heart exposure when cardiopulmonary bypass or central ECMO is
necessary.
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Figure 2.

Th%’ clamshell incision for double lung transplantation. From Ref. [9] Open Access This article is licensed under a
Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution,
and veproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons license, and indicate if changes were made. The images or
other third-party material in this article are included in the article’s Creative Commons license unless indicated
otherwise in a credit line to the material. Suppose the material is not included in the article’s Creative Commons
license, and your intended use is not permitted by statutory vegulation or exceeds the permitted use. In that case,
you will need to obtain permission divectly from the copyright holder. To view a copy of this license, visit http://
creativecommons.ovg/licenses/by/4.0/.

Intubation requires a left-sided double-lumen tube for unilateral ventilation
because lung transplant is done sequentially. Usually, the most affected lung is
transplanted first. The pneumonectomy and preparation of the hilum vasculature
by stapling the pulmonary artery and pulmonary veins are followed by bronchus
division and the lung removal from the chest. The donor’s lung is transported with
cold storage and is prepared for implantation by careful dissection on the back table.
Microbiological samples are taken from the bronchus after trimming the excess
tissue and resizing [10]. After positioning in the chest, implantation began with the
bronchus running suture on the membranous part and interrupted stitches on the
cartilaginous part.

The pulmonary artery is sutured next with running 5/0 Prolene and the left atrial
cuff with 4-0 Prolene running everting suture (see Figure 3). Deairing is the next
step, followed by clamp removal from the pulmonary artery and veins. Ventilation is
started on a protective mode and is recommended 10 minutes of controlled reperfu-
sion time with partial compression on the pulmonary artery [10] to avoid volume
overload of the lung. Then the second lung is explanted in the same fashion, and
implantation follows the same rules. Bilateral pleural drainage is inserted, and the
incision is closed in anatomical layers.

2.3.2 Extracorporeal support
Patients with severe pulmonary hypertension with high pulmonary artery pres-

sures or patients who are desaturating or becoming unstable during transplant are
not tolerating manipulations and pulmonary artery clamping. Veno-arterial ECMO
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Figure 3.

Thge bronchial, pulmonary artery, and left atrial cuff anastomosis. From Ref. [9] Open Access This article

is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution, and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were
made. The images or other third-party material in this article arve included in the article’s Creative Commons
license unless indicated otherwise in a credit line to the material. Suppose the material is not included in the
article’s Creative Commons license, and your intended use is not permitted by statutory regulation or exceeds the
permitted use. In that case, you will need to obtain permission directly from the copyright holder. To view a copy
of this license, visit http://creativecommons.org/licenses/by/4.0/.

can be inserted by peripheral or central cannulation and used intraoperatively during
lung implantation and can be prolonged early after surgery in severe primary graft
dysfunction. Cardiopulmonary bypass is another technique for extracorporeal sup-
port, which tend to be less used today because of full heparinization and increased
risk of bleeding [10].

2.3.3 Size-reducing lung transplantation

Lung transplantation size-mismatch as oversizing is frequent, and until 20% is not
a major problem. There are some size-reducing techniques as a nonanatomical wedge
resection. When the over-sizing is more, a lobar reduction may be performed, usually
the right middle lobe or a lobar resection, which can be performed on the back table
after the dissection of interlobar vessels in the fissure [10].

2.3.4 Single lung transplantation

Single lung transplantation is not usually indicated in PT secondary pulmonary
fibrosis and chronic obstructive pulmonary disease only in selected cases and is
the operation of choice for frail patients with other comorbidities, offering the
advantage of having an increased number of transplants in the benefit of very sick
patients. Preoperative evaluation of the heart function is important to identify PH.
Quantitively V/Q scan is important to determine which lung is less perfused and is a
candidate for a single lung transplant. The left side has more space for lung hyperin-
flation than the right, as the liver is an obstacle on the right side. The position of the
patient for a single lung transplant is on full lateral decubitus for posterolateral tho-
racotomy or for anterolateral for an antero-axillary approach. Single lung ventilation
with a left-sided double-lumen endotracheal tube is used for SLT. Pneumonectomy is
done in a usual manner by dissecting the hilum elements. The technique for pneumo-
nectomy and implantation is similar to that presented for DLT.
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2.3.5 Lobar lung transplantation from living donors (LDLLT)

In the condition of pediatric patients severely ill, with the scarcity of donors
for this age group, living lung donation of one lobe (from two living donors) was
practiced in Japan when a DBD donation was not legally approved. Nakajima and
Date [11] showed that survival after 5 and 10 years in very specialized centers is 79%
and 64.6%. Standard LDLLT involves three surgical teams because there are two
living donors for harvesting one lobe (usually inferior) and one on the back table. In
this way, the ischemic time and duration of surgery are maximally shortened. LDLLT
is indicated in critical patients who cannot survive until a DBD donor is available,
as in pediatrics or in adults where graft mismatch is possible when the donor’s lower
lobes are too small for the recipient’s requirements. The surgical procedure involves
two lobar grafts (lower lobes), and implantation is done on ECMO as routine. CPB is
used only if there is a cardiac anomaly that may be corrected at the same time [11].
If the transplant is done in children and there is important oversizing single lobar
transplant can be performed [11]. Functional size matching uses a formula devel-
oped by Nakajima and Date [11], and if the graft FVC is >45% or 50% for pulmonary
hypertension, it can be used for lobar transplantation. Anatomical size matching
uses 3D computed tomography volumetry; the upper limit of graft volume accepted
to the recipient’s chest is 200% [11]. If the lower lobes are too small, the upper lobes
of the recipient can be preserved (native upper lung-sparing procedure) to increase
the lung parenchyma, or in children can be used adult lower lobes, which are over-
sized for the same reason.

Two right lower lobes from two living donors implanted, one to the right, and
the other one inverted as a left lung, can be used to increase the lung volume when
the lobes are two small, but the implantation technique is more demanding
(see Figure 4).

PV

Pericardial conduit

Figure 4.

Rz;g%ht single lung transplantation using an inverted left donor lung. From Ref. [12] Open Access This article

is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://
creativecommons.ovg/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in

any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain
Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in
this article unless otherwise stated.
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3. Heart and lung en bloc transplantation (HLT)
3.1 Indication of heart and lung en bloc transplantation

Primary pulmonary hypertension with right ventricular failure and congenital
heart disease with severe cardiomyopathy (Eisenmenger syndrome) is the most
frequent indications for HLT. Also, patients with end-stage lung disease and complex
cardiac disease with multiple surgeries are qualified for the same procedure [4].

3.2 Heart and lung en bloc procurement and transportation

The donor is approached by a longitudinal incision over the chest and abdomen. Both
thoracic and abdominal teams expose the target organs. Both heart and lungs will be dis-
sected, and the aorta and pulmonary trunk will be cannulated after systemic hepariniza-
tion. Prostaglandin is given in the pulmonary trunk before retrieval. After SVC ligation
and transection of IVC, 500 mcg of PGE-1 are administered in the pulmonary artery,
the aorta is vented, and both cardioplegia and pulmoplegia are delivered. Next, the
aorta, pulmonary artery, IVC, and SVC are transected. The lung ventilation is continued
until the trachea is clamped. Trachea is divided between stapler lines, SVC and IVC are
transected, and the heart and lungs are removed from the thorax [10]. Transportation
of en bloc heart and lung can be on cold storage, in Perfadex solution, or by using the
Paragonix transportation system. This has the advantage of maintaining a constant
temperature preventing the freezing of the organs as in the cold ice storage technique.

3.3 Heart and lung en bloc transplantation-implantation technique

The heart and lungs bloc are removed from the transport container, and the
trachea is transected one ring above the carina. Median sternotomy or clamshell are
currently used for chest openings. The most important is to preserve the important
nerves as phrenic, vagal, and laryngeal recurrent. Systemic heparinization and
cardiopulmonary bypass with two cava veins are necessary, and the heart is clamped
and arrested with cardioplegia. The heart is explanted by transecting the two cava
veins, aorta, and pulmonary trunk, and only the left atrium remains attached by
the posterior wall. Then the left atrium is divided between the pulmonary veins and
mobilized together with the pulmonary artery and bronchus after the transaction of
these structures in the same way. The lungs are sequentially removed from the thorax.
The heart and lungs bloc implant begins with tracheal anastomosis, followed by IVC
and SVC anastomosis, and lastly, the ascending aortic anastomosis to the donor aorta.
The aorta and pulmonary are desired, and the aortic clamp is removed [10].

