REVIEW ARTICLE

From short-term benefits to long-term outcomes:
the evolution of clinical trials in pulmonary

arterial hypertension

Murali M. Chakinala,' Robyn Barst’

]Pulmonary and Critical Care Division, Washington University School of Medicine, St. Louis, Missouri, USA; ’Columbia
University College of Physicians and Surgeons, New York, New York, USA

Abstract: Over the past 2 decades, major advances in our understanding of pulmonary
arterial hypertension (PAH) have led to the development of new targeted therapeutics and
management strategies that have provided benefits to patients with this devastating dis-
ease. Despite such improvements, no therapies are curative, and PAH remains a progres-
sive disease associated with high morbidity and suboptimal survival in many patients.
Clinical research in PAH is currently at a crossroads. To move forward, not only are new
therapies needed, but novel approaches to clinical trial design are also required. Trials
should be designed to assess the longer-term benefits of investigational therapies in what
has become a chronic disease. Moreover, there is a need to consider moving away from
short-term trials that use markers such as the 6-minute walk distance as a measure of
exercise capacity as primary end points to longer-term, event-driven trials with composite
end points made up of clinically relevant measures that better reflect the ultimate goals of
reducing morbidity and mortality. A shift in trial design may also be useful in overcom-
ing some of the muted results from recent pivotal phase III studies of combination
therapy by allowing the potential of these regimens to be more comprehensively assessed.
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INTRODUCTION

Pulmonary arterial hypertension (PAH) is a progres-
sive disorder with high morbidity and mortality in
persons of all ages. The disease is characterized by
endothelial cell dysfunction, smooth muscle cell hy-
pertrophy, platelet dysfunction leading to in situ
thrombosis, and abnormal expression of vasoactive
mediators resulting in pulmonary vascular remod-

eling. Restriction in blood flow through the pulmo-
nary vascular bed results from increased pulmonary
vascular resistance and pulmonary arterial pressures;
over time, increased workload on the right ventricle
leads to right heart failure."” Until the late 1990s,
treatment options for patients with PAH had been
limited to general supportive measures and lung or
heart-lung transplantation. In the National Institutes
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of Health (NIH) registry of the 1980s, median sur-
vival after a diagnosis of idiopathic PAH was less than
3 years, and only one-third of patients survived for
5 years; survival in children was often less than 1 year
after diagnosis.’

In the past 2 decades, however, there have been
major advances in our understanding of PAH that
have led to clearer categorization of PAH subtypes
and the development of PAH-specific therapies that
target pathways implicated in its underlying patho-
genesis.” Advances in management and the use of
these therapies have resulted in significant improve-
ments and better quality of life (QoL) for patients with
PAH, although none of these therapies is considered
curative.*®

Current approved therapies for PAH target 1 of 3
main pathways (prostacyclin, endothelin, or nitric ox-
ide) thought to be involved in the vasoconstriction,
vascular endothelial cell proliferation, smooth muscle
cell proliferation, and endothelial dysfunction charac-
teristic of the disease.”” Phase III trials of these ther-
apies have only shown a modest improvement in
hemodynamic characteristics, when measured, but
have still reported significant increases in exercise
capacity, lessening of symptoms, and better QoL com-
pared with placebo. However, rigorous long-term data
for reductions in morbidity and mortality, which are
the ultimate goals of treatment, are lacking and have
only been inferred through open-label observational
studies and registries.” This is partially attributable
to the limited capabilities of available therapies, but
it also reflects clinical trial design in PAH, which has
predominantly involved short-term studies using ex-
ercise capacity, as measured by the 6-minute walk dis-
tance (60MWD), as a primary end point. However, such
trials provide little assurance of long-term safety and
efficacy.

CONTEMPORARY OUTCOMES WITH
MODERN PAH MANAGEMENT

Recent advances in PAH treatment have, in many
ways, mirrored those seen 2 decades ago in another
chronic and debilitating cardiovascular condition,
chronic left ventricular heart failure. In heart fail-
ure, goals of therapy have evolved from symptomatic
relief, through short-term hemodynamic improve-
ments and intermediate-term improvement in func-

tional capacity and exercise capacity (provided by
vasodilators, nitrates, and digoxin), to the ultimate ob-
jective of long-term improvement in morbidity and
survival, as seen in trials of angiotensin-converting
enzyme inhibitors and beta blockers.® Reflecting this,
morbidity and mortality has been the standard re-
sponse variable in heart failure studies for many
years; however, softer end points, such as exercise
capacity or functional class, have not been ignored,
because they are still clinically relevant in the early
stages of the disease and are likely to be very relevant
to patients.

