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Introduction

Pulmonary hypertension (PH) is defined by an
elevated mean pulmonary arterial pressure of
greater than or equal to 25 mmHg at rest as mea-
sured by pulmonary arterial catheterization.
Importantly, this hemodynamic criterion incorpo-
rates a heterogeneous group of diseases character-
ized by distinct etiologies, pathophysiologies, and
management strategies. Currently, patients diag-
nosed with PH are subclassified into one of five
World Health Organization (WHO) groups on the
basis of hemodynamic measurements and medi-
cal comorbidities (Table 16.1). Regardless of the
underlying etiology, elevated pulmonary artery
pressures confer an increased risk of morbidity
and mortality [1].

WHO Group 1 pulmonary arterial hyperten-
sion (PAH) is defined clinically by an elevated
pulmonary vascular resistance and pathologically
as a primary pulmonary vasculopathy resulting
from a number of complex pathophysiologic pro-
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cesses (Table 16.1). Despite recent therapeutic
advances, the prognosis of PAH remains poor [2]
which likely reflects, in part, delayed detection of
the disease [3] and, in part, the heterogeneity of
the underlying pathophysiology. Indeed, the cur-
rent clinical classification scheme places all PAH
patients together into the same treatment algo-
rithm whether the cause is heritable, toxin-
induced, or associated with connective tissue
disease (Table 16.1). While the notion of preci-
sion medicine in pulmonary vascular disease
dates to the recognition of the value of pulmo-
nary vasodilator testing in selection of patients
for calcium channel blocker therapy, the future
diagnosis and management of patients with pul-
monary vascular disease will rely on a more
sophisticated diagnostic and treatment paradigms
based on each patient’s disease phenotype. This
chapter reviews the evolving approaches to sub-
phenotype patients with PH based on clinical,
imaging, and molecular signatures that will form
the basis of personalized clinical classification
schemes and management strategies.

Resting Hemodynamic
Phenotyping

All patients suspected of having PH should be
referred for pulmonary arterial catheterization for
diagnosis. Pulmonary arterial catheterization
allows direct measurements of pulmonary artery
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Table 16.1 Comprehensive clinical classification of pulmonary hypertension

1. Pulmonary arterial hypertension

1.1 Idiopathic

1.2 Heritable
1.2.1 BMPR2 mutation
1.2.2 Other mutations

1.3 Drug and toxins induced

1.4 Associated with:
1.4.1 Connective tissue disease
1.4.2 Human immunodeficiency virus (HIV) infection
1.4.3 Portal hypertension
1.4.4 Congenital heart disease
1.4.5 Schistosomiasis

1°. Pulmonary veno-occlusive disease and/or pulmonary capillary hemangiomatosis
1’.1 Idiopathic
17.2 Heritable
1°.2.1 EIF2AK4 mutation
17.2.2 Other mutations
1’.3 Drugs, toxins, and radiation induced
1.4 Associated with:
17.4.1 Connective tissue disease
1’.4.2 Human immunodeficiency virus (HIV) infection

17. Persistent pulmonary hypertension of the newborn

2. Pulmonary hypertension due to left heart disease

2.1 Left ventricular systolic dysfunction

2.2 Left ventricular diastolic dysfunction

2.3 Valvular disease

2.4 Congenital/acquired left heart inflow/outflow tract obstruction and congenital cardiomyopathies
2.4 Congenital/acquired pulmonary vein stenosis

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

3.1 Chronic obstructive pulmonary disease

3.2 Interstitial lung disease

3.3 Other pulmonary diseases with mixed restrictive and obstructive pattern
3.4 Sleep disordered breathing

3.5 Alveolar hypoventilation disorder

3.6 Chronic exposure to high altitude

3.7 Developmental lung disease

4. Chronic thromboembolic pulmonary hypertension and other pulmonary artery obstructions
4.1 Chronic thromboembolic pulmonary hypertension
4.2 Other pulmonary artery obstructions