4. Pulmonary artery endarterectomy (PEA)
4.1 Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH) is defined as a throm-
bus in pulmonary arteries and branches due to acute embolism with fibrotic changing
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1. Mean PAP > 30 mm Hg
2. PVR > 300 dyneseccm-5
3. NYHA class >/= 111

4. The embolus is in the proximal part of the pulmonary artery (central type).

Table 2.
Indication for PEA [14].

or chronic persistent embolism. CTEPH is precapillary pulmonary hypertension with
mean pulmonary artery pressure > 20 mm Hg at rest, a pulmonary vascular resistance
(PVR) > 3 Wood units, and a wedge pressure < 15 mm Hg [13]. CTEPH is from group 4
of the functional classification of PH. Usually, acute embolism resolves by clot lysis and
restoring normal hemodynamics. In the situation that part of the clots is still persistent
at 3 months after the embolic episode will determine a flow restriction and increase

in PVR secondary to an increase in pulmonary artery pressures and right heart failure
[14]. Inflammation, infection, coagulation abnormalities, abnormal platelet function,
or cancer are some of the predisposing causes of CTEPH. The surgical procedure for
CTEPH is pulmonary artery endarterectomy (PEA).

4.2 Surgical technique in PEA

The goal of PEA is to remove all the obstructive lesions from pulmonary arteries
and their branches to facilitate remodeling and decrease PVR with a secondary reduc-
tion of the workload of the right ventricle. The approach in PEA is median sternotomy
and uses cardiopulmonary bypass with two cava veins drainage, with 20-degree
Celsius cooling and a period of deep hypothermic circulatory arrest (DHCA).
Indications for pulmonary endarterectomy are presented in Table 2 [14].

DHCA offers a bloodless field mandatory for pulmonary artery endarterectomy,
and it will be on short periods of 10 minutes time for brain protection [15]. Both
pulmonary arteries are open, and the embolic material is removed until the very distal
segmental and subsegmental branches. The key to the endarterectomy is the correct
plane between the intima and media of pulmonary arteries [16].

For these techniques, special instruments for endarterectomy are used to help
with emboli removal as special dual action forceps or suction and dissection devices
[16]. After completing the endarterectomy, the pulmonary arteries are sutured, CPB
restored, and the patient is rewarmed to normothermia and weaned from bypass.

5. Balloon pulmonary angioplasty (BPA)

Is addressed to CTEPH patients considered “inoperable” by risk and benefit
evaluation for PEA, or the lesions are too distal (see Table 2) by the European Society
of Cardiology/European Respiratory Society guidelines (class IIb recommendation,
level C), [17]. The vascular access is percutaneous through the femoral or internal
jugular vein, and a long catheter is placed in the pulmonary trunk and branches. The
main important stenosis is treated first, and the right lower lobe is usually targeted
after because it contains more blood flow [17]. After the catheter is positioned into
the lesion, the balloon is inflated and expanded to 5-8 atmosphere. Repeat dilatations
may be performed with bigger balloons to attain a good result [17]. The distal vascular
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1. Difficulty in performing PEA or residual PH after PEA

2. Insufficient response to medical treatment: NYHA class more than III or PAP pressure more than
30 mm Hg.

3. The patient wishes to use BPA after being fully informed of their medical condition and the BPA risks
and benefits.

4. Exclusion criteria as multiorgan failure or renal dysfunction.

Table 3.
Indications for BPA [14].

bed anatomy is important in the success of the procedure. The main complications
are reperfusion pulmonary edema, vascular injury, and vessel rupture. Indications for
BPA are presented in Table 3.

Usually, three to ten sessions are recommended, depending on how many lesions
each session focuses on the segmental artery of one lobe. BPA can be used in patients
who have surgical indications, but the risk for open surgery is too high, or BPA can be
combined with PEA in some circumstances [17].

6. Mechanical assist devices as a bridge for lung transplantation
6.1 Extracorporeal membrane oxygenation (ECMO)

Extracorporeal membrane oxygenation is a device used as support for the heart
and lungs when they are fully compromised, or medical therapy is not helpful until
a donor for lung transplantation is available (bridging therapy). The procedure has
many complications (bleeding, infections, and multiorgan dysfunction) because
of long-term mechanical support [18]. The most common ECMO configuration is
veno-arterial (can be venovenous as well) and can be implanted centrally (using
for cannulation right atrium and ascending aorta) or most often peripherally using
femoral vein and artery.

Special circumstances require different techniques as awake implantation on local
anesthesia, which is useful and can be done safely [18]. Peripheral artery cannulation
is performed through a prosthetic graft, which is anastomosed to the femoral artery
and for the femoral vein in preferred direct venous cannulation. There are other
approaches using the internal jugular vein and carotid artery for patients estimated
to be on a long time on ECMO. This type of cannulation allows walking and keeps the
patient active. There are three methods of ECMO implantation surgical, percutane-
ous, or combined [19].

Surgical implantation uses an inflow or drainage cannula inserted in the right
ventricle or right atrium and a return or outflow cannula in the femoral artery. The
percutaneous method uses the classical Seldinger method to cannulate the right inter-
nal jugular vein or inferior vena cava and femoral artery. Mixed implantation surgery
is used to surgically insert the femoral artery cannula inside a prosthesis (femoral
artery), and the Seldinger method is used for internal jugular vein cannulation.

6.2 Right ventricular assist devices (RVAD)

Right ventricular assist devices are used in severe PH when the right ventricle
fails, and other devices such as Veno-arterial ECMO show no benefit. Mechanical
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Classification of mechanical circulatory support devices. BIVAD, biventricular assist device, LVAD, left
ventricular assist device, RVAD, right ventricular assist device. From Ref. [20] Open Access This article
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assistance of the right ventricle improves contractility and can be used as a bridge or
destination therapy [19]. RVAD decreases RV loading, improves septal motion and
contractility of the right ventricle, and helps the left ventricle improve stroke volume
and aortic pressure. RVAD can use both the right atrium and right ventricle as inflow
blood sources, and outflow cannula ends in the pulmonary trunk, usually throughout
a prosthesis [19]. The main categories of mechanical circulatory support and main
approaches are presented in Figure 5.

Impella RP heart pump is a device that uses a peripheral vein approach, and a
pump is inserted in the right ventricle, a pulmonary artery trunk that can give 4.5
liters of flow. Aria CV PH system is a new device that uses a balloon that inflates
and deflates in the pulmonary trunk synchronized with the cardiac cycle (inflates in
diastole and deflates in systole), reducing the RV workload and increasing the output
[17]. The balloon is introduced in the pulmonary trunk and positioned by a stent and
uses a gas that assures inflation and deflation. There is no external power supply; the
approach is through a subclavian vein [19].

7. Right-to-left shunting

Are palliative methods used in children with severe pulmonary hypertension
unresponsive to medical therapy? To decrease the proper ventricle pressures, right-
to-left shunts are helpful by increasing the left ventricle preload and increasing the
systemic blood flow [19]. Atrial septostomy (AS) is a percutaneous method that
makes or enlarges an atrial septal defect using balloon dilatation to generate a right-
to-left shunt when the pressures in the pulmonary artery are supra-systemic as can
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be performed surgically or transcatheter with a balloon used to increase the septal
orifice. Stacey [19] reported mean duration of survival was 63.1 months [19]. Severe
desaturation (<90%) or low cardiac output with mean right atrial pressures of more
than 20 mm Hg are considered contraindications of the procedure [19].

Another method is a surgical systemic-to-pulmonary shunt, as Potts shunt
(anastomosis between descending aorta and left pulmonary artery) or modified Potts
when a prosthesis with unidirectional valve is used for the same purpose. The Potts
shunt is recommended for severe idiopathic PAH in children and seems to have better
oxygen saturation for the brain and heart [19]. The condition for Potts shunt is to have
supra systemic pulmonary artery pressures and good right heart valves. To avoid flow
reversal in the shunt, a unidirectional valve can be created as a modified Potts shunt,
but still, the long-term results on larger groups are necessary [19].

8. Conclusions

Double lung transplantation is the main surgical therapeutic option for severe
pulmonary arterial hypertension. Some circumstances as congenital heart disease,
in which severe PAH in children may need atrial septostomy or Potts shunt to create
Eisenmenger circulation, can extend life until donor organs are available. Lobar lung
transplantation is an alternative for pediatric patients, but technically more demand-
ing and might be performed in centers with experience. Extracorporeal support with
ECMO or right ventricular assistance can provide survival until the transplant, but
many complications can occur. There are many techniques for lung reservation, the
cold storage and transportation are still most used. The normothermic perfusion for
lung recovery in DCD patients has gained more interest and ex vivo lung perfusion
has spread now in many centers because increases preservation time and assures good
assessment, assistance, and repair for the lung.
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Abstract

This manuscript discusses the role of lung transplantation in patients with pulmo-
nary hypertension. The indications and timing for referral to a transplant unit and
timing for wait-listing for lung transplantation are discussed. The type of transplan-
tation—isolated (single or double) lung transplantation and situations when com-
bined heart and double lung transplantation is indicated—will be elaborated.
Escalation of medical therapy with the need and timing for bridging therapies such as
extracorporeal membrane oxygenation until an appropriate organ becomes available
will be discussed. Challenges in the postoperative period, specific to lung transplanta-
tion for pulmonary artery hypertension, will be reviewed. The outcomes following
lung transplantation will also be considered in greater detail.