There is an ever-growing list of PAH-targeted
therapies available that, when administered as mono-
therapy or as add-on combination therapy in ran-
domized clinical trials, have shown short-term (12—
16 weeks) improvements in exercise capacity, hemo-
dynamic characteristics, functional class, and QoL.
Although a meta-analysis of these trials suggested
a mortality benefit, the effect was heavily driven by
a minority of prostacyclin-based studies.” Further-
more, contemporary registries provide updated and
improved survival estimates, when compared with
the NIH registry of the 1980s.> A French registry
demonstrated a survival rate of 67% at 3 years in
patients with idiopathic, familial, or anorexigen-
associated PAH.'® Similarly, the US-based Registry
to Evaluate Early and Long-Term PAH Disease Man-
agement (REVEAL), which enrolled patients with
PAH between 2006 and 2009 and also included as-
sociated PAH cases, estimated survival rates from
time of diagnosis of 68%, 57%, and 49% at 3, 5, and
7 years, respectively (Fig. 1).° It is important to note
that these registries include incident and prevalent
cases, which introduces a “survivor bias,” because
prevalent cases must survive the period from diagno-
sis to registry enrollment to be included in the co-
hort, thus inflating overall survival estimates. To
state this another way, patients who were too sick to
survive the time from diagnosis to enrollment could
never be included in the registry. More recently, a
registry of incident, treatment-naive cases of largely
idiopathic PAH from the United Kingdom and Ire-
land reported survival rates of 73% at 3 years and
61% at 5 years, reflecting survival in a population
with newly diagnosed PAH.'" Furthermore, a sub-
group analysis of REVEAL also provides evidence to
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Figure 1. Seven-year survival from
time of diagnostic right heart cathe-
terization in the full Registry to Eval-
uate Early and Long-Term Pulmonary
Arterial Hypertension Disease Man-

49.0 +1.4%

1 2 3 4

Time from diagnosis (years)
894 575 309

No. at risk: 868
Full cohort

1169 1263 1296 1146

support the notion that contemporary practices, which
include use of targeted PAH therapies, have improved
survival. REVEAL investigators assembled a cohort
of patients with idiopathic/familial PAH, weighted to
match the idiopathic/heritable cohort from the 1980s
NIH registry (conducted in an era devoid of targeted
PAH therapies), who subsequently initiated contem-
porary PAH-specific therapy within 6 months of diag-
nosis.® Observed survival was considerably better than
predicted survival based on the validated NIH equa-
tion; 78% versus 46%, 70% versus 35%, and 66% ver-
sus 32% at 3 years, 5 years, and 7 years after diagno-
sis, respectively.*®

Most contemporary registries include only adult
patients, with a predominance of idiopathic PAH.
Because the underlying etiology of PAH affects over-
all survival,'* more data from studies of specific sub-
groups are needed. For example, patients with PAH
associated with systemic sclerosis have a particularly
poor prognosis, although recent studies suggest that
outcome has improved, with a contemporary 1-year
survival rate of 78% compared with 45% in histori-
cal reports.* There is also a lack of contemporary sur-
vival data for children with PAH, because interpre-
tation of data from registries including children is
complicated by a range of factors that include small
patient numbers, poor characterization, and the ret-
rospective nature of such studies.'® Before targeted
therapy became available, most children died within
1 year of idiopathic PAH diagnosis; however, more
recent data report that, with treatment, 3-year survival
rates for pediatric idiopathic PAH are greater than
80%."* Longitudinal follow-up of patients included
in the Tracking Outcomes and Practice in Pediatric

agement (REVEAL) cohort. Squares in-
dicate estimated survival estimate =+
standard error at each particular time
point. Reproduced with permission
from the American College of Chest
Physicians.®

Pulmonary Hypertension (TOPP) registry, which is
the first global, prospective registry of pediatric pulmo-
nary hypertension, should provide outcome data in
pediatric pulmonary hypertension.> Obtaining data
in low-prevalence PAH subgroups will, however, be
challenging, because an adequate period of observa-
tion will require a prolonged duration of study be-
cause of low numbers of patients.

Despite these limitations, the aggregate evidence
from contemporary registries suggests an improve-
ment in survival in the modern treatment era, even
though none of the approved therapies are curative.
Better use of adjunctive therapies (e.g., greater reli-
ance on diuretics and avoidance of nonselective va-
sodilators), more adept acute management of acute
right heart failure, better recognition of perioperative/
peripartum hazards, and more disciplined longitudi-
nal monitoring of patients with PAH by specialized
pulmonary hypertension centers has also likely con-
tributed to the observed improved outcomes. How-
ever, there remains considerable room for improve-
ment in terms of longer-term morbidity and mortality
rates. Moreover, patients may be stable and even ex-
hibit a good functional capacity for years with persis-
tently elevated pulmonary artery pressures and a chron-
ically impaired right ventricle, yet still succumb to
“late” disease progression or become vulnerable to
acute insults, such as sepsis,">'® pulmonary embo-
lism,"” and arrhythmias.'® As a result, patients with
PAH still warrant vigilant and systematic monitor-
ing of their condition. To further improve outcomes
and advance the field, not only are new therapeutic
agents needed, but study designs and end points
need to be redefined, particularly the primary end
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point used to judge the relative benefits of different
treatment approaches on the ultimate longer-term
goals of reducing morbidity and mortality across a

range of patients with PAH.

CHALLENGES OF CLINICAL

RESEARCH IN PAH

Conducting effective clinical trials in PAH has always
been challenging because of the rarity of the disease,
its heterogeneous biology, and the rapidly changing
landscape of therapies. Current European registries
have estimated a prevalence of 5-8 cases per million
for idiopathic PAH and 15-26 cases per million for
the larger and more heterogeneous category of
PAH that also includes, for example, PAH associated
with connective tissue disease, toxins, and congenital
systemic-to-pulmonary shunts.*'® As a result, large-
scale studies involving thousands of patients that
have been conducted in other disease states are not
realistically feasible in PAH. Furthermore, the in-
creasing number of PAH-specific treatments and the
number of competing clinical studies have further
limited the number of appropriate PAH subjects for
clinical trials, making it extremely difficult to recruit
subjects, particularly treatment-naive subjects, in
many areas of the world. As a result, enrollment goals
in numerous recent PAH trials have been challeng-
ing to meet.