4.2.1 Angiosarcoma

4.2.2 Other intra-vascular tumors

4.2.3 Arteritis

4.2.4 Congenital pulmonary artery stenoses

4.2.5 Parasites (hydatidosis)

5. Pulmonary hypertension with unclear and/or multifactorial mechanisms
5.1 Hematological disorders: chronic hemolytic anemia, myeloproliferative disorders, splenectomy

5.2 Systemic disorders: sarcoidosis, pulmonary histiocytosis, lymphangioleiomyomatosis, neurofibromatosis

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

5.4 Others: pulmonary tumor thrombotic microangiopathy, fibrosing mediastinitis, chronic renal failure (with/

without dialysis), segmental pulmonary hypertension

BMPR?2 bone morphogenetic protein receptor, type 2, EIFK2A4 eukaryotic translation initiation factor 2 alpha kinase 4,

HIV human immunodeficiency virus
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pressures from which the mean pulmonary artery
pressure (mPAP), left atrial filling pressures by
balloon occlusion of distal pulmonary arteries
(pulmonary artery wedge pressure [PAWP]), and
cardiac output (CO) by thermodilution or the

Mean pulmonary artery pressure — PA wedge pressure (PAWP)

Fick equation are determined. From these param-
eters, the pulmonary vascular resistance (PVR)
may be calculated according to the ohmic Starling
resistor model [4]:

PVR =

Cardiac output (CO)

(a)

Pulmonary arterial hypertension (PAH) is
defined by both an increased mPAP and an
increased PVR >3 Wood units. Increased PVR is
a consequence of proliferative remodeling of the
small pulmonary arterial resistance vessels [5].
This remodeling process involves all three layers
of the vessel wall (intima, media, and adventitia)
and is the consequence of cellular hypertrophy,
hyperplasia, inflammation, abnormal cellular
metabolism, defects in cellular differentiation
and apoptosis, excessive migration, and accumu-
lation of extracellular matrix components [6].
This pro-proliferative and anti-apoptotic pheno-
type reduces vessel distensibility and causes
luminal narrowing, impairing the ability of pul-
monary vasculature to accommodate increases in
pulmonary blood flow.

Once the diagnosis of PAH is made during
pulmonary arterial catheterization study, all
patients undergo vasoreactivity testing. This
involves the acute administration of a short-
acting pulmonary arterial vasodilator such as
inhaled nitric oxide or intravenous adenosine fol-
lowed by repeat measurement of the hemody-
namic response. Patients are considered
vasoreactive if, following acute vasodilator test-
ing, there is a reduction in mPAP by 10 mmHg to
a value less than 40 mmHg with an increase or no
change in cardiac output [7]. The main purpose
of vasoreactivity testing is to identify a pheno-
type of PAH patients who are candidates for cal-
cium channel blocker therapy. The use of calcium
channel blockers in PAH is associated with a sig-
nificant survival benefit compared to patients
who are not vasoreactive [8].

The diagnosis of PH due to left heart disease
(WHO Group 2) is defined by both an increased
mPAP greater than or equal to 25 mmHg and a

PAWP greater than or equal to 15 mmHg.
Hemodynamic phenotyping in PH due to left
heart disease is challenging because of the uncer-
tainty surrounding the best measure to differenti-
ate between isolated retrograde transmission of
elevated PAWP, known as passive or isolated
post-capillary PH (IpC-PH), and the concomitant
development of pre-capillary pulmonary vascular
disease, known as combined pre- and post-
capillary PH (CpC-PH) [9-11].

Why is the distinction between Ipc-PH and
Cpc-PH important? One of the major determi-
nants of the poor outcome observed in patients
with PH due to left heart disease is the presence
of RV dysfunction [12]. Patients with CpC-PH
are more likely to have a significantly higher RV
afterload that is comparable to patients with
idiopathic PAH [13] and have worse RV func-
tion compared to their IpC-PH counterparts
[14]. Therefore, the ability to distinctly pheno-
type and ascertain the relative contributions of
PAWP (or pulsatile RV afterload) and PVR (or
resistive RV afterload) is an intriguing prospect
that would allow for dedicated interventions
directed at either the left heart or the remodeled
pre-capillary pulmonary vasculature. However,
the use of PAH-specific therapies in PH due to
left heart disease thus far has yielded mixed
results [15-18].