Keywords: lung transplantation, heart-lung transplantation, pulmonary
hypertension, primary graft dysfunction, bridge to transplantation, mechanical
circulatory support, ECMO

1. Introduction

Lung transplantation (LT) is a recognized therapy for appropriate patients with
end-stage lung disease (ESLD) due to idiopathic pulmonary artery hypertension
(IPAH) who remain symptomatic and continue to clinically worsen despite maximal
medical therapy. It offers both symptomatic and survival benefits in such patients [1].

This review begins with a historical note on pulmonary hypertension (PH) and LT
in general and for PH. The current global burden of the disease is discussed, along
with the number of LTs done annually worldwide, to highlight the current supply-
demand imbalance. The indications, with timing for referral and listing for transplan-
tation and contraindications, are reviewed. Surgical considerations, along with possi-
ble complications and outcomes, are elaborated. The global and Indian scenarios are
discussed, along with a mention of the possibilities for the future and the road ahead.

While data for all aspects of (PH) and LT are available for the developed countries,
data are sparse and of rather modest quality from developing countries like India—
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whose economy is on the rise. We shall also discuss the global scenario and that of
India with a brief mention of data from our unit.

2. Historical considerations
2.1 Historical aspects of PH

Despite being initially classed an “orphan disease,” numerous randomized
controlled trials (RCT) for targeted therapy in PAH have been performed [2], and a
lot of research done on this disease shows that from a global perspective, PH has
indeed attained epidemic proportions.

Since the late 1800s, varied reports about PH have been available in the literature.
A review article in 2019 highlighted the pivotal position of the development of right
heart catheterization (RHC) and discussed the history of diagnosis of PH in 2 different
eras—the pre-RHC and post-RHC eras [3].

2.1.1 Pre-RHC Eva

Ernst von Romberg, a German physician, was the first to describe post mortem
findings of sclerosed pulmonary blood vessels (pulmonary vascular sclerosis) in 1891.
The 24 year-old patient had no obvious cardiac or lung disease, but suffered from
severe dyspnea, chronic dizziness and cyanosis shortly before death.

In 1901, Abel Ayerza, an Argentina physician, described a similar clinical condition
referring to it as “cadiaco negros” or black cardiac disease, and it became to be known
as “Ayerza’s disease.”

Over the next few years, Escudera and Warthin in 1919 felt that this was due to
syphilis. Oscar Brenner refuted the syphilitic etiology in 1935 [3] after a study of
100 cases. The term PH was suggested with reluctance by Terence East after a
report on 3 cases in 1940 [4]. Although De Navasquez et al. suggested the term
“pulmonary arteriosclerosis” briefly in their article, after an autopsy report of
3 cases in 1940, in their concluding remarks, they recommended using the term
“idiopathic right ventricular hypertrophy” for this condition [5]. The diagnosis, then,
was mostly made postmortem, and the absence of any technique to measure the
pulmonary artery (PA) pressure antemortem stood in the way of confidently making
a diagnosis of PH.

2.1.2 RHC

The first ever cardiac catheterization by Werner Forsmann (in himself), a German
medical resident in 1929, opened the gates to the subsequent development of a cardiac
catheterization lab [6]. The contributions of Cournand and Richards in 1944 led to
accurate hemodynamic studies by RHC [7].

2.1.3 Post-RHC era

Following the advent of objective hemodynamic studies, the term “primary” pul-
monary hypertension was then used in 1951 by Dresdale et al. [8].
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2.2 Historical aspects of LT

Hardy et al. described the first LT in humans in 1963 [9]. Cooley did the first
combined heart-lung transplantation (HLT) in a patient who survived only 14 h.

The first successful HLT for pulmonary vascular disease was performed in 1981
and reported by Reitz et al. [10], and the first successful isolated LT was reported in
1983 by the Toronto Lung Transplant Group [11]. The same group reported the first
successful bilateral LT in 1986 [12].

The Indian scenario, as regards LT, has been one of gradual progress [13]. Of note,
due to conditions peculiar to the Indian subcontinent, HLT is more often performed
when compared to the developed countries [14].

2.3 Historical aspects of therapy for PH

It is, indeed, noteworthy that the first ever definitive treatment for PH was HLT—
which was successfully performed in 1981. It was only 14 years later, in 1995, that the
first drug—epoprostenol—was approved by the Food and Drugs Administration,
United States (FDA) as targeted therapy for PH. Subsequently, over the years,
numerous drugs have been found to be beneficial and approved for use by the FDA.

3. Number of LT performed worldwide and current global burden of PH:
a supply-demand imbalance

While exact figures for the prevalence of this disease are unknown, global esti-
mates suggest a prevalence ranging from 20 million to 70 million people [15, 16]. The
prevalence is more in developing than in developed countries [17]. It is estimated that
80% of patients with PH live in developing countries, and the likelihood of developing
PH is twice that in developing countries as compared to in developed countries [18].

As per the International Society for Heart and Lung Transplantation (ISHLT)
Registry data, 67,493 LTs were performed worldwide from Jan 1992 to June 2018. Of
these, 62,446 (92.5%) were performed in developed countries (North America and
Europe). The remaining 7.5% of the cases were performed in the rest of the world—
including developing countries. It has been estimated by the ISHLT that the figures
reported may represent 80% of the transplant activity globally [19].

Another data set looking at transplants done worldwide between Jan 1995 and June
2018 reported only 1863 (2.9%) LTs done for PAH out of a total number of 63,530 LT's
done worldwide during that period [20].

Based on data from Global Observatory on Donation and Transplantation
(GODT), for the year 2021, a total of 6470 LTs were done worldwide [21]. Of these
6470 LTs, the contributions from each of the World Health Organization (WHO)
regions [22] are as under: Region of Americas (AMR) 3096, European Region (EUR)
1964, Western Pacific Region (WPR) 1233, South East Asian Region (SEAR) 134,
Eastern Mediterranean Region (EMR) 43, and African Region (AFR) 0. The number
of LT from the SEAR, EMR, and AFR is only 177 (2.7%) LT in the year 2021.

The above data demonstrates the big divide between developed and developing
nations. While the prevalence of PH is very high, the number of LT is disproportion-
ately low, demonstrating an acute supply-demand condition.

In India, the data from Indian Transplant Registry (INTRAN) shows that a total of
473 LTs have been done until Feb 2023 [23]. A recent review article [24] has
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summarized the evolution of LT in India with available data stratified by the number
and types of operations in various states from inception until the time of publication.

We have previously reported a 3-year survival in LT performed for ESLD due to all
lung disease categories (including IPAH) of 76.2% [25].

In our unit in Chennai, India, 18 patients with ESLD due to IPAH have been wait-
listed for transplantation.

Of these 18 patients, 14 patients underwent HLT. Given the late presentation,
which is a common problem in India, all the patients had significant right ventricular
(RV) dysfunction. Our unit’s policy has been to consider HLT for patients with severe
RV dysfunction. Three patients died on the waiting list due to disease progression, and
one patient currently awaits transplantation.

Among the 14 patients who were transplanted, there were 3 early deaths—1 due to
bleeding and 2 patients succumbed to sepsis. There were 5 patients (36%) who devel-
oped primary graft dysfunction (PGD), out of which 4 patients required veno-venous
(VV) extracorporeal membrane oxygenation (ECMO) for Grade 3 PGD. Three out of
the 4 patients (75%) with post-op ECMO recovered fully, while 1 patient developed
septic shock and died. The 1-year survival after HLT for IPAH in our unit is 79%.

4. Registries and risk stratification models in PH
4.1 PH registries

Numerous registries exist for PH [26], which help in the understanding of the
disease and help in the development of risk stratification of models, which include the
Registry to Evaluate Early and Long-Term PAH Disease Management (REVEAL);
Swedish Pulmonary Arterial Hypertension Registry (SPAHR); Comparative, Prospec-
tive Registry of Newly Initiated Therapies for Pulmonary Hypertension (COMPERA);
and French Pulmonary Hypertension Network Registry (FPHR). Others include reg-
istries in developing countries [27] and the Spanish Registry survival of PH [28].

