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To begin, begin
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Introduction ○

Heart failure
Heart failure is a clinical condition that is characterized by the inability of the heart
to meet the oxygen requirements of peripheral tissues and organs, despite normal
filling pressures.1 This results in typical symptoms, such as dyspnea, fatigue, and
fluid retention.1,2 The syndrome is diagnosed based on the presence of these typical
symptoms, in combination with signs of cardiac dysfunction.2 The prevalence of heart
failure is approximately 1-2% in developed countries and is expanding worldwide.1
Also in the Netherlands, it is a growing disease, with a prevalence of 100 000 to 150
000 and an incidence of 28 000 to 44 000 patients each year.3,4 Heart failure carries
a poor prognosis and is associated with a high economic burden. Depending on the
severity of heart failure, heart failure may have a major impact on the quality of life of
patients. Different conditions can damage or weaken the heart, making heart failure a
heterogeneous syndrome. Heart failure may be caused by myocardial infarction, or arrhythmias, but also by long term pressure- or volume overload, such as hypertension
or valve dysfunction.2 To preserve cardiac output, several compensatory mechanisms,
particularly the sympathetic and renin-angiotensin-aldosterone systems, become
activated.5 This results in an increased pre-load, heart rate and contractility, but on
long term these compensatory systems may become maladaptive, resulting in fluid
retention and congestion, and cardiac remodeling.5

drug development FOR the treatment of heart failure
The treatment of heart failure serves three goals: to relieve signs and symptoms, to
prevent heart failure hospitalization and to improve prognosis. The first landmark
study that showed to alter the natural history of heart failure progression was published in 1987.6 From then on, there have been large successes of neurohormonal
interventions7–18, demonstrating improvements in the risk of mortality and heart
failure rehospitalization. Due to these successes, the cornerstone of the treatment
of heart failure is currently characterized by agents that block these neurohormonal
systems: beta-blockers, angiotensin converting enzyme (ACE)-inhibitors, angiotensinII-antagonists (combined with neprilysin inhibitors) and mineralocorticoid receptor
antagonists.1
So what impact do these pharmacological agents have on heart failure? Despite their
successes in altering the clinical course of heart failure, the mortality, morbidity and
the economic burden associated with heart failure remained quite high. Also, rehos-
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pitalization rates related to heart failure remained high. And although attenuation of
neurohumoral overactivation by neurohormonal blocking agents have been shown
to be the most effective therapy, these agents are only effective in heart failure with
reduced ejection fraction. To date, no therapeutic advancement has been achieved
for heart failure with preserved ejection fraction. In fact, treatments that have been
effective in heart failure with reduced ejection fraction, did not have any impact in
patients with heart failure with preserved ejection fraction. In addition, the evidence
for the treatment of patients who are admitted for acute heart failure is significantly
lacking. During the past decades, many novel drugs for the treatment of acute heart
failure have been studied, but none of them have entered routine clinical care due to
disappointing results. Therefore, the search for novel therapies and novel approaches
to study treatment effect continues. This thesis summarizes results of studies focusing on these unmet needs in the drug development of heart failure.

Part I: Precision medicine in heart failure
Over the last decades, many novel drugs have been studied in heart failure. Unfortunately, most recent trials with novel drugs showed neutral results. Table 1 summarizes
a few examples of large clinical trials yielding disappointing results. This observation
calls for a novel approach to study treatment effect. In a trial including relatively
unselected heart failure patients – differing in disease severity, aetiology and comorbidities – differential levels of beneficial effects of treatment are to be anticipated.
There might be a group of patients who benefit from treatment, but there might also
be a group of patients experiencing a harmful effect of treatment (Figure 1).
Chapter 1 is an overview of examples illustrating that differential responses to pharmacological therapy in heart failure is not uncommon: genetic information, biomarker
status, but even clinical characteristics may have a significant interaction with treatment resulting in treatment heterogeneity. Following this review, Chapter 2 summarizes results of a study investigating the effects of serelaxin, a novel recombinant
of the naturally occurring human relaxin-2 vasoactive peptide, in acute heart failure
patients with renal impairment and without renal impairment. Evidence suggested
that serelaxin has favorable renal effects. Renal dysfunction and worsening of renal
function are common co-morbidities in patients admitted for acute heart failure,
and these patients are considered to be more vulnerable and at higher clinical risk.
Renal function could therefore be considered in risk stratification and evaluation of
therapeutic strategies.