There have been a number of hemodynamic
parameters implemented to help distinguish
between IpC-PH and CpC-PH. These include the
trans-pulmonary gradient (i.e., TPG = mean pul-
monary artery pressure — PAWP) and the diastolic
pressure gradient (i.e., DPG = diastolic pulmonary
artery pressure — PAWP). In the setting of [pC-PH,
the elevated PAWP can spuriously increase the
TPG without any coexistent pulmonary vascular
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remodeling or vasoconstriction [19]. The DPG,
therefore, may be more preferable as it is less sen-
sitive to changes in PA compliance, stroke volume,
and PAWP [19]. However, studies utilizing DPG
for a diagnosis of CpC-PH have yielded mixed
prognostic results. These discrepancies can be
explained by inaccuracies in the measurement of
diastolic pulmonary arterial pressure owing to
motion artifacts, the influence of large v-waves on
DPG values, and insufficient or excessive flushing
of the fluid-filled catheter system [19, 20]. Previous
studies have shown that PVR strongly predicts
outcomes in PH due to left heart disease [21, 22].
Accordingly, recent guidelines have reincorpo-
rated PVR into the CpC-PH definition. In the latest
iteration of the European Society of Cardiology /
European Respiratory Society guidelines, CpC-PH
was defined as DPG >7 mmHg, mPAP >25 mmHg,
and PVR >3 Wood units (WU) [10].

Exercise Hemodynamic
Phenotyping

Exercise intolerance is one of the earliest mani-
festations of PAH, and reduced exercise capacity
has important implications for prognosis and
mortality in PAH [23]. Since the essential stress

Central cardiac limit

RV- PA uncoupling

RV ischemia ~
Reduced LV preload

Chronotropic incompetence

Functional tricuspid regurgitation

Skeletal muscle dysfunction

Increased metabolic acidosis e
Skeletal myopathy

Capillary rarefaction

Intrinsic mitochondrial dysfunction

of exercise imposed on the pulmonary circulation
is an increase in pulmonary blood flow, provoca-
tive testing such as the cardiopulmonary exercise
test (CPET) is able to demonstrate early [24—28]
and reproducible [29, 30] abnormalities seen in
PH. Additionally, factors that contribute to exer-
cise intolerance in PAH are not simply confined
to the central cardiopulmonary system and
include peripheral factors such as impaired
mitochondrial and respiratory muscle function
(Fig. 16.1). In fact, pharmacotherapies such as
dicholoroacetate [31] and ranolazine [32] that
restitute mitochondrial oxidative metabolism
have shown promise in the management of PAH.

CPET provides a comprehensive and dynamic
assessment, integrating the cardiovascular, pul-
monary, muscular, and cellular oxidative metabo-
lism systems during exercise. The two modalities
of CPET are noninvasive (niCPET) and invasive
CPET (iCPET). The former is equipped with
continuous 12-lead electrocardiogram, cuff blood
pressure  monitoring, breath-by-breath gas
exchange assessment, and pulse oximetry while
the latter also includes systemic and pulmonary
arterial catheters for continuous systemic and
pulmonary arterial, and right ventricular (RV)
pressure measurements as well as intermittent
measurement of PAWP [33]. Combining exercise

PV dysfunction

Reduced PV distensibility
~ | Reduced PV compliance
Vs Increased dead space
Abnormal V/Q matching
Dynamic right to left shunt via PFO

A Other factors

~ Iron deficiency anemia
Physical deconditioning

Fig. 16.1 Factors implicated in exercise intolerance in patients with pulmonary arterial hypertension (PAH). RV right
ventricle, PA pulmonary artery, PV pulmonary vascular, V/Q ventilation/perfusion, PFO patent foramen ovale
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hemodynamics with CPET is gaining promi-
nence, particularly for its ability to potentially
identify with early pulmonary vascular disease
such as exercise PH.

