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Pulmonary hypertension and the right ventricle—thinking outside
the box (Third International Right Heart Failure Summit, part 1)

Jonathan D. Rich
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Abstract: The Third International Right Heart Failure Summit (Boston, MA) convened a group of inter-
national clinical and scientific experts in pulmonary vascular disease and right heart disease to explore
cutting-edge developments in the mechanisms and clinical management of right-sided cardiovascular
disease. The symposium was organized into three distinct sessions, the first of which was titled “Pulmo-
nary Hypertension and the Right Ventricle—Thinking outside the Box” and will be the focus of this review.
Three internationally renowned experts in pulmonary hypertension and right heart disease—Drs. Stuart
Rich, Sean Gaine, and Harm Bogaard—each delivered provocative lectures. The first lecture, by Dr. Rich,
was titled “Current Classification for Pulmonary Hypertension—Why Are We Ignoring the Structural
Basis of the Disease?” Rich focused on the current classification system of pulmonary hypertension and
provided a unique historical perspective. He also addressed the need to evolve the prevailing conceptual
framework of our approach to pulmonary vascular diseases and right ventricular dysfunction, including
the future design of pulmonary hypertension clinical trials. Dr. Gaine delivered the second lecture, titled
“Treatment Algorithm for Pulmonary Hypertension: Tunnel Vision of our Current Approach.” Gaine em-
phasized the tripartite model of pulmonary hypertension management, namely, supportive measures,
pharmacologic therapy, and rescue therapy. Specifically, he detailed how each of these entities is changing
as our understanding of the unmet needs in the field of pulmonary hypertension is becoming increasingly
apparent. Finally, Dr. Bogaard provided a lecture titled “Treating Right Heart Failure: Why Does the Art of
Medicine Lead the Science?” Bogaard provided a stimulating review of cutting-edge translational research
of right ventricular function and dysfunction. In particular, he described a variety of molecular and cellular
changes that occur in the hypertrophied right ventricle and contrasted those changes that may be adaptive
from those that are maladaptive and may be potential therapeutic targets.
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The Third International Right Heart Failure Summit in
Boston, Massachusetts, convened a group of interna-
tional clinical and scientific experts in pulmonary vascu-
lar disease and right heart disease to explore cutting-edge
developments in the mechanisms and clinical manage-
ment of right-sided cardiovascular disease. The summit
built on the previous year’s summit, which among its
agendas sought to define a standardized vocabulary by
which to discuss right heart disease that has subse-
quently been published." The major aims of this year’s
symposium were to present contemporary developments
and data relevant to right ventricular (RV)-pulmonary

vascular pathophysiology and to encourage a free ex-
change of novel and provocative ideas with regard to the
various approaches to the care of patients with right heart
failure syndromes. To accomplish these objectives, the
summit was divided into three sections, titled (1) “Pulmo-
nary Hypertension and the Right Ventricle—Thinking
outside the Box,” (2) “Emerging Hemodynamic Signa-
tures of the Right Heart,” and (3) “Transplantation in End-
Stage Pulmonary Hypertension.” The salient scientific
and clinical revelations of each section will be the feature
of a review article series in Pulmonary Circulation, with
section 1 being the focus of the current work.
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WELCOME FROM DRS. MANDEEP MEHRA

AND MYUNG PARK

The Third International Right Heart Failure Summit
opened with a welcoming message from Drs. Mandeep
Mehra and Myung Park. Specifically, they reiterated the
mission of the International Right Heart Failure Founda-
tion, whose main objective is to increase awareness and
promote interdisciplinary and innovative education, train-
ing, and research in right heart failure syndromes. They
proceeded to outline three short-term strategic goals: (1) to
develop strong partnerships with diverse societies and
bring them together toward a common mission, (2) to sup-
port innovative educational and training curricula to de-
velop the next generation of right heart failure specialists,
and (3) to advance right heart failure by creating standard-
ized and systematic approaches to its phenotyping and
management. Following their introductory remarks, the
summit began with a series of three lectures under the
heading “Pulmonary Hypertension and the Right Ventri-
cle—Thinking outside the Box.”