Introduction ○

Drug beneficial,
but toxic

Drug not
beneficial,
and not toxic

Drug not beneficial,
and toxic

Drug beneficial,
and not toxic

Figure 1 ○ Differential response in patients

Chapter 3 describes a novel approach to distinguish responders from non-responders
to pharmacological therapy. Randomized controlled trials are considered to be the
golden standard to study efficacy of a treatment. Currently, treatment arms are studied
as a whole, and a study is considered to be positive when the treatment effect of the
study drug is superior to the treatment effect of the control drug. However, even in
strongly positive trials, there might be subgroups of patients with neutral or even
negative response to the treatment. We aimed to investigate whether biomarkers can
be used to identify subgroup of patients with distinct response to rolofylline.

PaRT II: Novel DRugs FoR THe TReaTMeNT oF HeaRT FaIluRe WITH
PReseRveD ejeCTIoN FRaCTIoN
In contrast to heart failure with reduced ejection fraction, there are currently no effective therapies available for the treatment of heart failure with preserved ejection
fraction. This may be explained by the lack of knowledge of the underlying pathophysi-
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Multicenter,
randomized,
double-blind,
placebocontrolled

Multicenter,
randomized,
double-blind,
placebocontrolled,
parallel-group
studies

OPTIMECHF

M.S. Cuffe et
al.,2002

J.J.V. McMurray et VERITASal., 2007
studies

Study Design

Clinical Trial
(Acronym)

Author and
Publication Date

Table 1 • Overview of neutral heart failure trials

1448 Acute heart
failure

Tezosentan 5
mg/h for 30
min ,followed by
1mg/h for at least
24 (max 72) h. vs.
placebo

Milrinone 0,5 ug/
kg per minute
for 48 hours vs.
placebo

Study population Treatment

951 Acute heart
failure

n

To investigate
whether tezosentan
had beneficial effects
on symptoms and
clinical outcomes
compared with
placebo

To assess whether
short-treatment of
milrinone would
reduce the risk of
60-day cardiovascular
rehospitalization
compared with
placebo

Aims

Main results
Treatment with milrinone did not
reduce the risk of cardiovascular
rehospitalization through day 60
compared with placebo. Treatment
groups did not differ in length
of initial hospital stay or number
of readmissions. Adverse events
requiring discontinuation of the study
drug occured more in milrinone
treated patients.
The area under the curve of dyspnea
relief from baseline did not differ
between tezosentan treated patients
and placebo treated patients in
both VERITAS-1 and VERITAS-2.
No difference was observed in the
number of deaths or worsening heart
failure cases up to day 7 between the
two treatment groups. Adverse events
requiring study drug discontinuation
occured more in the tezosentan
treated patients

End Points
Primary endpoint:
cardiovascular
rehospitalization
through day 60

Primary endpoint:
Dyspnea change
from baseline to 3,
6, and 24 hours
measured by visual
analog scale Incidence
of
death or worsening heart
failure at 7 days
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SURVIVE

A. Mebazaa et al.
2007

Multicenter,
randomized,
double-blind,
parallel-group
trial

REVIVE trials Multicenter,
randomized,
double-blind,
placebocontrolled
studies

M. Packer et al.,
2013

Study Design

Clinical Trial
(Acronym)