4.2 Risk scoring systems

Notable risk stratification scores for PH include REVEAL Score 2.0; FPHR,
SPHAR, and COMPERA risk assessment strategies; and the 2015 ERS/ESC PH risk
table, which have been analyzed and reported.

REVEAL 2.0 scoring system [29] has 14 variables and categorizes patients into 3
groups: low risk (REVEAL Score </= 6), intermediate risk (REVEAL Score 7 & 8),
and high risk (REVEAL Score >/= 9). The 2015 ERS/ESC PH guidelines [30] have
also categorized patients based on predicted 1-year mortality into 3 groups: low risk
(<5%), intermediate risk (5-10%), and high risk (> 10%).

4.3 Need for serial risk stratification

Risk stratification using objective scoring systems is a very important aspect of
treatment for IPAH because treatment recommendations and algorithms are
recommended based on risk stratification. At the same time, the first risk assessments
allow the physician to decide on appropriate targeted therapy. Serial assessments by
objective scoring help in assessing response to therapy and prognosis. Any
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deterioration is picked up early, and either therapy is escalated, or referral to an LT
center is done—before it is too late [31].

4.4 Other assessments for risk stratification

Since both the above models have some limitations, in addition to the above scores,
further clinical assessments like GMWT (6-minute walk test) and investigations echo-
cardiogram, cardiac MRI (magnetic resonance imaging), and serial biomarkers like
NT-pro-BNP should be considered for serial risk assessment.

5. Clinical trials in PH

PH has been the subject of numerous clinical trials, which have changed the
landscape of this dreadful disease over the decades, thereby improving the outlook of
numerous patients. A review article has elegantly discussed the evolving landscape of
clinical trials in PH [32]. There has been a sea change in IPAH from the rather dismal
“the kingdom of near dead” [33] to “multiple clinical trial meta-analysis” [34]. As
many as 41 RCTs in PH have been described until recently [35].

6. Indications, contraindications, and candidacy assessment for LT
6.1 Indications and candidate selection for LT

The general indications (apart from specific indications) for LT in end stage lung
disease who are very symptomatic despite maximal optimal medical therapy include
the following:

* 50% chance of dying in the next 2 years without a transplant
* 80% chance of surviving 90 days posttransplant

* 80% chance of surviving the next 5 years from a medical perspective, provided
the graft function is adequate.

For LT, disease-specific indications have also been described [36].

The available risk stratification models allow serial risk assessments and pick up
patients who are deteriorating early on, thereby permitting earlier and timely referral
for LT.

The indications and selection of candidates for LT were well-documented in 2015
[37] and the updated 2022 ERS/ESC PH guidelines [38] as well as the ISHLT 2014
consensus document [39] and updated ISHLT 2021 consensus document [40].

LT appears to be the only definitive therapy in patients who deteriorate despite
full medical therapy. It is not a therapeutic option that can be provided at short notice.
LT requires assessment for candidacy and wait-listing, which can be time-consuming.
Moreover, the waiting times are unpredictable, and if HLT is needed, waiting times
could be longer.

Given the nature of IPAH and its propensity for sudden deterioration despite
therapy and the uncertainties involved in LT, it is suggested that patients are referred
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to a transplant center at an earlier stage prior to major clinical deterioration—so that
valuable time is not lost.

6.1.1 Types of timing

In view of the uncertain disease progression in PH and uncertainties in LT,
guidelines and consensus documents emphasize the importance of “timing,” which is
of 2 types.

6.1.1.1 Timing for referval to a transplant center

Referral for transplantation is ideally done well in advance before the patient
deteriorates and becomes urgently in need of transplantation.

Patients on targeted therapy for IPAH should be risk stratified, and this has to be
serially done. The goal of therapy is to maintain a “low risk” status by either REVEAL
or ERS 2015 risk assessment tools. In case of failure of therapy to prevent progression
to “high risk” status after 3-6 months, the guidelines recommend referral to a trans-
plant center. Consideration of referral to a transplant center does not necessarily mean
that the patient will be wait-listed immediately. It is just to get assessments for
candidacy and discuss future options.

The ISHLT 2021 consensus document [40] suggests the following “timing for
veferral when

* ESC/ERS intermediate or high risk or REVEAL risk score 8 despite appropriate
PAH therapy.

* Significant RV dysfunction despite appropriate PAH therapy
* Need for IV or SC prostacyclin therapy.

* Progressive disease despite appropriate therapy or recent hospitalization for
worsening PAH

* Known or suspected high-risk variants such as PVOD/PCH, scleroderma, and
large and progressive pulmonary artery aneurysms

* Signs of secondary liver or kidney dysfunction due to PAH

* Potentially life-threatening complications such as recurrent hemoptysis.”

6.1.1.2 Timing for listing in a transplant center

Timing for listing as opposed to “referral” is when the patient has deteriorated
further, and decisions for LT have been made.

The ISHLT 2021 consensus document [40] suggests the following “timing for
listing when

» ESC/ERS high risk or REVEAL risk score > 10 on appropriate PAH therapy,
including IV or SC prostacyclin analogue
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* Progressive hypoxemia, especially in patients with PVOD or PCH Progressive,
but not end-stage, liver or kidney dysfunction due to PAH

* Life-threatening hemoptysis”

The 2022 ERS/ESC PH Guidelines [38] offer similar recommendations regarding
timing for referral and listing for LT.

* “It is recommended that potentially eligible candidates are referred for LTx
evaluation when they have an inadequate response to oral combination therapy,
indicated by an intermediate-high or high risk or by a REVEAL risk score > 7

* It is recommended to list patients for LTx who present with a high risk of death
or with a REVEAL risk score >10 despite receiving optimized medical therapy,
including s.c. or i.v. prostacyclin analogues.”

The level of evidence for both the above recommendations is C [38].

6.1.2 Contraindications for LT:

Due to advances in all disciplines—surgical, pharmacological, immunology, basic
sciences, care in the intensive care unit (ICU), and mechanical circulatory support—
patients are now being considered for LT, whose clinical profiles a few decades ago
might be considered prohibitively risky. The current contraindications for LT are
listed in a recent consensus document by INSHLT [40].

6.1.3 Pretransplant workup, candidacy assessment, and decision-making process

This requires a comprehensive work of all systems of the body and has already
been described previously [13, 40, 41].
Following the workup, we follow a 3-question decision-making process [13]:

1.Have we confirmed the disease is end stage, and no non-transplant options are
available?

2. Are the other body systems adequately functioning to cope with a transplant
operation?

3.Have we ruled out major absolute contraindications?

If the answers to all three questions are in the affirmative, a decision to
proceed with wait-listing is considered after fully informed consent by the patient
and family.

The risk assessment process takes the following into account.

Risk versus benefit of the proposed transplant.

Risks with transplant versus risks without transplant.

If the above risk profile is acceptable and patients provide fully informed consent,
the patient is wait-listed for the appropriate transplant operation.
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7. Pretransplant management of wait-listed patients
7.1 Care of stable patients at home

Maintenance of the status quo by taking care, whenever possible, to prevent
deterioration until an organ is available would be the central aim. The cornerstone
would be adherence to maximal and optimal medical therapy, ensuring compliance
with salt and fluid restrictions and nutritional [42] and physical rehabilitation. Ensur-
ing adequate intake of vitamins and trace elements while adhering to prescribed salt
and fluid restriction is mandatory.

Physical therapy has plenty of beneficial effects [43-47] and is best
performed under the guidance of the physiotherapist. Graded exercise regimens
are to be undertaken to avoid heart rates of over 110/minute during exercise. Point-of-
care testing could be done at home, such as pulse oximetry and blood pressure
recordings. 6MWD can be easily measured at home. Any deviation from the
accepted range of values can be brought to the attention of the transplant team for
immediate action.

Avoidance of infection and oxygen supplementation, as advised, should be
followed religiously.

7.2 Care of patients with clinical deterioration in ICU
7.2.1 Evaluation and monitoring

In addition to basic monitoring like continuous ECG, pulse oximetry, and respira-
tory rate on a cardiac monitor, these patients will also require invasive hemodynamic
monitoring such as conitnuous arterail pressure and central venous pressure (CVP)
monitoring. Insertion of Swan Ganz catheter may be needed in sick patients for
monitoring pulmonary artery pressures (PAP), pulmonary capillary wedge pressures
(PCWP), cardiac index (CI), pulmonary vascular resistance (PVR), and systemic
vascular resistance (SVR). In these sick patients accurate fluid balance records must
be maintained. Insertion of urinary catheter helps by monitoring hourly urine output.
Almost always, these patients are volume overloaded, and boluses of volume infusion
during hypotension must be avoided [48, 49].