CURRENT CLASSIFICATION FOR PULMONARY
HYPERTENSION (PH)—WHY ARE WE
IGNORING THE STRUCTURAL BASIS OF

THE DISEASE? DR. STUART RICH

The keynote address of the symposium was delivered by
Dr. Stuart Rich, who addressed the current classification
of PH and provided a thought-provoking discourse on the
need to reexamine the current state of the field and to
begin to adapt our efforts to the changing landscape and
our evolving understanding of PH. In 1973, the World
Health Organization (WHO) convened a meeting on PH
and established the original—albeit relatively simplistic—
classification of PH as being either (a) of unknown etiology
(primary PH) or (b) of known etiology (left heart disease,
intrinsic lung disease, pulmonary emboli, etc.). A morpho-
logical classification was also provided to characterize the
disease as (a) plexogenic pulmonary arteriopathy, (b) pul-
monary venoocclusive disease, or (¢) pulmonary thrombo-
embolism.” Because of the limited clinical utility of this
original classification, the classification system was signif-
icantly revised in 1998 during the Second World Sympo-
sium on Pulmonary Hypertension held in Evian, France,
into a new schema, the core of which remains largely
unchanged to this very day.® Specifically, this new classifi-
cation system was not designed to guide treatment of the
various forms of PH; rather, it was developed as a diagnostic
schema to provide clinicians with a stepwise, diagnostic ap-
proach to the clinical evaluation of the patient with PH of
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uncertain etiology so that underlying disease(s) that might
be causing or contributing to the PH could be identified. The
end product was the classification of PH into five distinct
groups, each containing multiple subgroups (Table 1).
However, the approach to this PH diagnostic classifi-
cation system began to morph into one used to dictate
treatment options when the Food and Drug Administra-
tion (FDA) approved bosentan, the first available oral
PH-specific therapy, for all PH entities captured by group
1 pulmonary arterial hypertension (PAH), a departure from
how epoprostenol, the first-ever approved PH-specific drug,
gained FDA approval for use restricted to particular PH
syndromes.>” This pivotal decision by the FDA had the
downstream consequence of creating a partition in the ap-
proach to PH treatment by in essence suggesting that
group 1 PH and its subgroup entities constitute a disease
distinct from the other four PH groups. This resulted in
future drug development and subsequent approval of
nearly all PH-specific drugs largely for group 1 PAH only,
to the exclusion of all other PH syndromes. Among the
unintended consequences of this paradigm shift was the
implication that the mechanisms driving the development
and progression of PH in group 1 PH were distinct from
those in groups 2-5 PH. It also implied that the mecha-
nistic basis of disease among the subgroups within group
1 itself (idiopathic, connective tissue disease, congenital
right to left shunts, etc.) was largely the same and thus
that these entities should be treated the same way. Finally,
it suggested that the approved therapies are both safe and
effective for the entirety of group 1 PAH, irrespective of
the associated condition, and conversely it has been inter-
preted by clinicians that such therapies may not be safe
and effective for all of the other PH syndromes.?
However, it is not clear that this conceptual framework
of PH is accurate. Morphologically, studies from explanted
lungs of patients with PH demonstrate that intimal pro-
liferation with increased thickness in the pulmonary ar-
terioles is uniform regardless of PH group. Medial hyper-
trophy, on the other hand, a long-standing focus of scientific
research investigations and target of PH therapy, is actually
only modestly increased and only adjunctively involved in
the disease pathobiology (Figure 1).° At the cellular and
molecular levels, research efforts in PH have discovered
that a multitude of mechanisms and complex, overlap-
ping biologic pathways are at play in PH; that no single
mechanism or pathway alone is likely sufficient to ex-
plain the disease; that certain mechanisms (i.e., inflam-
mation) may play a more prominent role depending on
the underlying disease state associated with the PH (i.e.,
connective tissue disease vs. idiopathic); and that little
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Table 1. The 1998 clinical classification of pulmonary
hypertension from Evian, France