Author and
Publication Date

1327 Acute heart
failure

Levosimendan
12 μg/kg for 10
min, followed by
0.1 μg/kg per min
for 50 min;
rate was increased
to 0.2
μg/kg per min for
23 hours or
Dobutamine 5 - 40
μg/kg
as long as
clinically
appropriate
(min of 24 h)

Levosimendan 12
mg/kg for 10 min,
followed by
0.1 mg/kg/min.
After 50 min dose
was increased to
0.2 mg/kg/min
and maintained
for 23 additional
hours

Study population Treatment

REVIVE Acute heart
I: 100, failure
REVIVE
II: 600

n

To study the effect
of short-term
intravenous infusion
of levosimendan or
dobutaminde on
long-term survival

To study the efﬁcacy
and safety
of intravenous
levosimendan

Aims

Main results
More patients improved and and
fewer patients deteriorated in the
levosimendan group. In addition,
fewer patients needed resque
treatment when treated with
levosimendan. However, treatment
with levosimendan was associated
with an increased risk of (serious)
adverse events. Increased mortality
was observed in the levosimendan
group, although this was not
statistically different
173 (26%) patients treated with
levosimendan and 185
(28%) patients treated with
dobutamine died during follow-up.
(HR 0.91, 95% CI 0.74-1.13, p =0.40)

End Points
Primary endpoint:
Trichotomeous
endpoint: improvement,
moderate or marked
improvemebt at all
pre-specified time points
(6h, 24h, 5 days); worse,
death, worsening heart
failure through day 5,
moderate or marked
worse at time points or
unchanged
Primary end point
All-cause mortality
through 180 days
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7141 Acute heart
failure

4133 Acute heart
failure

Nesiritide (bolus
2 μg/kg optional),
continuous
infusion of 0.010
μg/kg/min for 1-7
days or placebo.

Rolofylline 30
mg administered
as a 4-hour
intravenous
infusion daily
for up to 3 days or
matching placebo

Oral tolvaptan,
30 mg/d, or
matching placebo
for a minimum
of 60 days

Study population Treatment

C.M. O’Connor et ASCEND-HF Multicenter,
al., 2011
randomized,
double-blind,
placebocontrolled trial

PROTECT

B.M. Massie et
al., 2010

Event-driven,
randomized,
doubleblind,
placebocontrolled study

n

2033 Acute heart
failure

EVEREST

M.A. Konstam et
al., 2007

Study Design

Multicenter,
double-blind,
placebocontrolled trial

Clinical Trial
(Acronym)

Author and
Publication Date

To assess the
effect of nesiritide,
dyspnea, renal
dysfunction, and
short-term outcomes

To study whether
treatment with
rolofylline resulted
in greater dyspnea
and less worsening
of renal function, and
improved outcomes

To investigate to
examine long-term
effects of
tolvaptan on clinical
outcomes

Aims

Main results
537(25.9%) patients treated with
tolvaptan and 543 (26.3%) patients
treated with placebo died (HR 0.98,
95% CI, 0.87-1.11, p = 0.68)
871 (42.0%) patients in the tolvaptan
group and 829 (40.2%) patients
in the placebo group reached the
combined endpoint, HR 1.04, 95% CI,
0.95-1.14, p = 0.55.
Treatment with rolofylline was not
beneficial in respect to the
primary endpoint (OR 0.92, 95% CI
0.78 to 1.09,p = 0.35), compared with
placebo. There were no differences in
number of deaths or cardiovascular/
renal rehospitalizations (30.7% vs.
31.9%, p = 0.86). Overall incidence of
adverse events was similar between
groups, although only patients treated
with rolofylline had seizures.
There was no statistical difference
in dyspnea relief. Heart failure
readmission or all-cause death
occured in 321 (9,4%) patients
treated with nesiritide and 345
(10,1%) patients treated with placebo
(absolute difference, −0.7 %
points; 95% CI −2.1 to 0.7,
p = 0.31). Also, there was no
difference in worsening of renal
function between groups.