The heterogeneous nature of patients with PAH
also makes designing clinical trials difficult. Expres-
sion of the condition may vary significantly, because
the PAH category encompasses individuals from
childhood (i.e., those with idiopathic PAH who typi-
cally lack other medical problems or those with PAH
associated with congenital heart defects) to those in
their sixth or seventh decade of life (i.e., those with
scleroderma-associated PAH, who often have co-
morbidities and/or other manifestations of their sys-
temic disorder). Accordingly, disease-related param-
eters used to monitor patients that have often served
as end points in clinical trials (e.g., 6 MWD and World
Health Organization [WHO] modified functional
class) are susceptible to factors other than cardio-
pulmonary issues and therefore may be unreliable.
Furthermore, the baseline characteristics of patients
can also vary considerably as a result of differing de-

mographic characteristics, comorbid conditions, and
baseline conditions.

Although the influence of PAH subject heteroge-
neity in a specific trial can be minimized through
randomization, the population’s heterogeneity can
still affect clinical research by applying unique and
hidden pressures on certain segments of the popula-
tion, which could influence ultimate study outcome.
As an example, the resilience of the right ventricle to
increased afterload appears to differ by PAH sub-
group. The right ventricles of scleroderma patients
appear to be particularly susceptible and prone to fail-
ing, whereas the right ventricles of patients with con-
genital systemic-to-pulmonary shunts (Eisenmenger
physiology) are remarkably durable even in the face of
severe pulmonary hypertension.”*?! As a result, an
investigational agent’s impact on the pulmonary vas-
culature may have a variable clinical effect based on
these inherent differences in right ventricular adap-
tation. This heterogeneity of PAH subtypes is likely
to result from unique biologic pathways and their
relative importance to either the pulmonary vascu-
lopathy or right ventricular adaptation and could
influence natural history and response to a particu-
lar intervention.””?* Finally, this heterogeneity of
the PAH population limits comparison of outcomes
across trials, because enrollment is unlikely to be
consistent with regard to PAH subtypes, baseline dis-
ease severity, and/or the use of background PAH-
specific therapies.

Another challenging aspect of PAH clinical re-
search is the impact of approved PAH-specific back-
ground therapies. Drugs in the endothelin recep-
tor antagonist, phosphodiesterase type 5 inhibitor,
(PDE-5i) or prostanoid classes have become the main-
stays of PAH treatment. Since their introduction,
slower rates of disease progression and delays in clin-
ical worsening have been reported and are challeng-
ing the ability to demonstrate efficacy of novel drugs
when added to ongoing treatment regimens.***’ Ac-
cordingly, new treatments must demonstrate a mea-
surable and clinically meaningful incremental ben-
efit in placebo-controlled investigations. In the future,
the blinded phase of “add-on” trials will probably need
to be extended beyond the usual 12-24 weeks for
the incremental benefits of new therapies over back-
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ground therapies to be observed.”® Furthermore, clin-
ical trials need to account for the use of advanced
prostanoids that “rescue” patients whose condition is
deteriorating and, depending on study design, may
potentially avoid or delay predefined study outcomes.
One way to balance this and not jeopardize study in-
tegrity or subject safety is to develop a priori practi-
cal “escape criteria” that could be incorporated into
study end points. Because of these stark realizations,
it is important that any studies involving patients
with PAH generate clinically useful data by ensuring
that appropriate end points and durations are used.

CANDIDATE SURROGATE
MARKERS IN PAH
An end point used in a clinical trial should be ac-
curate, precise, reliable, and measurable. In a life-
threatening condition, such as PAH, the most de-
finitive outcome is mortality. However, the use of
mortality as a primary end point in clinical trials of
PAH has traditionally been impractical. This is pri-
marily because of the large sample size and long
study duration that may be required to show a signif-
icant survival advantage, factors that pose inherent
challenges in an orphan disease in which the patient
population is limited. As a result, other important clin-
ical outcomes have been studied in PAH trials, in-
cluding hospitalization for worsening PAH; under
going a lung or heart-lung transplant; creating a palli-
ative right-to-left anatomic shunt (e.g., atrial septos-
tomy or Potts shunt); escalating to continuous intra-
venous or subcutaneous parenteral prostanoid therapy,
and/or disease progression (prospectively defined by
specific criteria), all of which are undesirable for pa-
tients. Accordingly, reduction of these events is a laud-
able goal for any investigational PAH agent and is fre-
quently represented as a composite end point, called
“clinical worsening,” in short-term clinical trials.
The use of surrogates in clinical trials has the po-
tential to overcome some of the limitations associated
with measuring “harder” end points, such as mortal-
ity or lung or heart-lung transplantation. A surrogate
end point can be defined as a marker that acts as
a substitute for a clinically significant outcome. Sur-
rogates should be reliable measures that are in the
causal pathway to the ultimate clinical outcome (e.g.,
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mortality). In addition, changes to a surrogate marker
should be linked to changes in the clinical outcome.*
Without meeting this second criterion, a candidate
measure behaves as a correlate, rather than a surro-
gate; this is an important distinction, because only a
surrogate can be substituted for the targeted clinical
outcome.’® To take an example from cardiovascular
medicine, parameters such as cardiac output, ejection
fraction, and exercise capacity are correlated with
long-term survival of patients with congestive heart
failure. However, treatment-induced improvements
in those measurements are not reliable predictors of
the effect on mortality, and thus they are correlates
and not surrogates of mortality in congestive heart
failure.>® Furthermore, surrogate measures may also
be patient-centric by directly reflecting how a patient
feels. This is valued by patients, healthcare profes-
sionals, and regulatory agencies but is not a require-
ment for a surrogate measure.” The use of surro-
gate markers has a number of potential advantages,
including a smaller sample size (particularly impor-
tant in rare diseases such as PAH) and possibly
shorter-duration trials, thereby improving a study’s
efficiency and facilitating earlier clinical availability
of effective therapies. However, the selection of valid
and appropriate surrogates as primary end points
in clinical trials is critical, and the use of inappropri-
ate surrogates may result in incomplete, inadequate,
or misleading analyses and conclusions.*