Exercise PH is increasingly being recognized
as an early phase of PH that is a potential target
for PAH-specific therapy [34-36] (Table 16.2).
Although further studies are needed to refine its
diagnosis, exercise PH has been shown to be a
major risk factor for the development of PAH in
patients with systemic sclerosis [27, 28] and in
healthy carriers of the bone morphogenetic
receptor-2 (BMPR2) mutation [38]. In addition,
patients with systemic sclerosis and exercise PH
have a similarly reduced transplant-free survival
compared to patients with established PAH [26].

Exercise PH is typically diagnosed in patients
with exertional dyspnea or exercise intolerance
without obvious underlying pulmonary or car-
diac etiology. In patients with exercise PH, the
data gathered from iCPET demonstrates an
inverse relationship between the slope of mPAP-
CO with a depressed maximal O, uptake, sug-
gesting impaired RV adaptation to increasing
afterload with resulting reduced aerobic exercise

capacity [39]. Recently, cumulative evidence
from invasive as well as noninvasive studies have
shown that the slope of linearized mPAP-CO
relationship should not exceed 3 mmHg.L-'.
min~'. Hence, an mPAP/CO slope of >3 mmHg.
L~'min~! may be used to define exercise PH
(Fig. 16.2). Similarly, a PAWP/CO slope of
2 mmHg/L/min can be used to define the poten-
tial contribution from left-sided heart disease
[40, 41].

CPET can also be used to extract individual-
ized parameters related to pulmonary vascular
remodeling. Using CPET, the ability of the pul-
monary vasculature to distend and accommodate
the ejected RV stroke volume can be quantified by
estimating the resistive vessel distensibility coef-
ficient, o [42]. a0 or pulmonary distensibility is an
intrinsic mechanical property of the vasculature
and is defined as the percent change in vessel
diameter per unit mmHg increase in distending
pressure. By including different pressure and flow
measurements during exercise, this assessment of
pulmonary vascular distensibility accounts for the
significant variation in pulmonary pressures and
flow encountered during exercise [42]:

Table 16.2 Summary of studies evaluating exercise pulmonary hypertension

Study
(Author, Studied No. of
year) population patients | ePH Definition Main findings
Oliveira Borderline PH 35ePH | <50 years old: peak mPAP ePH is common in borderline PH
etal., [37] (mPAP 224 >30 mmHg and peak PVR (27%) and its presence
21-24 mmHg) non-PH | >1.34 WU >50 years old: peak | substantially affects aerobic
mPAP >33 mmHg and peak exercise capacity
PVR >2.10 WU
Tolle et al., | Unexplained 78 ePH | mPAP >30 mmHg ePH has reduced peak exercise
2008 [24] dyspnea who 15 PAH aerobic capacity compared to
have ePH 16 controls
non-PH
Condliffe SSc 42ePH | mPAP >30 mmHg with mPAP/ | 14% of ePH patients died within
etal., [28] 259 CO >3 mmHg/min/L~! and 3 years of diagnosis with a 3-year
PAH PAWP <20 mmHg survival rate of 86%. 19% of ePH
patients progressed to over PAH
Stamm SSc 17 PAH | mPAP >30 mmHg with mPAP/ | ePH associated with reduced
etal., 2016 28 ePH | CO >3 mmHg/min/L~! and survival and abnormal exercise
[26] 27 PAWP <20 mmHg hemodynamics rather than resting
non-PH hemodynamics predicts transplant-
free survival

PH pulmonary hypertension, mPAP mean pulmonary arterial pressure, PVR pulmonary vascular resistance, ePH exer-
cise pulmonary hypertension, PAH pulmonary arterial hypertension, SSc systemic sclerosis
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Fig. 16.2 Relationship between exercise mean pulmo-
nary artery pressure (mPAP) and cardiac output (CO).
Individual data points represent mPAP and CO reached
at maximal exercise stratified by subjects with pulmo-
nary vascular disease (PVD), left heart disease (LHD),
control subjects and historical healthy volunteers. It can