7.2.2 Optimiging RV function

Optimizing RV function is the most important after treatment of the precipitating
cause of exacerbation. Echocardiographic assessment of the RV indices, including RA,
RV chamber size, and septal position, guides therapy and monitoring response. CVP
measurements are monitored, and negative fluid balance with a view to reducing RA
pressure is done. Bolus doses and infusion of intravenous diuretics often help. If
adequate diuresis is not achievable, ultrafiltration needs to be considered.

Atrial arrhythmias are to be controlled by the correction of electrolyte imbalance
and antiarrhythmic drugs, and if not controlled by the above, DC cardioversion is
considered.

IV ionodilators such as milrinone and dobutamine help in optimising RV function,
but frequently require concomitant vasopressors such as noradrenaline and vasopres-
sin. Of the 2 vasopressors, vasopressin is preferable due to its pulmonary vasodilatory
effects [50, 51].
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Intravenous or inhaled pulmonary vasodilators are to be used when available. IV
prostacyclin or inhaled prostaglandin, or IV sildenafil—given that the oral absorption
of orally available pulmonary vasodilators may be suboptimal—is to be considered
and used appropriately.

7.2.3 Mechanical ventilation

When other methods of oxygen delivery fail, and MV is mandatory, the deleteri-
ous effects on RV function need to be borne in mind, being ready to commence
suitable inotropes and being ready for further escalation with mechanical circulatory
support (MCS), if required.

7.2.4 Escalation to bridging therapies
Bridging therapies are only considered in

* Patients where recovery from the current deterioration is likely—Bridge to
recovery (BTR)

* Suitable patients awaiting LT or are LT candidates—Bridge to Transplant (BTT)
7.2.4.1 Bridging by percutaneous intervention
7.2.4.1.1 Balloon atrial septostomy (BAS):

Done percutaneously, this helps to off-load the RA into the left side, but at the
expense of oxygen saturation [52], and improves cardiac output by augmenting pre-
load of the LV. Resting oxygen saturations below 90%, RA pressure greater than
20 mmHg, and LVEDP greater than 18 mmHg are contraindications [53].

7.2.4.1.2 Potts Shunt

This procedure can be done both percutaneously and surgically. Given that the
right-to-left shunt is distal to the LSCA, the heart, brain, and upper limbs receive
oxygenated blood, and this helps in preserving myocardial function while
decompressing the right heart at the same time.

7.2.5 Bridging by MCS
7.2.5.1 ECMO

The most commonly used MCS for RVF [48, 54] due to PH is ECMO, which can
be safely instituted at the bedside. ECMO is used most often as a BTT and
occasionally as a BTR.

Most often, it is a peripherally inserted veno-arterial (VA) ECMO with distal
arterial perfusion to avoid ischemic complications of the lower limb. On rare occa-
sions, central-paced ECMO may be needed. ECMO helps off-load the right ventricle
and helps oxygenation.

In peripheral VA ECMO, if gas exchange in the lungs is poor, there is a risk of
differential oxygenation (Harlequin syndrome), with the heart and blood getting
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deoxygenated blood from native circulation and the lower limb getting oxygenated
blood from the retrograde blood from the ECMO machine [55]. This will affect cardiac
function and may need conversion to a veno-arterial-venous (VAV) configuration
with an additional cannula to the superior vena cava (SVC) or RA from the arterial
end of the ECMO machine to improve upper body oxygenation.

7.2.5.2 PA-LA shunt

This shunt requires surgical insertion of 2 cannulae in the PA and LA and
connected to a pumpless oxygenator. The high pressure in the RV generates the flow.
The main advantage is that of the oxygenated blood reaching the left side and,
importantly, increasing the input to the LV, thereby preparing it for an eventual
luxuriant flow from the transplanted lungs [56].

7.2.5.3 RVAD

While isolated RAVD as a support in PH has been reported [57], in comparison to
ECMO, there are heightened risks of pulmonary edema and bleeding, as a result of
which, it has not found widespread usage.

7.2.5.4 Outcomes after MCS for RVF in PH

The outcomes are very acceptable, given that these patients would not have sur-
vived without MCS support. A report in 2019 [48] elegantly summarizes the data
from 11 studies on the outcomes after MCS in PH. Out of a group of 81 patients, 77
patients had MCS as a BTT. Of these, 72 patients out of 77 (94%) had LT. Among the
72 patients who had LT, 56 patients (78%) were discharged home.

8. Surgical considerations of LT for IPAH
8.1 The choice of type of LT

Currently, whenever feasible and in appropriate patients, DLT is the operation of
choice for patients with ESLD due to IPAH and is the most commonly performed
operation worldwide for this indication [20].

8.1.1 Single lung transplantation (SLT)

In view of the scarcity of organs, SLT is an alternative to HLT, which was initially
done for patients with IPAH [58, 59]. It is now given up in most centers largely due to
better outcomes with DLT in terms of survival, degree of recovery of right heart
function, and symptomatic relief [60].

812 DLT

It is the most commonly performed type of LT for IPAH. This is borne out of the
fact that 95% of all LTs for IPAH were DLTs [20]. DLT has even been recommended
to be the preferred operation of choice over HLT, irrespective of the degree of right
ventricular dysfunction, provided the left ventricular function is normal [61].
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Furthermore, in patients with surgically correctable cardiac lesions such as septal
defects, valve diseases, and coronary artery diseases, with normal left ventricular
function, concomitant corrective cardiac surgery with DLT is the preferred option
[62]. In patients with pulmonary artery (PA) aneurysms due to IPAH, PA plasty with
DLT [63] has been reported.

8.1.3 Combined heart-lung transplantation

HLT has traditionally been the transplant operation of choice, being the first ever
definitive therapy, in 1981, for ESLD due to IPAH [61, 64, 65]. By 1986, 28 cases of
HLT were reported; however, at that point in time, caution was expressed in
recommending it as a routine clinical intervention in view of the lack of long-term
data [66]. As of now, HLT is usually considered for a subset of patients with IPAH,
while the remaining great majority are offered DLT.

In IPAH patients with intrinsic LV dysfunction and objective evidence of fibrosis
and scarring of RV on Cardiac MRI, HLT can be considered [62]. Anatomical aspects
such as severe cardiac enlargement, which may encroach on the pleural space [62], or
the presence of giant aneurysms of the PA [67] may also lead to the consideration
of HLT.

HLT is being considered in some centers, given the challenges of immediate post-
operative balancing of LV and RV function after DLT patients [68]. The immediate
postoperative ICU management of hemodynamics is much easier in HLT, provided
there is no bleeding. Furthermore, the incidence of PGD is less compared to the
patients who underwent DLT [69].

8.1.4 DLT vs. HLT in patients with IPAH

The debate continues as to the most appropriate transplant surgery for IPAH.

Given the scarcity of donor organs, DLT appears to have logical appeal, and the
growing literature supports its use [69, 70]. However, in a subset of IPAH
patients, outcomes after DLT may fall short, and its use may result in the loss of
precious organs—again, in the background of scarce resources.

While there are reports suggesting that patients with severe RV dysfunction do
better with HLT [64], some authors argue that RV dysfunction, no matter how severe,
should not be a contraindication for DLT [48]. Objective evidence of RV recovery
after DLT for IPAH has been confirmed by CMRI [71], further supporting the choice
of DLT. Despite the reduced incidence of PGD following HLT, DLT is preferred by
some centers [69], given that the overall survival and freedom from chronic lung
allograft dysfunction (CLAD) are similar.

Some authors [70] have defined a subset of patients for whom HLT is more
appropriate. There is an increased 3-month mortality following DLT for IPAH—
mostly due to severe RVF or PGD. Furthermore, there are some patients whose RV
does not recover. These authors believe identifying such a subset for HLT will be
beneficial. They suggest that patients below 65 years with a high risk of RV failure,
PGD, and low likelihood of RV recovery should be offered HLT.

Following their institutional policy of considering HLT for patients with severe RV
dysfunction, in a center in France, the reported long-term outcomes between DLT
and HLT for IPAH in 291 patients showed no significant difference [68], lending
credence to the view that identifying subsets of patient for HLT results in overall
better outcomes.
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8.1.5 Giant PA aneurysms complicating IPAH

Giant PA aneurysms rarely occur in patients with severe IPAH. While HLT can be
considered [67], given the higher risk of bleeding, the scarce resource, and the
increased waiting time for HLT, consideration of DLT with surgical repair of PA
aneurysm is appropriate and has been reported [72-74]. Two case series [75, 76] of
patients with giant PA aneurysm who have been successfully managed with DLT
without recourse to HLT suggest that the option of DLT with surgical repair of PA
aneurysm must be considered whenever possible.