Given the understanding that hemodynamic mea-
surements, such as right atrial pressure and cardiac
index, are important predictors of survival in PAH?
and are relied upon heavily in clinical practice, it
would be explicable for hemodynamic characteris-
tics to serve as surrogate markers in PAH. However,
hemodynamic characteristics have rarely been used
as primary end points in PAH clinical trials, espe-
cially large-scale phase III studies, for a myriad of
reasons. The technical challenges of right heart cath-
eterization, the unwillingness of patients to undergo
invasive testing, and trial sponsors’ reluctance to in-
cur costs have all been significant deterrents toward
greater reliance on hemodynamic characteristics in
clinical trials. Furthermore, regulatory agencies’ pref-
erences for simple, noninvasive, and more patient-
centric measures have further stifled enthusiasm for
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using hemodynamic parameters as primary end
points in PAH trials. As a result, other simpler, less
expensive, and more patient-focused measures have

been used.

6MWND as primary end point and potential surrogate
marker in PAH clinical trials

The 6-minute walk test (6MWT) is a self-paced, sub-
maximal exercise test, and its principal output mea-
sure, the 6MWD, has been used to assess exercise
capacity in patients with a range of chronic cardiopul-
monary conditions. In fact, the 6MWD correlates
with peak oxygen consumption®' and is also reflec-
tive of activities of daily living.*> 6MWD has been
used widely as a primary end point in clinical PAH
trials largely because baseline 6MWD has been shown
to predict mortality and morbidity in conditions such
as heart failure®>** and chronic obstructive pulmo-
nary disease.**?® As a result of its simplicity, low cost,
minimal technical needs, reproducibility, and patient-
centric nature, the widely used 6MWT has many at-
tractive features for being a primary outcome mea-
sure in clinical trials. However, its robustness as a
potential surrogate end point for morbidity and mor-
tality has recently been challenged.

The 6MWD has been shown to correlate with QoL,
functional class, and oxygen consumption in several
analyses in the cardiopulmonary domain.*'?*?” In
idiopathic PAH, Miyamoto et al.*” demonstrated that
baseline 6MWD discriminated survival patterns. As
such, the 6MWD has been adopted as a treatment goal
and potential surrogate marker in clinical practice as
well as serving as the primary end point in many PAH
clinical trials."***® Considering the aggregate experi-

ence from the pivotal monotherapy trials in PAH, ab-
solute improvements in 6MWD after short-term
exposure to active agents have generally ranged from
30 to 45 m, representing an 8%—-13% improvement
from baseline 6MWD (Fig. 2).2*?%%%*? To date, the
majority of studies using 6MWD have involved
monotherapy, but there is currently considerable in-
terest in improving patient outcomes with combi-
nation therapy of 2 or more agents from different
therapeutic classes. However, the placebo-adjusted im-
provements in 6MWD in completed combination ther-
apy trials have been less impressive than those seen
in the monotherapy studies (Fig. 3),***® even though
other measures, including rates of clinical worsening
and hemodynamic characteristics, have improved,**
which suggests that 6MWD may have shortcomings
as an end point in combination therapy trials.

The clinical relevance of 6MWD in PAH

An unresolved issue for 6MWD as a trial end point
is what constitutes a meaningful improvement in
6MWD in response to treatment. It is essential to
distinguish between changes that are clinically im-
portant or meaningful to the patient and those that
result in little perceived benefit to the patient despite
being statistically significant in clinical trials. A num-
ber of studies have addressed the issue of minimally
important difference (MID), defined as a measure of
the smallest difference in 6MWD that signifies a clin-
ically important change. Using data from patients
in the Sildenafil Use in Pulmonary Hypertension
(SUPER) trial (sildenafil versus placebo in treatment-
naive patients with PAH) and a distribution-based
method of determining the MID, Gilbert et al.** cal-
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ﬁ _ 50 1 45 m 44 m
s £ 404
o= 40 32 35m Figure 2. Mean change in 6-minute
o m 31m : .
g 2 30 walk distance (6MWD) from baseline
- E to end of study in clinical trials of pul-
g, = 20 monary arterial hypertension treated
5 - with monotherapy. Epoprostenol, con-
5 10 tinuous infusion, 12 weeks;** bosen-
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Q'QO (\\@{\ 6@0 (-\\_"b{\ (@Q \éQ 18 weeks;*° sildenafil, 20 mg, 12 weeks;"!
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culated an MID in the 6MWD of 41 m, with a range of
18.7-74.2 m. More recently, Mathai et al.*° used data
from the Pulmonary Arterial Hypertension and Re-
sponse to Tadalafil trial*? (tadalafil versus placebo in
treatment-naive patients or as add on to bosentan-
treated patients) to determine MID by an “anchor-
based” method, in which changes in the 6MWD were
anchored to changes in the clinically relevant physi-
cal component score of the short-form 36 QoL in-
strument as well as several distributional methods
similar to those used in the Gilbert analysis. Mathai
et al.>® determined an anchor-based MID of 38.6 m
and a consensus value (anchor-based plus distribu-
tion method) of 33 m. It is important to remember
that these analyses were calculated from 2 specific
studies and that more generalized analyses are re-
quired to confirm these levels in PAH. Nevertheless,
the similarity of the findings for MID in 6MWD be-
tween Gilbert's and Mathai’s work raises doubts
about the clinical relevance of the change in 6MWD
reported in several recently completed combination
therapy trials (Fig. 3),”* including those with statis-
tically significant values for their respective primary
or secondary end points.