1
[(1+aPAWP) +50.PVR.CO [ -1
mPAP =

a
Invasive studies and noninvasive echocardiog-
raphy have shown that the normal value of o is
between 1% and 2% per mmHg [39]. Reduced
vessel distensibility has been demonstrated in
patients with early PH (i.e., those with normal
resting pulmonary hemodynamics who later
evolve into resting PAH or have lung biopsy con-
sistent with pulmonary vascular disease) [43] and
in healthy carriers of the BMPR2 mutation [44].
Another use of CPET is to quantify the
degree of RV dysfunction which is closely
linked to survival in patients with PH [45].
Exercise hemodynamics allows for dynamic
assessment of RV contractile function (termed
Ees, end-systolic elastance) to its afterload
(termed Ea, arterial elastance). The matching of
RV contractility (Ees) and RV afterload (Ea)
describes RV-PA coupling, and a normal RV
Ees to Ea ratio (Ees/Ea) of between 1.5 and 2.0

be seen that the total pulmonary resistance (TPR) line
with a slope of 3 Wood units (WU) differentiated the dis-
eased (PVD and LHD) and non-diseased groups (con-
trols and historical volunteers). (Reproduced with
permission of the © ERS 2019: Herve et al. [103],
Published 31 August 2015)

allows for optimal RV functioning at minimal
energy cost while a value of <0.8 is associated
with RV failure [46]. RV-PA coupling can be
determined using single-beat pressure wave-
form analysis or multi-beat pressure volume
loop analysis (Figs. 16.3 and 16.4).

The initial response of the RV to an increased
afterload is to increase its contractility (Ees) to
match the increasing afterload (Ea). When the
RV no longer is able to augment its contractility
in the face of increasing afterload, RV—PA uncou-
pling ensues. The RV then relies on volumetric
adaptation (i.e., Frank Starling’s mechanism) to
sustain its flow output in response to increasing
metabolic demand leading to RV dilatation and
associated poor prognosis [47, 48].

Exercise hemodynamics may play an impor-
tant role in identifying early pulmonary vascular
disease in subjects who are at risk of overt PAH
due to established risk factors such as systemic
sclerosis or BMPR2 mutation. It can be used to
examine the relative contribution of pulmonary
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Fig. 16.3 Single-beat methods to estimate right ventricle—
pulmonary artery (RV-PA) coupling. In the (a) volumetric
method and (b) pressure method, pulmonary arterial elas-
tance (Ea) is calculated from the ratio of RV end-systolic
pressure (RVESP) to stroke volume (SV). The mean PA
pressure can be used as surrogates for the RV-ESP. End-
systolic elastance (Ees) in the volume method is estimated
by the ratio of RV-ESP to end-systolic volume. The Ees/Ea
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is, therefore, simplified as SV/ESV. In the pressure method,
Pmax was estimated by nonlinear extrapolation of early
and late isovolumic portions of an RV pressure curve from
the point of maximum (dp/dt max) and minimum (dp/dt
min) pressure derivation. End-systolic elastance is then
determined by a tangent from Pmax to the RV-ESP point.
Ees/Ea in the pressure method is then determined by the
ratio of (Pmax-RVESP) divided by SV or (Pmax/ESP — 1)

Ees

Right ventricular pressure
(mmHg)

\

-
>

Right ventricular volume (mL)

Fig. 16.4 Multi-beat method to estimate right ventricle—
pulmonary artery (RV-PA) coupling. End-systolic elas-
tance (Ees) is determined by a tangent fitted on the
end-systolic portions of a series of pressure—volume loops
produced by alteration in venous return or preload.

vascular remodeling and left-sided heart disease
to exercise impairment. Additionally, it allows to
identify maladaptive RV phenotype response
during exercise in patients with established PAH

Pulmonary arterial elastance (Ea) is calculated from the
ratio of the RV-end systolic pressure to stroke volume.
RV-PA coupling is then determined from the ratio of Ees
to Ea (Ees/Ea)

and exercise PH. This may prove useful in har-
nessing therapies aimed at improving RV con-
tractility and potentially serve as endpoints for
clinical prevention trials.
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Phenotyping by Cardiopulmonary
Imaging

Imaging can be used to quantify structural and
functional changes to the pulmonary circulation
allowing for detection, classification, and moni-
toring of PH. Thus, significant efforts have
focused on utilizing imaging in defining individu-
alized parameters of PH that have clinical utility.