1. Pulmonary arterial hypertension
1.1. Primary pulmonary hypertension
a) Sporadic
b) Familial
1.2. Related to
a) Collagen vascular disease

¢) Portal hypertension
d) HIV infection
e) Drugs/toxins

)
b) Congenital systemic-to-pulmonary shunts
)

1) Anorexigens
2) Other
f) Persistent pulmonary hypertension of the newborn
g) Other
2. Pulmonary venous hypertension
2.1. Left-sided atrial or ventricular heart disease
2.2. Left-sided valvular heart disease
2.3. Extrinsic compression of central pulmonary veins
a) Fibrosing mediastinitis
b) Adenopathy/tumors
2.4. Pulmonary venoocclusive disease
2.5 Other

3. Pulmonary hypertension associated with disorders of the
respiratory system or hypoxemia

3.1. Chronic obstructive pulmonary disease
3.2. Interstitial lung disease

3.3. Sleep-disordered breathing

3.4. Alveolar hypoventilation disorders

3.5. Chronic exposure to high altitude

3.6. Neonatal lung disease

3.7. Alveolar-capillary dysplasia

3.8. Other

4. Pulmonary hypertension caused by chronic thrombotic or
embolic disease

4.1. Thromboembolic obstruction of proximal pulmonary
arteries

4.2. Obstruction of distal pulmonary arteries

a) Pulmonary embolism (thrombus, tumor, ova or
parasites, foreign material)

b) In situ thrombosis
¢) Sickle cell disease

5. Pulmonary hypertension caused by disorders directly
affecting the pulmonary vasculature

5.1. Inflammatory
a) Schistosomiasis
b) Sarcoidosis
) Other
5.2. Pulmonary capillary hemangiomatosis

Source: Adapted from Simmoneau et al.*

evidence currently exists to suggest that these mecha-
nisms and pathways are unique to group 1 PAH only."
Although survival has improved with the approval of PH-
specific therapies, each of which targets a single pathway
(nitric oxide, endothelin, prostaglandin, etc.), this may in
part explain why survival in PH remains only modestly
improved compared with that from the original National
Institutes of Health (NIH) registry prior to the availability
of treatments (Figure 2)."""

From a hemodynamic perspective, with the exception of
most cases of group 3 PH, the vast majority of patients with
clinically significant PH, irrespective of etiology, have a
mean pulmonary arterial pressure (mPAP) that approaches
50 mmHg."* Future PH clinical trials should move away
from the contemporary definition of a mPAP of >25 mmHg
for trial eligibility (in the original NIH registry, not a single
patient had a mPAP of <40 mmHg)."! Moreover, because
mPAP lowering with drug therapy in most PH trials to date
rarely exceeds 3 mmHg," future trial design should give
consideration to focusing on more relevant and novel bio-
markers, perhaps irrespective of WHO PH group, as a bet-
ter way to discriminate patients with PH. In particular,
secondary end points should include a variety of metrics of
RV function (a reliable, strong predictor of outcomes in
PH); changes in RV metabolism, energetics, and ischemia;
and eventually an integration of validated discoveries using
genomics and proteomics."*