8.2 Incisions and access to the chest cavity
8.2.1 For DLT

We routinely use clamshell incision (bilateral anterior thoracotomy with trans-
verse sternotomy) for access [25, 77] though many centers prefer median sternotomy
[78]. The clamshell incision offers excellent exposure but can be painful and affect
chest wall mechanics. Sternotomy, on the other hand, is less painful, but the exposure
is not as good as in a clamshell incision, especially for the pulmonary vein (PV)
anastomosis on the left side [79]. While some authors report better outcomes and
results with sternotomy [80, 81], there are reports showing no statistically significant
differences between either approach [82]. Some centers recommend bilateral anterior
thoracotomy without sternal split [83, 84]. A minimally invasive video-assisted
approach has also been described for DLT [85].

8.2.2 For HLT

The most common access for HLT is viz median sternotomy, though at times,
clamshell may be used in case of multiple previous surgeries or anatomical situations
wherein sternotomy may be a challenge.

8.3 The technique of LT

The operative techniques of LT have been well described [77, 25, 86, 87]. Only
those aspects of operative technique with more than one way of performing and that
significantly impact outcomes are elaborated here in greater detail.

8.3.1 Avoidance (“Off-pump”) or use of circulatory support (“On pump”) during LT

Large volume centers have routinely performed the LT “Off-pump” in about 70%
of their patients [88] without the use of circulatory support, resorting to their use only
in cases of intraoperative hypoxemia, hypercarbia, hypotension, or cardiac instability
[89]. The newly implanted lung oxygenates the body when the second lung implan-
tation is in progress. This requires special protective ventilatory strategies to “protect”
the newly implanted lung during bilateral sequential LT.

The proponents [90] for the use of cardiopulmonary bypass (CPB) argue that not
all lung injury is due to the deleterious effects of CPB and that there is 35% alveolar
damage in LT performed off-pump. Furthermore, a lot of lung injury results from
increased hydrostatic pressure when the clamps are released. Also, when significant
hypoxia develops because of severe mismatch due to perfusion in the native lung, the
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native PA must be clamped urgently to improve oxygenation. This results in the entire
cardiac output being diverted to the newly grafted lung. Although gradual unclamping
of PA can be done, controlled reperfusion to mitigate the effects of free radical injury
during reperfusion as possible with CPB is seldom possible. The planned use of CPB is
always preferable to “crashing” onto CPB with uncontrolled situations leading to
suboptimal outcomes.

Those arguing for the avoidance of CPB [91] often cite the deleterious effects of
CPB, such as complement activation, cytokine release, exposure of blood to the air-
fluid interface in the reservoir, and the ensuing intense pro-inflammatory states that
occur with CPB. Furthermore, they point out the need for systemic anticoagulation
and increased incidence of bleeding—requiring transfusion of blood products that
could cause lung injury.

8.3.2 CPB vs ECMO

The type of circulatory support could be either conventional CPB or ECMO, which
has become more prevalent in the last 2 decades. With the premise that avoiding blood
products is beneficial to LT patients, the advantages of intraoperative ECMO over
intraoperative CPB include lesser anticoagulation with reduced likelihood of bleeding
and requirements of blood products. Studies comparing intraoperative use of ECMO
and CPB have been reviewed recently [92].

While some authors report worse outcomes with the use of ECMO during
LT [93], most of the studies recommend ECMO over CPB for circulatory support
during LT when needed [94-96]. A meta-analysis in 2017, looking at 6 studies
comparing the use of ECMO and CPB during LT [97], reported that ECMO was
beneficial in terms of shorter periods of ventilation and ICU stay and reduced
incidence of PGD with reduced mortality rates at 3 months and 1 year in the ECMO

group.
8.3.3 “Planned” extension of intraoperative ECMO onto postoperative period

Patients with long-standing and severe IPAH have an increased PVR, which limits
the return to the left ventricle leading to an underfilled LV. These patients, after DLT,
are unable to tolerate the copious return to the LV through the new lungs, which have
alow PVR.

To mitigate this unfavorable effect on the “unprepared” LV, it was hypothesized
that a period of the planned extension of VA-ECMO onto the postoperative period
would be beneficial and would gradually help the LV adapt, remodel, and handle the
extra inflow. This technique resulted in survival benefits at 3 months and 1 year [98].
Other reports further confirmed this finding along with excellent cardiac function
[96, 99, 100]. A reduction in the incidence of PGD was also reported following this
technique [101]. A review of these studies on the prolongation of intraoperative
ECMO has been reported [92].

9. Postoperative aspects and complications after LT for PH

Only postoperative aspects and complications specific to LT for PH are
discussed here.
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9.1 PGD

PGD is the condition most often happens within 72 h after LT and is associated
with hypoxemia and opacities on chest X-ray (CXR). Based on severity, PGD can be
graded from grade 0 to grade 3 [102-104]. Grade 3 PGD is often treated with ECMO,
and the sooner ECMO is instituted, the better are the outcomes.

PGD occurs more often when LT is done for PH and is an important cause for
heightened early mortality seen after LT for these patients [102].

9.2 Maintenance of tenuous balance between LV and RV function

The real challenge of balancing the RV and LV function after DLT for PH is one of
the reasons HLT is preferred in a few units.

In severe IPAH, because of the very high PVR, a relatively reduced amount of
blood gets past the pulmonary circulation onto the left atrium and LV. Thus, the
native LV is chronically underfilled, resulting in a small cavity, “stiff LV” with dia-
stolic dysfunction. After a DLT, the new lung with low resistance allows a luxuriant
flow across it to the left side. This sudden “flooding” of an unprepared LV results in
pulmonary edema.

Hence, the fluid balance must be judiciously managed, aiming for negative
balance by reducing IV fluids and forcing diuresis. This method of treating the
“flooded” LV is poorly tolerated by the dilated RV, which needs more filling. The
scenario is exacerbated when there is concentric hypertrophy of RV in response to
severe PH—creating a “right-sided-HOCM-like-picture” resulting in a type of
dynamic RVOTO. Again, this scenario, quite paradoxically, needs volume infusion “to
open” up the RV and avoidance of inotropes that can worsen RVOTO (very similar to
how inotropes aggravate LVOTO in HOCM by systolic thickening of the
hypertrophied ventricle).

Thus, diametrically opposing therapies must be cautiously balanced in the imme-
diate postoperative period. For this reason, some authors electively “plan” to prolong
the VA ECMO onto the postoperative period—to “prime” the LV, and excellent
reports have been reported with this technique.

10. Outcomes

The outcome following LT depends on the preoperative clinical characteristics and
the lung disease for which LT was performed. This is because, unlike other solid organ
transplantation, the outcomes following LT depend on the disease for which LT was
performed [105].

Among other classes of lung diseases requiring LT, in IPAH, the risk of developing
PGD and early mortality after LT is higher than with other diseases [41].

Despite this early hump, more encouragingly, among the LT patients for IPAH
who survive 3 months, the survival improves, with even further survival benefits
conditional on surviving 1 year [20].

Table 1 summarises the data in a report from the ISHLT in 2019 [20] and depicts
the median survival for LT all classes of lung disease. It can be seen from Table 1 that
if the patients survive more than 1 year after LT, the IPAH patients enjoy an excellent
median survival of 12 years, which is second only to patients with cystic fibrosis.
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Disease category Overall 3 month conditional survival 1 year conditional survival
CF 9.9 11.2 12.4

IPAH 7 10.6 12

AIATD 71 8.4 9.3

COPD 6 6.7 7.4

ILD - not IPF 6.7 7.6 8.5

IPF 5.2 6.3 7.3

Table 1.

Median survival in years after LT — all classes of disease.

11. Road ahead
11.1 Global perspective

Clearly, the outcome following LT has improved due to technological advances in
all fields, leading to a better understanding of immunology, translating into better care
postoperatively—in terms of diagnosis and treatment of rejection. While donor-
derived cell-free deoxyribonucleic acid (dd-cfDNA) has been available [106, 107],
methods using donor-derived cell-free ribonucleic acid (dd-cfRNA) as a liquid biopsy
to give us early warning signs prior to the development of clinical rejection is very
promising. Developments and advancements in the equipment for MCS further
improve outcomes. The use of drones helps increase the donor pool. Ex vivo lung
perfusion (EVLP) has been known to increase the donor pool. Various methods in
order to “repair” donor lungs prior to transplantation have been reported [108],
along with superior immunosuppression, surgical techniques, and better donor
organ preservation. Donor preservation systems, while being available for
decades, have improved further in recent times with regard to maintaining
uniform cold temperatures with good clinical outcomes [109]. Most recently,
the introduction of the Lung Composite Allocation System (CAS) in early 2023
has been expected to reduce waitlist mortality, improve posttransplant outcomes,
and improve overall measures of equity [110]. A well-written editorial has been
published recently, which discusses the future directions for LT makes interesting
reading [111].