Although the initial insult in PAH implicates
the pulmonary vasculature, the functional state,
exercise capacity, and survival of patients with
PAH is closely linked to RV function [45]. While
right heart catheterization provides important
information about the hemodynamic impact of
PH and the ability of the heart to provide cardiac
output in that context, RV imaging using echo-
cardiogram and cMRI provide significant infor-
mation about the structure and function of the
heart. Echocardiography remains the most
important tool for screening patients for PH and
monitoring RV function in no small part because
of its relative availability, owing mainly to low
cost of deployment [49]. Echocardiography can
be used to estimate RV systolic pressures and
evaluate RV systolic function [50]. It additionally
provides information about other structural car-
diac issues such as valvular dysfunction and left-
sided heart failure, all of which have a very
important impact on RV function. Beyond these
well-established methods, current development
is focusing on 3D reconstruction of RV geometry
and estimation of the strain on the RV [51, 52],
which can be combined together to aid with prog-
nostication [53].

Cardiac magnetic resonance imaging (cMRI)
provides a versatile set of tools with which many
structural and functional parameters of the RV
and its interactions with the proximal pulmonary
artery can be measured [54]. As a noninvasive
modality, cMRI is an attractive tool for monitor-
ing patients with PAH. Standard cMRI imaging
provides accurate information about changes in
RV mass and volumes, RV function, as well as
RV/LV interactions [49, 51, 54]. cMRI measures
of ventricular volume and mass have been shown
to be reproducible and superior to standard echo-
cardiography [55]. Furthermore, specific tech-

niques applied in the context of cMRI can provide
information about cardiac mechanics and cardiac
tissue remodeling. For example, the presence of
late gadolinium enhancement can be used to
assess degree of RV fibrosis [56] while phase-
contrast imaging can be used to study cardiac
output and assess PA stiffness and pulsatility
[56-58]. Additionally, fluid dynamics models can
utilize imaging data to study the impact of the
remodeling of the proximal pulmonary circula-
tion on vorticity of flow [59].

Computed tomography (CT) imaging has long
been used as a screening tool for PH. Dilation of
the pulmonary artery has been appreciated as a
sign of pulmonary vascular disease [60].
Additionally, measurements of the size and
dimensions of the chambers of the heart from CT
imaging have potential utility in screening for PH
[61] and distinguishing subtypes of PH [62—64].
Remodeling and loss of distal vascular volume
have been quantified as markers of disease using
CT imaging in multiple etiologies of PH [65-68].
Furthermore, changes in intraparenchymal blood
vessel volumes have been noted with interventions
[69]. Given the ubiquity of CT imaging in most
patients with shortness of breath, as well as
smokers, derived predictive models for PH are a
promising tool for screening and evaluating
patients prior to invasive measures [70].

Perfusion, which conceptually represents the
flow of blood through the lung microvasculature,
has also been the subject of great interest in PH
given that the extent and spatial heterogeneity
may provide insight into disease stage and phe-
notype. Nuclear imaging has been used to assess
perfusion patterns in PH [71-73]. For example,
utilizing 3’-deoxy-3’-['"®F]-fluorothymidine posi-
tron emission tomography ('"SFLT-PET) imaging
technique allows for the identification of a hyper-
proliferative PH phenotype. Unlike 2-deoxy-2-
['8F]-fluoro-D-glucose ('F-FDG), which reports
both inflammation and cellular proliferation,
BELT serves primarily as a marker of cell prolif-
eration and can be used as a direct measure of
pulmonary endothelial cell growth and, there-
fore, can be used to assess disease activity
directly. In fact, treatment with anti-proliferative
agents such as dichloroacetate and the tyrosine
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kinase inhibitor imatinib has been shown to
attenuate '8FLT uptake on PET imaging [74].