TREATMENT ALGORITHM FOR PH:
TUNNEL VISION OF OUR CURRENT
APPROACH—DR. SEAN GAINE
The next presentation was provided by Dr. Sean Gaine,
who delivered an exceptional talk about the current ap-
proach to PH treatment and the pressing need moving
forward to escape from the current tunnel-vision approach.
Specifically, the PH community needs to rethink the cur-
rent clinical trial paradigm of short-duration trials with
clinically limited end points, such as the 6-minute walk
distance (6MWD); recognize the heterogeneity of PH by
eliminating the dogma that “one size fits all”; and acknowl-
edge that only modest, incremental improvements in out-
comes have been realized in the current treatment era.
The current treatment algorithm for PAH can in many
respects be reduced to three key components: general mea-
sures and supportive therapy, pharmacologic therapy, and
ultimately rescue therapy when disease progression oc-
curs.” Progress has certainly been made in the field of
PH Dby translating our understanding of three key path-
ways (nitric oxide, endothelin, and prostacyclin) into viable
therapies that target each of these respective pathways. Yet
while each of these classes of medications has been shown
to modestly reduce PAPs and increase 6MWD, neither of



Pulmonary Circulation

Group Il

Volume 4 Number 4 December 2014 | 699

Group v

Figure 1. Histologic findings in severe pulmonary hypertension are nearly identical irrespective of World Health Organization
pulmonary hypertension group. The pulmonary vasculature in lung tissue from four patients with severe pulmonary hypertension
is shown. Patients were characterized clinically as category 1 (idiopathic pulmonary arterial hypertension), category 2 (left ventricu-
lar failure), category 3 (interstitial lung disease), and category 4 (chronic thromboembolic disease). However, each specimen reveals
similar changes in the pulmonary arteriole, showing medial hypertrophy and intimal proliferation. Without knowing the clinical
phenotype, it would not be possible to distinguish them on the basis of vascular pathology. Adapted with permission from Rich.®

these parameters is associated with survival, and in fact
improvements in 6MWD can be misleading.'® Rather, the
focus of future trials should be that they are of sufficient
duration, that there is a shift in surrogate end points in the
direction of indexes of RV function, and that the emphasis
of funding of future drug trials is placed on drugs that tar-
get the RV, as it is RV function that ultimately determines
prognosis in PH.'78

In addition to currently available therapies and estab-
lished supportive measures, such as prescriptions for oxy-
gen, diuretics, and digoxin, there is a need to apply some
of the lessons learned from left heart failure (Figure 3).
Among these are evaluating how drugs such as neurohor-
monal antagonists (i.e., f-blockers, angiotensin-converting

enzyme [ACE] inhibitors, and aldosterone antagonists) or
device therapies (i.e., resynchronization therapy and intra-
cardiac defibrillators) might be applied in PH. For instance,
there is ample evidence that shows upregulation of the
renin-angiotensin system in PH, and animal data and even
small human studies suggest an improvement in RV-PA
coupling with ACE inhibitors and/or angiotensin receptor
blockade.'”” Additionally, a recent provocative hypothesis-
generating study found a synergistic benefit from com-
bined use of spironolactone with ambrisentan in patients
with PH from the ARIES (Ambrisentan for the Treatment
of Pulmonary Arterial Hypertension) trials, where a post
hoc analysis demonstrated that patients treated with both
ambrisentan and spironolactone achieved a significantly
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Figure 2. Survival in the modern pulmonary arterial hyperten-
sion (PAH) management era compared with that in the original
National Institutes of Health (NIH) registry. Kaplan-Meier sur-
vival estimates in the combined population of patients with PAH
(black line) are shown. When the predictive modeling approach
of the NIH registry was used, the estimated survival (gray line)
was ~10% lower than what was actually observed. Adapted with
permission from Humbert et al."?

greater 6GMWD than those treated with ambrisentan alone.
And there may indeed be biologic plausibility to support
this clinical observation, as ambrisentan prevents excessive
vasoconstriction by inhibiting endothelin type A receptors
and spironolactone may promote improved pulmonary va-
sodilatation by inhibiting the downstream actions exerted
by aldosterone to blunt endothelin receptor type B activa-
tion.?!??