End Points
Primary endpoints
All-cause mortality,
Composite endpoint
of cardiovascular
death or heart failure
hospitalization

Primary endpoints
Trichomateous endpoint:
Treatment success
(patient-reported
moderate or marked
improvement in dyspnea
both 24 and 48 hours),
unchanged, treatment
failure (death or HF
readmission, WHF, and
WRF through day 7,)
Primary endpoints
Change in self-reported
dyspnea 6 and 24 hours
Composite endpoint
of heart failure
rehospitalization and allcause mortality through
day 30

25
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CHARMPreserved

S. Yusuf et al.,
2003

B.M. Massie et al., I-PRESERVE
2008

DIG ancillary Multicenter,
trial
randomized,
double-blind,
parallel-group
trial

A. Ahmed et al.,
2006

Multicenter,
randomized,
double-blind,
parallel-group
trial

Multicenter,
randomized,
double-blind,
parallel-group
trial

Multicenter,
randomized,
double-blind,
parallel-group
trial

OVERTURE

M. Packer et al.,
2002

Study Design

Multicenter,
randomized,
double-blind,
placebocontrolled,
parallel dose
ranging study

Clinical Trial
(Acronym)

Anand et al., 2004 EARTH

Author and
Publication Date

4128 Chronic heart
failure with
preserved
ejection fraction

3023 Chronic heart
failure with
preserved
ejection fraction

988 Chronic heart
failure with
preserved
ejection fraction

5770 Chronic heart
failure with
reduced ejection
fraction

To study the effects
of omapratilat
compared with ACEi

To investigate the
long-term effects of
different doses of
endothelinA
-antagonist
darusentan

Aims

Irbesartan 300
mg or matching
placebo

Candesartan 32
mg or matching
placebo

102 (21%) patients treated with
digoxin and 119 (24%) patients
experienced the primary combined
endpoint of HF hospitalization
or HF mortality (HR 0.82, 95%
CI 0.63 to 1.07, p = 0.136)

Primary Endpoint
Combined
endpoint of heart failure
hospitalization or heart
failure related death

To assess the
effect of irbesartan
on mortality and
cardiovascular
morbidity

742 (36%) patients in the irbesartan
group and in 763 (37%)
patients in the placebo group
experiences the primary outcome (HR
0.95, 95% CI 0.86 to 1.05, p = 0.35)

973 patients treated with enalapril and
914 patients treated with omapratilat
died or were hospitalized for heart
failure (HR 0.94, 95% CI 0.86 to 1.03],
p = 0.187)

Primary Endpoint
Combined risk of
all-cause death or heart
failure hospitalization

Primary endpoint
Composite of all-cause
death or cardiovascular
rehospitalization

Change in LV end-systolic volume
was not different between groups
after 24 weeks of treatment at any
dose. NYHA
classiﬁcation remained unchanged,
and no differences were observed the
composite score of
death, hospital admission, or change
in quality of life

Primary endpoint Change
from baseline in LV
end-systolic volume,
measured by MRI

333 (22%) patients treated with
candesartan and 366 (24%) patients
treated with placebo experienced the
primary endpoint (HR 0·89, 95% CI
0·77–1·03, p=0·118)

Main results

End Points

To investigate the
Primary endpoint
effects of candesartan Cardiovascular
on clinical outcomes mortality or heart failure
rehospitalization

Digoxin 0.125,
To assess the
0.25, 0.375 and
effect of digoxinon
0.50 mg or
outcomes
matching placebo

Omapatrilat 40
mg once daily or
enalapril 10 mg
twice daily

Darusentan 10, 25,
50, 100, or
300 mg daily or
placebo for 24
weeks

Study population Treatment

642 Chronic heart
failure with
reduced ejection
fraction

n

30

29

28

27

26
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Multicenter,
randomized,
double-blind,
placebocontrolled
trial