While MRI often lacks the spatial resolution
of CT scan in the lung parenchyma, functional
data and the ability to distinguish between mate-
rials permit spatial quantification of perfusion.
These properties have been used to study perfu-
sion in chronic thromboembolic pulmonary
hypertension (CTEPH) [75] as well as in chronic
obstructive pulmonary disease (COPD) [76].
Dual-energy computed tomography (DECT) uti-
lizes multiple X-ray sources to help quantify
molecular density without significant exposure to
additional radiation. The spatial density of iodine
tracer can then be derived from DECT, giving a
high-resolution spatial map related to perfusion.
This has been deployed largely in the study of
CTEPH [77, 78] and can be used to study impact
of intervention [71]. Recent studies have also
evaluated its use in the detection of parenchymal
perfusion in PAH [79].

In summary, imaging methods have been well
established for individualized diagnosis, subtyp-
ing, and prognostication in pulmonary hyperten-
sion. Improved resolutions, image processing,
and quantification algorithms along with devel-
opment of new methods of marking the site of
disease continue to expand the initial role of each
imaging into better understanding of the entirety
of the pulmonary circulation.

Molecular Phenotyping
Genetics

A “familial tendency” for the development of
PAH was first suggested in 1954 [80] and, subse-
quently, mutations in the gene encoding BMPR2,
a member of the transforming growth factor
(TGF-p) family of receptors, were linked to sev-
eral families with heritable PAH in 2000 [81, 82].
Approximately 70% of patients with familial
PAH carry mutations in BMPR2, which confer
only a 20% lifetime risk for the development of
the disease (14% for males and 42% for females).
Remarkably, up to 25% of patients with non-
heritable PAH also carry somatic mutations in

BMPR?2 [83]. Since the identification of BMPR2
mutations, approximately 20 other genes have
been implicated in the development of PAH,
including several additional members of the
BMP/TGF receptor signaling family (BMPR2,
ACVRLI, CAVI, ENG, SMAD9) [84]. More
recently, autosomal recessive inheritance of
EIF2AK4 mutations encoding for eukaryotic
translation initiation factor 2 alpha kinase 4 pre-
disposes to pulmonary veno-occlusive disease
(PVOD) / pulmonary capillary hemangiomatosis
(PCH) [85].

PAH patients with BMPR2 mutations develop
the disease approximately 7-10 years earlier than
noncarriers, have more severe hemodynamic
compromise at time of diagnosis, and are less
likely to respond to calcium channel blocker ther-
apy [86]. Furthermore, in patients with idio-
pathic, anorexigen-associated, and heritable
PAH, the presence of BMPR2 mutation is associ-
ated with increased risk of death or lung trans-
plantation [87]. In contrast to BMPR2 mutation
carriers, patients with ALK/ mutations tend to be
younger and have less severe hemodynamic
changes at time of diagnosis. However, ALKI
mutations are associated with poorer survival
compared to noncarriers despite receiving similar
treatment [88].

In the future, genetic testing in PAH may
play an important role in guiding a phenotypic
management strategy. In patients with heritable
and idiopathic PAH, genetic testing allows for
early detection of a progressive disease pheno-
type. This would allow for early implementation
of specific pharmacotherapies, which has been
shown to improve clinical outcomes and prevent
deterioration in patients with PAH [89-91]. For
example, low-dose tacrolimus, a potent BMPR?2
activator has been shown to reverse experimen-
tal PAH [92] and improve clinical and func-
tional outcomes in a small cohort of PAH
patients with advanced disease [93]. In a Phase
2a safety and tolerability trial, tacrolimus was
shown to be well tolerated. Although the trial
was under-powered for outcomes assessment,
some patients demonstrated marked improve-
ment in functional capacity as measured by
6-minute walk distance. Importantly, those
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patients with improved functional capacity
tended to have larger increases in leukocyte
BMPR?2 expression in response to tacrolimus
[94]. This suggests that tacrolimus therapy may
be tailored to patient subsets based on the
recruitment of BMPR?2 signaling.