Finally, when it comes to rescue therapies for PAH, the
harsh reality is that when the disease progresses to late
stage, lung transplantation is rarely a viable option. Of the
1,400 lung transplants performed annually worldwide,
only 70 (5%) are performed in patients with PAH.** On
the other hand, atrial septostomy should not be a forgot-
ten procedure—when performed by those experienced in
this technique, it provides rather impressive improve-
ments in functional capacity and survival. Moreover, recent
improvements in imaging modalities and incorporating
the use of stents across the septostomy may further en-
hance the safety and efficacy of this procedure.”*** Last, the
pursuit of developing innovative technologies that support
the RV (and not only those that target the pulmonary vas-
culature) is critical if we are to take the next step in im-
proving the prognosis of patients with PH.

TREATING RIGHT HEART FAILURE: WHY DOES
THE ART OF MEDICINE LEAD THE SCIENCE?
DR. HARM JAN BOGAARD

Dr. Harm Jan Bogaard delivered the third and final pre-
sentation of the morning session with a major focus on

evaluating RV function. He too echoed the common re-
frain of the morning session that changes in RV function
but not PAPs or pulmonary vascular resistance consis-
tently dictate outcomes in PH. Observations with both echo-
cardiography and cardiac magnetic resonance imaging
demonstrate that the RV contracts in both longitudinal
and transverse planes, both of which are often impaired
in PH. However, whereas tricuspid annular plane systolic
excursion (TAPSE) is frequently impaired and its baseline
value is indeed predictive of PH survival, the measured
TAPSE, interestingly, does not change significantly over
time (even in those who continue to develop progressive
RV failure). On the other hand, transverse RV shortening
not only correlates better with RV ejection fraction than
TAPSE but changes in a more dynamic fashion, with de-
creases in transverse shortening often closely paralleling
the progression to later stages of RV failure (Figure 4).2%*’
Inefficiencies in RV contraction are also apparent in PH,
as RV contraction has been shown to continue beyond
the time of pulmonic valve closure. This results in septal
bowing into the LV with impairment in LV filling and an
expenditure of RV oxygen consumption without the bene-
fit of further net ejection.?®?°

Considerable research efforts are ongoing to better
define and elucidate features associated with favorable,
adaptive RV responses in PH to less favorable, mal-
adaptive RV changes. An examination of the histologic
changes of the RV in various animal models of PH pro-
vides insight into several differences between the adaptive
RV compared with the maladaptive RV. In both cases, RV
hypertrophy is apparent; however, whereas extensive fi-
brosis is a hallmark observation in the failing RV, only
minimal degrees of fibrosis are typically seen in the adap-
tive RV.*® Emerging modalities that allow for the quanti-
fication of fibrosis may serve as a useful marker of RV
status, and therapies that target adverse remodeling and
collagen deposition may prove to be clinically useful. An-
other distinguishing feature of the healthy versus failing
RV can be seen at the level of the RV microcirculation. In
adaptive RV hypertrophy, there is a parallel increase in
recruited vascular beds, which are arranged in an orga-
nized fashion. On the other hand, in models of a failing,
maladaptive hypertrophied RV, there is evidence of both
capillary rarefaction in a pattern of general disarray and
striking heterogeneity of the appearance of the vascula-
ture itself.>** Another apparent maladaptive RV response
in PH is the finding that there may be a decrease in both
number and function of mitochondria in RV cardiomyo-
cytes. A downstream consequence of many of these afore-
mentioned changes includes the observed metabolic shifts
from oxidative to glycolytic metabolism.>' Taken together,
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Figure 3. Potential pulmonary arterial hypertension (PAH) and right ventricular (RV) failure therapeutics currently in widespread
use in the treatment of left heart failure syndromes. A schematic diagram indicating as yet unexplored pathophysiological mecha-
nisms in PAH is shown. ETRA: endothelin receptor antagonist; PDE-5: phosphodiesterase 5; CRT: cardiac resynchronization
therapy; SNS: sympathetic nervous system; RAAS: renin-angiotensin-aldosterone system; ACEI: angiotensin-converting enzyme
inhibitor; ARB: angiotension receptor blockers; Aldo ant: aldosterone antagonist; MSNA: muscle sympathetic nervous activity;
MIBG: metaiodobenzyl guanidine; HRV: heart rate variability; JAR: cardiomyocyte fl-adrenergic receptor; AT1R: cardiomyocyte
angiotensin type 1 receptor; RHF: right heart failure; ICD: implantable cardioverter defibrillator. Adapted with permission from