In most studies, MWD has been assessed as an
absolute change from baseline,*******! although sev-
eral studies, including observational reports, have
tried to establish threshold values for the 6WMD,
which could serve as benchmarks for clinical decision-

from active treatment arms are shown.

making and assessing prognosis.’”*"* It is impor-
tant to note, however, that these studies were under-
taken during an earlier era when fewer therapeutic
options were available and that the suggested thresh-
olds may have less relevance in the modern treatment
era. In addition, none of the benchmark 6MWD val-
ues have been confirmed in prospective studies, and
consequently, more evidence is required to establish
whether the correct benchmark has been identified.
Although the 6MWT still has an integral role in clini-
cal practice, the lack of consensus over a threshold
6MWD to reliably discriminate longer-term outcomes
does challenge its value and ability to serve as a pri-
mary end point in clinical investigations.

Importantly, there are also data to suggest that
6MWD may be a less sensitive surrogate marker of
clinical outcome in patients with PAH earlier in the
course of the disease, because these patients may
have a longer walking distance at baseline. Degano
and colleagues reported that, in patients with a base-
line 6MWD <450 m, improvement in 6MWD was
associated with better survival; however, there was
no similar association in patients with baseline
6MWD >450 m.>* This may be due, at least in part,
to a “ceiling effect” in 6MWD; that is, a level at
which 6MWD is not significantly affected by the dis-
ease and, therefore, is less likely to predict long-term
outcomes.”* One explanation of this lies in the test
itself; there is a stage at which patients are walking
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as fast as is mechanically possible and would need to
begin to run to maintain a linear increase in speed.
This ceiling effect is likely to be more relevant to less
severely ill patients, and this phenomenon is not ob-
served in many patients in PAH trials, which gener-
ally include patients in functional classes III or IV.
The ceiling effect of the 6MWD may be overcome by
using more advanced maximal effort exercise tests,
such as cardiopulmonary exercise testing (CPET)
and its measurements (e.g., peak oxygen consump-
tion or the ratio of minute ventilation to carbon diox-
ide production at anaerobic threshold). However,
CPET is more complicated to perform than the
6MWT, requires exercise equipment and measure-
ment systems, and needs to be performed and
assessed by experienced personnel. With the appro-
priate level of site training, the complexity of CPET
can be overcome by study personnel, and it can pro-
vide reliable data. Although CPET has been used in
some trials, including the Sitaxentan therapy for pul-
monary arterial hypertension (STRIDE-1)>° and in
a pilot study of bosentan as an add-on therapy to
iloprost or beraprost,* it has been less widely used
than 6MWT, and it is unclear whether reported data
can be generalized to a wider PAH population.

Limitations of the 6MWD as a potential surrogate
marker in PAH

As mentioned earlier, a critical element for a valid
surrogate marker is the expected relationship be-
tween changes in a surrogate and the outcomes for
which the surrogate is substituting. In PAH trials, the
connection between treatment-associated 6MWD
changes and improvement in relevant clinical out-
comes has been assumed but has not been proven,
despite the 6MWD being adopted as the primary
end point for most PAH pivotal trials to date. In fact,
2 recent publications have cast doubt on the validity
of the 6MWD as a surrogate marker of significant
clinical outcomes in PAH and shaken the confidence
of many experts in the field.>*’

Gabler et al.>® pooled data from 10 randomized
controlled trials of PAH-specific therapies (2,404 pa-
tients) in an attempt to validate 6MWD as a surro-
gate end point by establishing whether changes in
6MWD after 12 weeks of treatment could predict
the relationship between treatment assignment (ac-

tive therapy vs. placebo) and occurrence of a prede-
fined clinical event (death, lung or heart-lung trans-
plantation, atrial septostomy, hospitalization due to
worsening PAH, withdrawal for worsening of right
heart failure, or addition of other PAH medications).
Although change in 6MWD from baseline to week 12
met the criteria for being a mediator of the relation-
ship between treatment assignment and development
of a clinical event, the association was relatively weak,
and a large proportion of the treatment effect on clini-
cal events was not explained by changes in 6MWD.
Gabler et al.>® concluded that 6MWD may not be an
adequate surrogate end point for clinical events.