11.2 Indian perspective

While considerable strides have already been made in the field of heart and LT
[25], it is worth keeping in mind that cutting-edge healthcare delivery across the
spectrum can be labor- and resource-intensive with attendant high financial costs.
Furthermore, in India, penetration by health insurance companies is very small, and
most people may have to self-fund their healthcare expenses.

To minimize costs and to make this therapy available to all, several research teams
involving the collaboration of clinicians and, basic science experts, mechanical engi-
neers are in the process of developing indigenous models for drones, circulatory
support needed for the care of these patients at a fraction of the current costs and
thereby benefit more patients—who currently cannot afford the same.
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12. Conclusion
The outlook of patients with IPAH is promising. Once an orphan disease with a

bleak prognosis, the landscape of IPAH has undergone a paradigm shift. Among those
patients undergoing LT, the current survival rate is excellent, with good quality of life.
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Chapter 8

Double Lung and Heart-Lung
Transplantation for Congenital
Heart Disease with Eisenmenger
Syndrome and Idiopathic
Pulmonary Arterial Hypertension

Gustavo L. Knop and Alejandra Castro-Varela

Abstract

Patients with pulmonary hypertension who develop concomitant refractory
end-stage lung disease and/or chronic end-stage heart disease should undergo
evaluation to determine if they are candidates for double lung (DLTx) or heart-lung
transplantation (HLTx). Pulmonary hypertension is the indication for approxi-
mately 4.5% of total lung transplants. The most common indication for HLTx is
complex congenital heart disease (CHD) with Eisenmenger syndrome. HLTx is also
indicated in patients with idiopathic pulmonary arterial hypertension and severe
right ventricular (RV) failure. Patients with pulmonary hypertension represent a
heterogenous group not only in terms of mechanism leading to the development of
pulmonary hypertension but also regarding the presence and degree of right and/or
left ventricular dysfunction. The choice between double lung transplant (DLTx) and
HLTx is based on the etiology, clinical presentation, and other factors. In this chapter,
we will discuss the treatment of patients with CHD with Eisenmenger syndrome and
idiopathic pulmonary arterial hypertension, including the surgical option of DLTx
and HLTx.

Keywords: bilateral lung transplant, heart-lung transplant, Eisenmenger syndrome,
idiopathic pulmonary arterial hypertension, pulmonary hypertension

1. Introduction

Pulmonary hypertension (PH) affects 1% of the world population, up to 10% of
individuals older than 65 years, and at least 50% of patients with heart failure (HF)
[1]. Right-sided heart catheterization is used to diagnose PH and it is defined as a
mean pulmonary arterial pressure (mPAP) of >25 mmHg. Precapillary PH is present
when pulmonary artery wedge pressure (PAWP) is <15 mmHg or pulmonary vas-
cular resistance (PVR) is >3 Wood units. Post-capillary PH is present when PAWP is
>15 mmHg (Figure 1) [1]. As shown in Table 1, pulmonary hypertension is classified
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Mean Pulmonary Arterial Pressure = 25 mmHg

l

Pulmonary Hypertension

Left heart disease
PAWP > 15 mmHg

I

PH due to pulmonary artery
obstruction |

PAWP <15 mmHg

Lung disease
PAWP < 15 mmHg

Multifactorial
PAWP < 15 mmHg or > 15 mmHg

Pulmonary Arterial Hypertension
PAWP < 15 mmHg, PVR> 3.0 WU

Figure 1.

Diagnostic algorithm for pulmonary arterial hypertension. PAWP: pulmonary arterial wedge pressure, PVR:

pulmonary vascular vesistance.

Groups

Prevalence

Group 1 - Pulmonary arterial hypertension

Rare

1.1 Idiopathic

1.2 Heritable

1.3 Drug- or toxin-induced

1.4 Associated with certain conditions
Including congenital heart diseases

Group 2 - PH associated with left heart disease

Very common

2.1 Left ventricular systolic dysfunction

2.2 Left ventricular diastolic dysfunction

2.3 Valvular disease

2.4 Outflow tract obstruction and congenital cardiomyopathies

Group 3 - PH associated with lung disease and/or hypoxia

Common

3.1 Chronic obstructive pulmonary disease
3.2 Interstitial lung disease

Group 4 - PH associated with pulmonary artery obstruction

Rare

Group 5 - PH with unclear and/or multifactorial mechanisms

Rare

5.1 Hematologic disorders
5.2 Systemic disorders

5.3 Metabolic disorders
5.4 Others

Table1.
Classification of pulmonary hypertension (PH).

into five groups: pulmonary arterial hypertension (PAH), secondary to left-heart

disease, secondary to lung disease and/or hypoxia, secondary to pulmonary artery
obstructions, and multifactorial. PAH is further divided into idiopathic, heritable,
drug- and toxin-induced, associated with various conditions including congenital
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heart disease (CHD), PAH in long-term responders to calcium channel blockers,
with venous and/or capillary involvement, and of the newborn [1]. Regardless of the
cause, patients with PAH have deteriorating symptoms, poor long-term prognosis,
and increased mortality. This chapter will discuss the use of double lung transplant
(DLTx) and heart-lung transplant (HLTx) to treat end-stage idiopathic and congeni-
tal heart disease-associated PAH unresponsive to maximal medical treatment.

2. Etiopathogenesis

Idiopathic PAH (IPAH) is a diagnosis of exclusion and accounts for 39-46% of all
PAH cases [1]. PAH associated with congenital heart disease can lead to Eisenmenger
syndrome (ES), defined as PH at systemic level with a reversed or bidirectional shunt at
aortopulmonary, ventricular, or atrial level [2]. Large tertiary CHD cohorts still report
ES in 1% to 5.6% of patients [3]. It usually develops in patients with untreated (large
atrial or ventricular septal defects) or complex (univentricular hearts) congenital heart
defects, as well as surgically created extracardiac left-to-right shunts. The continued
development of the field of congenital cardiac surgery has allowed early diagnosis and
timely repair of simple defects and thus reduction of ES, particularly in high-income
countries. However, ES is still present as a consequence of complex cardiac anatomy, as
well as unrepaired defects in low- and middle-income countries. Patients with persistent
shunts initially have increased pulmonary blood flow, which eventually leads to pulmo-
nary microvasculature remodeling and pulmonary blood flow obstruction.

3. Histopathology

Patients with PAH undergo loss and obstructive remodeling of the pulmonary vas-
cular bed (Figure 2) [1]. The pathological process involves endothelial dysfunction,
intimal hyperplasia and fibrosis, smooth muscle proliferation and medial hypertro-
phy, adventitial proliferation, and in-situ thrombosis. Continued arterial blood flow
obstruction provokes further remodeling and formation of end-stage characteristic
plexiform arteriopathy. Eventually, chronic cases of both diseases cause right ventricle
(RV) hypertrophy and right atrium dilatation, which convert these chambers from
low-pressure to high-pressure spaces. Eventually, the RV also starts to dilate in order
to maintain stroke volume and ensues RV dysfunction.

4. Clinical presentation and diagnosis

Early-stage PH usually presents with nonspecific symptoms such as exertional and
at-rest dyspnea, fatigue, chest pressure, or syncope. Late-stage PH is characterized by
progressive RV dysfunction that presents with dilated jugular veins, hepatomegaly,
ascites, and lower extremity edema. At cardiac auscultation, a pronounced pulmonic
component of the second heart sound (P2) and a systolic murmur over the left
para-sternal border can be heard if tricuspid regurgitation is present. Eisenmenger
syndrome patients also have a variable clinical presentation that depends on the
underlying cardiac defect and associated end-organ complications.

Useful imaging tests include electrocardiogram, chest X-ray, and echocardiogram.
Electrocardiogram-specific signs include P pulmonale, R wave to S ratio > 1 in the V1
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Figure 2.
Histologic changes in PH in different branches of the pulmonary artery.

lead, and right ventricular strain and an S1Q3T3 pattern can sometimes be observed.
Chest radiogram can show right atrial enlargement and dilated pulmonary arteries.
Echocardiography can help determine the size and function of right-heart chambers,
as well as congenital or acquired heart defects.

Right-heart catheterization should be performed in all cases to confirm the diag-
nosis. Performing vasoreactivity testing during right-heart catheterization is recom-
mended as it allows the identification of patients with a good response to calcium
channel blockers.

A ventilation-perfusion scan is obligatory to exclude PH secondary to pulmonary
artery obstructions in patients with no left heart or lung disease. Additional tests that
can aid in the diagnosis and further characterization of the disease include pulmo-
nary function tests, high-resolution and contrast-enhanced computed tomography,
pulmonary angiography, cardiac magnetic resonance imaging, and polysomnography.