Multicenter,
randomized,
double-blind,
parrellel-group
trial

Multicenter,
randomized,
double-blind,
placebocontrolled
trial

PRAISE-2

B. Pitt et al., 2000 ELITE II

PEP-CHF

CORONA

M. Packer et al.,
2013

J.G. Cleland et al.
2006

J. Kjekshus et al.
2007

Multicenter,
randomized,
double-blind,
placebocontrolled
trial

Multicenter,
randomized,
double-blind,
placebocontrolled
trial

TOPCAT

B. Pitt et al., 2014

Study Design

Clinical Trial
(Acronym)

Author and
Publication Date

To assess the effects
of rosuvastatin on
survival, morbidity,
and
well-being

692 (13.8%) patients treated with
rosuvastatin and 732 (14.6%) patients
in
the placebo group experienced the
primary composite endpoint (HR
0.92, 95% CI 0.83 to 1.02, p = 0.12)

Primary endpoint
Composite of death
from cardiovascular
causes, nonfatal
myocardial
infarction, and nonfatal
stroke

280 (17.7%) patients died in the
losartan group and 250 (15.9%)
patients died in the captopril group
(HR 1.13, 95% CI 0.95-1.35,p = 0.16)

To assess the
Primary endpoint
effects of losartan
All-cause mortality
and captopril on
outcomes, safety and
tolerability

Perindopril 4
To study the effects
mg once daily or of perindopril on
matching placebo outcomes

Losartan 50 mg
once daily or
Captopril 50 mg
three times daily

100 (23.6%) patients treated with
perindopril and 107 (25.1%) patients
assigned to placebo experienced a
primary outcome event (HR 0.92,
95% CI 0 .70–1.21, p = 0.545)

278 patients treated by amlodipine
and 262 patients treated died (HR
1.09, 95% CI 0.92 to 1.20, p=0.33)

Primary endpoint
All-cause mortality

Primary endpoint
Composite of all-cause
mortality and unplanned
heart failure related
hospitalization

320 (18.6%) patients in the
spironolactone group and 351
(20.4%) in the placebo group had at
least one primary endpoint (HR 0,89,
95% CI 0.77 to 1.04, p = 0,14)

Primary endpoint
Composite of
cardiovascular death,
aborted cardiac
arrest, or heart failure
rehospitalization

Amlodipine 10
To study the effects
mg once daily or of amlodipine
matching placebo in patients wth
heart failure due
to nonischemic
cardiomyopathy

5011 Chronic ischemic Rosuvastatin 10
heart failure with mg once daily or
reduced ejection matching placebo
fraction

852 Chronic heart
failure with
preserved
ejection fraction

3152 Chronic heart
failure with
preserved
ejection fraction

1654 Chronic heart
failure with
reduced ejection
fraction due to
non-ischemic
cardiomyopathy

Main results

End Points

Aims

Spironolactone 45 To study the effects
mg or matching
of spironolactone on
placebo
outcomes

Study population Treatment

3445 Chronic heart
failure with
preserved
ejection fraction

n

35

34

33

32

31
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GISSI-HF

L. Tavazzi et al.
2008

Multicenter,
randomized,
double-blind,
placebocontrolled
trial

Study Design
n-3
polyunsaturated
fatty acids 1 g
daily or matching
placebo

Study population Treatment

6975 Chronic
heart failure
irrespective of
left ventricular
ejection fraction

n
To investigate
whether n-3
polyunsaturated fatty
acids would improve
outcomes

Aims

Main results
55 (27%) patients assigned to n-3
PUFA and 1014 (29%) patients
assigned to placebo died from any
cause (unadjusted HR 0.93, 95·5%
CI 0.852 to 1·021, p=0.124; adjusted
HR 0.91, 95.5% CI 0.833 to 0.998, p
= 0·041)
1981 (57%) patients in the n-3 PUFA
group and 2053 (59%) patients in
the placebo group experienced the
composite endpoint (unadjusted
HR 0.94, 99% CI 0.869 to 1.022, p
= 0·059; adjusted HR 0.92, 99% CI
0.849 to 0.999 p = 0·009)