Similarly, Savarese et al.’’ investigated whether
improvement in 6MWD was associated with clinical
outcomes in 22 PAH studies involving over 3,100
patients. In their meta-analysis, active treatments
(prostanoids, endothelin receptor antagonists, or
phosphodiesterase type 5 inhibitors used as mono-
therapy or in combination) resulted in significant
risk reduction for the composite outcome of clinical
events, including mortality, hospitalization, lung or
heart-lung transplantation, or the initiation of res-
cue therapy at a mean follow-up of 14.5 weeks. But
meta-regression failed to demonstrate a significant
relationship between the change in 6MWD and the
composite clinical end point, again casting doubt on
the validity of the 6MWD as a surrogate for clinical
outcomes.

Limitations of these recent investigations include
the study-level, and not patient-level, analyses con-
ducted and the short time frame for assessing the
relationship between changes in 6MWD and clinical
events.’®*” Because the majority of PAH trials to
date have been short-term investigations, typically
12-18 weeks of blinded investigation, the meta-
regression could only judge the relationship in the
short term. Whether the 6MWD is sufficient as a sur-
rogate marker for longer-term clinical events (i.e., be-
yond the usual 16-week study duration) is unknown.
This uncertainty will continue until longer-term in-
vestigations are conducted in PAH and data are avail-
able to prove or disprove the utility of the 6MWD.
Until then, the lack of a more convincing short-term
relationship precludes considering the 6MWD as a
surrogate for clinical outcomes and challenges its use
as a primary end point in pivotal PAH clinical trials.
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The current role of 6MWD in clinical trials of PAH
The fact that change in 6MWD response to treatment
may not be a reliable marker of clinical events does
not negate its usefulness as an end point in PAH.
Despite the caveats discussed previously, the use of
6MWD as the primary efficacy measure in early clini-
cal trials of PAH-specific therapies has undoubtedly
provided valuable information regarding the poten-
tial clinical efficacy of agents with novel modes of
action. Moving forward, 6MWD will likely still be use-
ful in this regard for new drugs targeting novel
pathways, at least in the initial stages of clinical devel-
opment, and for evaluating treatments in subpopu-
lations of patients (i.e., those with Eisenmenger syn-
drome) where large-scale morbidity and mortality
trials are not feasible. Improvements in function are
in themselves important in patients with debilitat-
ing, chronic conditions, such as PAH, and 6MWD
has been shown to correlate with QoL and a patient’s
daily life physical activity.’®*® For future pivotal
phase III studies in PAH, particularly those involv-
ing new drugs from established therapeutic classes,
and studies of combination therapy using existing
agents, 6MWD is also likely to continue being of
value as a secondary end point or as part of a broader
composite assessment of clinical benefit or indicator
of clinical progression.

Unfortunately, PAH is lacking validated surrogate
markers of clinical outcomes. Over the past decade,
technical advances and increased understanding of
the right ventricle have led to novel parameters of
right ventricular function, which could serve as po-
tential surrogate markers in PAH. These include pa-
rameters measured by echocardiography (e.g., stroke
volume index and tricuspid annular plane systolic ex-
cursion), cardiac magnetic resonance imaging (e.g.,
stroke volume, right ventricular ejection fraction,
right ventricular end-diastolic volume index, and left
ventricular end-diastolic volume index), or biomarker
analysis (e.g., N-terminal prohormone of brain natri-
uretic peptide).®”®? The potential of these measures
will depend not only on their relationships with long-
term clinical outcomes and whether they are affected
by comorbid conditions but also on practical issues
such as ease of use, reproducibility, and accessibility
to the technique. Until then, we need to identify more
direct and relevant primary outcome measures in
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PAH to help delineate the relative long-term benefits

of novel treatments.

SHIFTING THE FOCUS FROM THE 6MWD
TOWARD MORBIDITY AND MORTALITY
END POINTS: A PLEA FROM THE
DANA POINT WORLD PULMONARY
HYPERTENSION SYMPOSIUM
In complex chronic conditions, such as PAH, it is
extremely unlikely that any single parameter will be
universally predictive of a drug’s effect on mortality
and morbidity. It is also important to recognize the
limitation of using mortality alone as an end point in
PAH trials, because a large number of patients would
need to be followed up for a lengthy period of time to
observe a statistically significant difference. There-
fore, a composite end point made up of mortality
along with other relevant nonfatal clinical end points
is likely to provide a more appropriate and compre-
hensive measure of an intervention’s impact in a
more acceptable time frame. Composite end points
are not infrequently used in randomized controlled
clinical trials to increase statistical efficiency by lead-
ing to higher event rates, thus requiring smaller sam-
ple sizes and/or shorter follow-up. Composite end
points also provide a summary measure for a treat-
ment effect in which several outcomes (e.g., morbid-
ity and mortality) are important.®> As such, compos-
ite end points have been widely used as the primary
outcome measure in clinical trials of morbidity and
mortality, particularly in adult cardiology (e.g., heart
failure).®* The vast majority of composite end points
used in these trials have included mortality and a
number of additional end points (most often 1 or 2)
tailored to the particular clinical setting (e.g., nonfatal
myocardial infarction, nonfatal stroke, and need for
coronary artery bypass grafting).®®

Clinical worsening, which is a composite end point
that includes mortality and other disease-related end
points, such as hospitalization for worsening PAH
and undergoing lung or heart-lung transplantation,
has already been widely used as a secondary end point
to assess the treatment effect of PAH-specific thera-
pies. Because it may be used to assess disease progres-
sion, it is considered clinically relevant to patients,
clinicians, and regulatory agencies.®® However, the
definition of clinical worsening has varied between
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trials, which makes comparison of data difficult (Ta-
ble 1).2426:2840444755 1t is also not useful to use
the “need for transplant” as opposed to undergoing
transplant due to the variability in listing a patient.
[t is also most useful for the events to be as objective
as possible and adjudicated blindly and indepen-
dently by committee.