Handoko et al.'”

alterations in the capillary network and a reduction in the
number of functioning mitochondria may attenuate RV
myocardial perfusion; in the setting of increased wall
stress and myocardial oxygen demand in the RV, the net
result is an ischemic state, a finding that has been dem-
onstrated to occur in the failing human RV.>* In addi-
tion, similar to that seen in LV hypertrophy and failure,
p-adrenergic receptor downregulation and loss of function
has been described in animal models of PH, with lesser
degrees of RV dilatation and fibrosis seen in those ani-
mals treated with f-blocking agents. Whether the careful
use of f-blockers in the clinical setting will yield favorable
long-term effects on clinical outcomes remains to be de-
termined, although a recent study has demonstrated that

the judicial use of carvedilol in PAH can be performed
safely and may be associated with improvements in RV
function.*®

Finally, limited data on the direct actions of currently
available PH-specific drugs on the RV itself exist. How-
ever, in a series of preclinical studies, Nagendran et al.3+%°
demonstrated that phosphodiesterase 5 inhibitors, such
as sildenafil, may act to increase cyclic guanosine mono-
phosphate in RV cardiomyocytes, leading to an increase
in RV contractility. On the other hand, endothelin recep-
tor antagonists may have the converse result, exerting
a negative inotropic effect on the hypertrophied RV, as op-
timal RV function may depend at least partially on endothelin
stimulation of RV cardiomyocyte endothelin receptors. Pre-
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Figure 4. Dynamic changes in right ventricular (RV) transverse shortening and its association with pulmonary hypertension (PH)
survival compared with RV longitudinal shortening. RV longitudinal and transverse shortening at baseline and follow-up are
shown, indicating the average RV longitudinal (A) and transverse (B) shortening in survivors and nonsurvivors for baseline (black
bars) and follow-up (white bars). A, Longitudinal shortening in nonsurvivors is significantly (P < .05, indicated by an asterisk) de-
creased at baseline compared with that in survivors, whereas no significant change during follow-up is seen in either group. B, Trans-
verse shortening in nonsurvivors is significantly (P < .05, indicated by asterisks) decreased for levels 2—7 at baseline compared
with that in survivors. During follow-up, RV transverse shortening for levels 2—6 further decreases significantly (P < .05, indicated
by daggers) from baseline and even shows lengthening at the midventricular to apical level, whereas it did not decrease in survivors.
Data are mean + SEM. Base: baseline; fol: follow-up. Adapted with permission from Mauritz et al.””

liminary animal data suggest that prostacyclins may atten-
uate collagen deposition and RV fibrosis.*®

CONCLUSIONS

Considerable progress has been made in the field of PAH
since the original WHO classification of the disease in
1973 and the establishment of the first PAH registry in
1989. Yet while overall survival has improved modestly
with the availability of contemporary PAH-specific drugs,
the overall prognosis remains generally poor due to pro-
gressive RV failure. Indeed, a common denominator of
nearly all PAH-related epidemiologic studies is that RV

function is what drives clinical outcomes. While the pul-
monary vasculature itself must continue to be a target of
future drug development, a major shift is (appropriately)
occurring that focuses on maladaptive responses of the
RV to a variety of pathologic stimuli and the development
of novel therapeutic interventions aimed at either pre-
serving RV function or reversing RV dysfunction.

Source of Support: Nil.

Conflict of Interest: None declared.
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