5. Prognosis

A baseline systemic evaluation is important for predicting patients’ prognosis as
it determines initial therapy. Additionally, response to treatment should be evalu-
ated. Useful markers for initial and follow-up assessment include the World Health
Organization functional class (I to IV), hemodynamic variables, and echocardio-
graphic parameters. Hemodynamic variables include mPAP, PVR, mean right atrial
pressure, cardiac index, mixed venous oxygen saturation, systolic blood pressure,
and exercise tolerance [4]. Echocardiographic characteristics that should be assessed
include the presence of pericardial effusion or right atrial area in end-systole >18 cm”.
Elevated brain natriuretic peptide may indicate right ventricular overload and
increased uric acid levels may indicate tissue hypoxia secondary to venous congestion
in patients with PAH [4].

PAH patients are considered low clinical risk when they have a 6-min walk dis-
tance greater than 440 m, peak VO2 > 15 mL/min/kg, and a cardiac index >2.5 L/
min/m’ [4]. Of note, pulmonary risk stratification for patients with ES is very limited
when compared to IPAH, as they represent very different diseases and the informa-
tion available for IPAH cannot be extrapolated for ES.
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Reported survival rates for PAH are between 68 and 93% at 1 year and 39-77% at
3 years [1]. The long-term prognosis for ES remains unfavorable with survival rates of
74-81% at 5 years and 57% at 10 years. The higher survival rate reported for patients
with ES compared to IPAH may be due to ES patients having a slower disease progres-
sion and potentially higher plasticity of cardiac myocytes earlier in life, which may lead
to a better adaptation of the right ventricle to increased afterload [5-7]. Nonetheless,
untreated ES patients continue to have a significantly limited life expectancy, particu-
larly when the underlying heart defects are complex. The current leading causes of death
are heart failure, infections, sudden cardiac death, thromboembolism, hemorrhage, and
perioperative complications [8]. Studies have associated several risk factors with higher
mortality in ES patients. Diller et al. report functional class, presence of heart failure
signs, history of clinical arrhythmia, QRS duration and QTc interval, and lower serum
albumin and potassium levels as important predictors of mortality [9]. Kempny et al.
also found higher mortality associated with age, the presence of a pre-tricuspid shunt,
lower oxygen saturation at rest, absence of sinus rhythm or arrhythmias, and presence of
pericardial effusion [10]. Moceri et al. created a composite score based on the strongest
echocardiographic predictors of outcome which included tricuspid annular plane sys-
tolic excursion <15 mm, ratio of right ventricular effective systolic to diastolic duration
>1.5, right atrium area > 25 cm’, and ratio of right atrium to left atrial area > 1.5 [11].

6. Treatment
6.1 Medical treatment

Patients with IPAH and positive response to vasoreactivity testing should be
treated with calcium-channel blockers. For non-responders, PAH-specific drugs
(Table 2) that target the endothelin, nitric oxide, or prostacyclin pathways should
be considered, as these pathways are associated with abnormal proliferation and
contraction of the smooth muscle cells of the pulmonary arteries in patients with PAH
[12]. Endothelin receptor antagonists include bosental, ambrisentan, and maciten-
tan. Phosphodiesterase-5 (PDE-5) inhibitors, such as sildenafil and tadalafil, and
the soluble guanylate cyclase stimulator, riociguat, act on the nitric oxide pathway.

Mechanism of action Drug name Administration route
Endothelin-receptor antagonists Bosentan Oral
Ambrisentan Oral
Macitentan Oral
Phosphodiesterase type 5 inhibitors Sildenafil Oral
Tadalafil Oral
Guanylate cyclase stimulator Riociguat Oral
Prostacyclin analogs Epoprostenol Intravenous
Tloprost Inhaled
Treprostinil Subcutaneous or intravenous
Beraprost Oral
Prostaglandin I2 receptor agonists Selexipag Oral
Table 2.

Approved drug for treatment of pulmonary arterial hypertension.
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Prostacyclin analogs include epoprostenol, treprostinil, and iloprost, while selexi-
pag is an oral prostacyclin IP receptor agonist [13]. These medications can be used
alone or in combination. Dual combination therapy with a PDE-5 inhibitor and an
endothelin-receptor antagonist is the most widely utilized regimen, particularly in
patients with low or intermediate risk. The goal of medical treatment is achieving a
low clinical risk, which as mentioned previously, is defined as a 6-min walk distance
greater than 440 m, peak VO, > 15 mL/min/kg, and cardiac index >2.5 L/min/m? [4].
When the treatment response is inadequate despite maximal medical therapy, referral
for transplant evaluation should be considered.

6.2 Surgical treatment

The 2019 International Heart and Lung Transplantation Registry reports IPAH as
an indication of more than 1800 lung transplants and non-IPAH PH to almost 1000
lung transplants from January 1995 to June 2018, representing 4.5% of total lung
transplants [14]. Among all lung transplant indications, IPAH has the highest peri-
operative mortality [15]. Despite being clinically complex patients, the discussion of
double lung (DLTx) (Figures 3 and 4) or heart-lung transplantation (HLTx) should
be initiated early in cases of end-stage cardiopulmonary disease secondary to PH.

A systematic review and meta-analysis evaluated short-term and long-term
outcomes of patients with end-stage cardiopulmonary disease of different etiologies
after DLTx vs. after HLTx, and found no significant differences between DLTx and
HLTx patients in 1-, 3-, 5-, and 10-year survival rates [16].

Figure 3.
Surgical incision for double lung and heart-lung transplant.
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Figure 4.
Anatomy of double lung transplant.

In patients with PAH, DLTx is preferred over single lung transplant [17]. DLTx can
be considered in patients with PH and recoverable ventricular function, as a rapid
reduction in pulmonary resistance after DLTx frequently results in improved right
ventricular function [16]. Hadebank et al. reported a significant decrease in right ven-
tricular systolic pressure and end-diastolic diameter after DLTx [18]. Nevertheless,
patients with postoperative LV failure after DLTx are more susceptible to pulmonary
venous congestion and early graft failure. Early after DLTx for severe PH, the LV
may be unable to handle normalized LV preload [19]. The Hannover group reported
successful bridges to recovery in patients with PH with the use of awake venoarterial
extracorporeal membrane oxygenation [19]. Complex ES remains the main indication
for HLTx in PAH [20].

Most studies report similar short and long-term outcomes of patients with
progressive end-stage PH after DLTx and HLTx [16, 21-24]. However, other stud-
ies report different post-transplant survival rates [25, 26]. An important outcome
predictor of both procedures is the degree of preoperative right ventricular dysfunc-
tion. For successful DLTx, authors propose that patients should have a left ventricular
ejection fraction between 32 and 55% and right ventricular ejection fraction between
10 and 25% [20, 22, 27, 28]. In most patients with pulmonary arterial hypertension
and preserved left ventricular (LV) function, there is no advantage to HLTx compared
with isolated DLT, even in the presence of limited right ventricular dysfunction.
However, great disparity continues to exist among centers regarding the lowest
acceptable right and LV ejection fraction for DLTx, particularly among patients
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with IPAH, and some centers prefer combined HLTx if severe dysfunction exists.
Disadvantages of HLTx, however, include exposure of the recipient to risks of both
graft coronary artery vasculopathy and chronic lung allograft dysfunction. The avail-
ability of new medical therapies for patients with pulmonary arterial hypertension
and congenital heart disease with Eisenmenger syndrome has also reduced the need
for HLTx. The total number of adult procedures reported has declined from a peak of
over 200 per year in the late 1980s and early 1990s to fewer than 60 per year for the
last several years, compared with an increasing number of single and DLTx [14].

Hill et al. found that despite a similar adjusted overall survival, critically ill
patients hospitalized with IPAH in the ICU had better outcomes after HLTx than after
DLTx [25]. Although several studies have reported higher in-hospital mortality after
HLTx than after DLTX, the difference was not significant [24]. An important indica-
tor of quality of early graft function is the time on postoperative ventilation [24].
Notably, the waiting list times for HLTx are shorter than for DLTx [29].

Life-threatening complications of DLTx and HLTx include dehiscence after
tracheal or bronchial anastomosis and infection. Fadel et al. report that the incidence
of complications was similar for patients undergoing DLTx and HLTx for PH [30].

Currently, both DLTx and HLTx are adequate options for end-stage IPAH and ES,
but HLTx is needed for patients with complex congenital heart disease or severe ven-
tricular dysfunction [31]. Further studies are necessary to compare the outcomes of
both procedures for these two specific indications, including randomized controlled
trials if feasible.
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