Genetic testing also allows to distinguish
PVOD/PCH from PAH in patients with pre-
capillary pulmonary vascular disease, a distinc-
tion that is challenging given the similarities in
clinical and hemodynamic presentation between
these two diseases. Patients with PVOD/PCH
have a poor prognosis compared to those patients
with PAH, respond poorly to PAH-specific thera-
pies, and lung transplantation is the only curative
treatment. Early diagnosis by genetic testing
allows timely referral for patients with PVOD/
PCH [95] for lung transplant evaluation.

Omics

The advent of omics-based technologies has pro-
vided a means to measure tens of thousands of
parameters that can be utilized to provide a
molecular signature of disease. While most omics
studies in PAH have focused on identifying novel
features of disease pathobiology or characteriz-
ing patients at-risk for developing the disease
[96], investigators have recently begun to apply
these technologies to address important clinical
questions related to outcomes. For example,
whole-exome sequencing of PAH patients with
and without vasodilator response identified
enrichment of vascular smooth muscle cell con-
traction pathways in vasodilator-responsive
patients [97]. Similarly, a single-nucleotide poly-
morphism (SNP) in the G protein y subunit 2
gene, GNG2, was associated with functional
improvement among patients treated with an
endothelin receptor antagonist [98]. A recent trial
of dichloroacetate in PAH demonstrated that a
lack of clinical response to the drug was associ-
ated with functional variants of SIRT3 and UCP2
[31]. In addition to providing meaningful patho-
biological insights, these three studies demon-
strate the value of genomic approaches to
subclassifying PAH patients based on respon-
siveness to specific therapies. While genetic test-

ing is unlikely to supplant clinical vasodilator
testing, once prospectively validated, it may be
very helpful to tailor current medical therapy or
guide enrollment in clinical trials of novel agents.
In addition to genomics, proteomic and
metabolomic approaches have been employed to
identify circulating biomarkers to aid in the diag-
nosis and prognosis of patients with PAH. Using
an aptamer-based assay of 1129 plasma proteins,
Rhodes and colleagues identified a panel of nine
circulating proteins that identifies PAH patients
with a high risk of mortality, independent of
existing clinical assessments [99]. Similarly,
iTRAQ proteomics identified decreases in plasma
carbamoyl-phosphate synthetase I and comple-
ment factor H-related protein associated with
PAH in patients with congenital heart disease
[100]. Plasma metabolomics has also identified
circulating small molecules that distinguish PAH
patients from healthy subjects and prognosticate
outcomes [101]. At the present moment, these
findings may have more impact by directing fur-
ther investigation of novel disease mechanisms
rather than guiding clinical management of PAH
patients; however, as the therapeutic armamen-
tarium increases in size, these approaches will
become invaluable for customizing treatment.

Future Directions

As with many areas of medicine, the foundations
are currently being poured for the implementation
of sophisticated clinical, imaging, and molecular
phenotyping of patients with PAH. Two limitations
of the studies described above, however, are the
relatively small sample sizes studied and the incor-
poration of relatively limited clinical data. Moreover,
how these disparate datasets can be meaningfully
synthesized is a critical issue for leveraging their
full potential. These areas may be addressed by the
ongoing Redefining Pulmonary Hypertension
through Pulmonary Vascular Disease Phenomics
(PVDomics) sponsored by the National Heart,
Lung, and Blood Institute of the National Institutes
of Health [102]. This clinical trial seeks to enroll
1500 incident cases of PH who undergo a battery of
diagnostic testing, including pulmonary artery cath-
eterization, polysomnography, pulmonary function
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tests, exercise testing, echocardiography, cMRI,
lung imaging, ventilation/perfusion scanning, and
plasma omic profiling (genome, transcriptome, pro-
teome, and metabolome), the results of which are
linked to clinical parameters such as medical his-
tory, exam, vital signs, and quality-of-life survey
results. The goal of this program is to use all of
these parameters to define new subclassifications of
PH patients, leveraging the tools of systems biology
and network medicine to facilitate earlier diagnosis,
more targeted at-risk screening, and personalized
approaches for intervention. Certainly, the field has
come a long way since its first foray into personal-
ized medicine with pulmonary vasodilator testing
with many exciting new discoveries on the
horizon.
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