The Fourth World Symposium on Pulmonary Hy-
pertension (Dana Point) recommended that reducing
mortality and morbidity supplant traditional exercise
measures, such as the 6MWD, as the primary end
point of future pivotal studies in PAH. In addition, a
uniform definition for clinical worsening that could
be used in future randomized controlled trials was
offered."” This included all-cause mortality, nonelec-
tive hospital stay for PAH (with predefined criteria,
such as initiation of intravenous or subcutaneous pros-
tanoids, lung or heart-lung transplantation, or atrial
septostomy), and an acceptable measure of disease
progression that requires worsening of more than
one predefined measure across a period of time (e.g.,
6MWD and functional class). An advantage of such
a multifaceted definition of clinical worsening is the
ability to determine a treatment’s effect beyond reli-
ance on a single measure, such as the 6MWD, which
can be influenced by comorbidities in some individ-
uals.

It is worth stating that even these clinical outcomes
can vary in different parts of the world and different
healthcare systems, thus challenging the applicability
of future study findings. For example, intravenous
prostanoids and/or transplantation are not available
in some parts of the world. Additionally, components
of the clinical worsening end point may also need
adapting for pediatric studies. The TOPP registry
shows that children with PAH have clinical features
that differ from those of adults, emphasizing the
need for pediatric data from properly designed stud-
ies, rather than extrapolation from adult studies."*

To date, the component of composite clinical wors-
ening in PAH trials that has been least consistent
has been disease progression, which makes it a more
ambiguous outcome. However, disease progression is
often the component that drives the number of clini-
cal worsening events in clinical trials, which under-
scores its importance. Certainly, a trade-off exists
when considering how to define disease progression.
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Although changes in objective and reliable measures
should be incorporated, the definition of disease pro-
gression should not be so restrictive that true wors-
ening is not captured. Otherwise, a study’s efficiency
and integrity as well as a subject’s safety might be
jeopardized. In terms of changes in 6MWD, it re-
mains unclear whether a specified change in 6MWD
or maintaining an absolute value (e.g., 380 m thresh-
old) is what is most important. McLaughlin et al."* rec-
ommended a decrease in 6MWD of 15% from base-
line (confirmed by a second 6MWT within 2 weeks)
plus worsening functional class as a defined compo-
nent of clinical worsening, which is supported by data
from REVEAL.®’

An additional consideration in assessing clinical
end points, especially disease progression, is the po-
tential problem of subjectivity. To help overcome this
potential shortcoming, mandatory adjudication of
events has also been recommended.'” The use of a
panel of independent adjudicators (blinded to treat-
ment) to assess the clinical relevance of all events clas-
sified as clinical worsening in a trial would un-
doubtedly improve the consistency and accuracy of
event reporting and has been undertaken in some
PAH studies.”® Such independent adjudication of
events should be an essential element of future trials.

Event-driven morbidity and mortality trials in PAH

To date, the majority of PAH trials have been of fixed-
time design, because studies have been powered to
detect a significant difference in the primary end
point, usually the 6MWD, at a prespecified time point
(e.g., 12 or 18 weeks). This short-term design has also
been aided by our understanding of the timing for
6MWD improvement after a treatment intervention.
However, given the low event rates for clinical out-
comes in short-term clinical trials in PAH, especially
recently completed combination therapy studies (Ta-
ble 2), a new trial design is needed if a composite
end point capturing morbidity and mortality is to be-
come the primary end point in pivotal PAH trials.
Although a predefined time point could still be used
for determining rates of clinical worsening, it is con-
ceivable that a significant reduction in clinical wors-
ening by an investigational agent could be missed by
such an arbitrary designation, especially if the event
rate in the placebo cohort is overestimated. An alter-
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Table 2. Recently completed, ongoing, and planned placebo-controlled studies including an event-driven assessment

of morbidity and mortality as the primary end point

Study name

Study drug(s)

Primary end point

Anticipated exposure
(patient-years)

Studies using currently
available PAH-
specific therapies

AMBITION
(NCT01178073)

COMPASS-2
(NCT00303459)
Studies investigating
novel agents

First-line ambrisentan,
tadalafil, or combi-
nation of both

Addition of bosentan
to baseline sildenafil

Time to clinical failure

Time to first (adjudicated)
morbidity/mortality event

for PAH
SERAPHIN Macitentan Time to first (adjudicated)
(NCT00660179) morbidity/mortality event
GRIPHON Selexipag Time to morbidity or
(NCT01106014) mortality event
(according to the
definition of the Dana
Point Fourth World
Symposium on
Pulmonary
Hypertension)
FREEDOM-Ev Early addition of oral Time to first clinical
(NCT01560624) treprostinil to PDE- worsening event

Study terminated when 105
events occurred;
anticipated median
treatment duration = 2.0
years; estimated total study
duration = 2.75 years

Enrollment between 2006
and first quarter 2013

742 patients enrolled.

Estimated to be up
to 4.3 years

Clinical worsening
assessed for up to 2.5

5i or ERA.

years

Note: ERA, endothelin receptor antagonist; PAH, pulmonary arterial hypertension; PDE-5i, phosphodiesterase type 5 inhibitor.

nate design is to employ an event-driven study de-
sign, which makes time a variable factor and allows
for the blinded portion of a trial to continue until a
significant number of prespecified clinical events oc-
cur; accordingly, subjects’ exposure to blinded ther-
apy will be open-ended and variable. The number of
necessary events would be determined by the pro-
jected event rate in the placebo group and an expected
reduction in the event rate in the active group. Need-
less to say, the use of a composite end point captur-
ing morbidity and mortality as a primary end point
and an event-driven design may result in much lon-
ger clinical trials."? This is especially true for contem-
porary PAH studies conducted in countries where
multiple PAH therapies are approved and where en-

rollment will primarily consist of subjects already re-
ceiving PAH therapies who are recruited for add-on
therapy. By their very nature, such trials will be long
term and will result in a much longer investigational
period and duration of drug exposure, while at the
same time providing extended safety information.
Phase IIT PAH clinical trials that are currently
being conducted reflect the evolution of the field
since the 2009 Dana Point recommendations,'? with
long-term, event-driven studies using composite end
points based on morbidity and mortality becoming
more widely used for pivotal (phase III) studies (Ta-
ble 2). These include phase III trials of combination
therapy, such as the randomized, multicenter study
of first-line ambrisentan and tadalafil combination
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therapy in subjects with PAH trial that compares
first-line combination therapy with first-line mo-
notherapy with either of the agents (AMBITION;
ClinicalTrials.gov identifier NCT01178073), the trial
of early combination therapy with oral prostacyclin
analogue (treprostinil) on a background of PDE-5i
or ERA therapy (FREEDOM-Ev; ClinicalTrials.gov
identifier NCT01560624), and the effects of a combi-
nation of bosentan and sildenafil versus sildenafil mo-
notherapy on morbidity and mortality in symptomatic
patients with PAH (COMPASS-2 trial; ClinicalTrials.
gov identifier NCT00303459). In terms of new drugs,
studies include the GRIPHON trial (A Multicenter,
Double-blind, Placebo-controlled Phase III Study to
Demonstrate the Efficacy and Safety of ACT-293987
in Patients with PAH) of the orally available selective
prostacyclin receptor agonist selexipag (ClinicalTrials.
gov identifier NCT01106014) and the SERAPHIN
(A Multicenter, Double-blind, Randomized, Placebo-
controlled, Parallel Group, Event-driven, Phase III
Study to Assess the Effects of ACT-064992 on Morbid-
ity and Mortality in Patients with Symptomatic Pul-
monary Arterial Hypertension) trial of the endothe-
lin receptor antagonist macitentan (ClinicalTrials.gov
identifier NCT00660179). In fact, the recent comple-
tion of the SERAPHIN trial provides hope that longer-
term, event-driven studies in PAH that use reduction
in morbidity and mortality as the primary end point
are feasible and also provide important longer-term
safety experience.®®

Performance of such longer-term trials presents a
number of challenges to those who run them and
those who participate in them. Subject recruitment is
a problem in rare diseases, such as PAH, and patient
retention is a universal problem in clinical trials.
Large dropout rates affect the integrity of data from
such studies, and it is therefore incumbent on re-
searchers to work closely with patients to preserve
participation. This can become a major consideration
in studies lasting years rather than weeks, especially
as approved treatment options continue to expand
and treatment paradigms evolve. Investigator fatigue
can also be a problem, and the emergence of new ther-
apies or monitoring strategies and evolving standards
of care can impact enthusiasm for such lengthy trials.
Furthermore, a reduction in mortality and morbidity
may not be as appealing to patients as an improve-
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ment in a relevant clinical measure. To cater for both
subjects’ and investigators’ psyches and to enhance an
investigational agent’s overall impact, important mod-
ifiable measures that signify clinical improvement,
such as 6MWD, functional class, serum markers, and
especially hemodynamic characteristics, should re-

main as important secondary end points of trials.

CONCLUSIONS

Over the past 2 decades, use of the 6MWD as a pri-
mary end point has established therapeutic options
for PAH, which have evolved from nonspecific gen-
eral and supportive measures to PAH-specific targeted
therapies that offer improvement in functional capac-
ity and exercise capacity and the possibility of long-
term improvement in morbidity and survival. With
these advances, a once universally fatal disease has
been transformed into an often manageable chronic
condition that, however, still has the potential for de-
terioration and considerable morbidity. The design
and choice of end points in clinical trials needs to
evolve to reflect these advances, with a shift from
short-term trials with single markers as primary end
points to longer-term, event-driven trials using a com-
posite of clinically relevant end points capable of
more accurately and appropriately assessing morbid-
ity and mortality in this complex condition. Encour-
agingly, many newer phase III trials in PAH have
evolved on the basis of expert recommendations and
are using mortality and morbidity events as their pri-
mary end point. New event-driven, long-term trials in
PAH may be challenging to perform but are impor-
tant to provide evidence for sustained long-term ben-
efits of new treatments in the current treatment era
and carry forward the progress made against this dev-
astating disease in the past 20 years.
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