End Points
Primary endpoint
All cause death,
Composite of
cardiovascular death
and cardiovascular
rehospitalizations

36

References

Abbreviations: LV, left ventricular; HR, Hazard ratio; CI, Confidence Interval; HF, heart failure; WHF, worsening of heart failure; NYHA, New York Heart Association; PUFA,
polyunsaturated fatty acids

Clinical Trial
(Acronym)

Author and
Publication Date
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ological mechanisms of heart failure with preserved ejection fraction, although it is
suggested that endothelial dysfunction might play an important role in the pathophysiology.37-39 Ongoing drug developments try to target these unmet needs in the
pharmacotherapy for heart failure with preserved ejection fraction. In Chapter 4, the
renal effects of LCZ696 are compared with valsartan in patients with heart failure
with preserved ejection. A common adverse effects associated with administration of
renin-angiotensin-aldosterone-system (RAAS) inhibitors is worsening of renal function, which may result in discontinuation of effective heart failure therapy. LCZ696
is a first in class angiotensin receptor neprilysin inhibitor that blocks the effect of the
RAAS with concomitant inhibition of neprilysin. These effects may result in a different
course of renal function during initiation and administration compared to the renal
effects of RAAS inhibiting agents alone.

Chemical structure of LCZ696

Pulmonary hypertension is increasingly recognized as a significant co-morbidity of
heart failure with preserved ejection fraction. Thus treating pulmonary hypertension in
these patients has become a target of recent trials. Chapter 5 summarizes the results
of a randomized controlled trial studying the effects of sildenafil, a potent phosphodiesterase type 5 inhibitor in patients with heart failure with preserved ejection fraction
and pulmonary hypertension. In this study, the effects of sildenafil on invasive hemodynamic measurements and exercise capacity were studied. Chapter 6 presents the
results of the secondary analysis studying the effects of sildenafil echocardiographic
parameters, other measurements of exercise capacity tests, biomarkers and healthrelated quality-of-life measures.

Chemical structure of sildenafil

Introduction ○

PaRT III: DRug evaluaTIoNs oF Novel DRugs FoR THe TReaTMeNT oF
HeaRT FaIluRe WITH ReDuCeD ejeCTIoN FRaCTIoN
Despite successes in the drug development of therapy of heart failure with reduced
ejection fraction, morbidity, mortality and the economic burded associated with heart
failure with reduced ejection fraction remain unsatisfactorily high. Mineralocorticoid
receptor antagonist reduce the risk of hospitalizations and mortality in patients with
heart failure with reduced ejection fraction, but their use is often associated with characteristics side effects such as sex-steroid receptor cross-reactivity related side effects,
hyperkalemia and worsening of renal function, which may result in an underuse of
these agents, despite their proven efficacy. These limitations have stimulated further
research to a more cardioselective mineralocorticoid receptor antagonist. Chapter 7
discusses the chemistry, pharmacokinetics, clinical efficacy and safety of finerenone, a
novel nonsteroidal mineralocorticoid receptor antagonist.

Chemical structure of finerenone

Although a decreased contractility is a central feature of heart failure with reduced
ejection fraction, current heart failure cornerstone agents are focused on the interruption of maladaptive compensatory systemic responses, in particular the sympathetic
and renin-angiotensin-aldosterone systems. Current available agents that increase
cardiac contractility (i.e. inotropes) act via indirect mechanisms, such as cyclic
adenosine monophosphate and intracellular calcium-handling mechanisms, and
their administration is therefore associated with increased oxygen consumption,
intracellular calcium, increased heart rate, hypotension, arrhythmias, and mortality.
These limitations have stimulated further research to design novel drugs that improve
cardiac contractility. Chapter 8 is a review of omecamtiv mecarbil, a small-molecule,
selective, cardiac myosin activator.

Chemical structure of omecamtiv mecarbil

25
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Abstract

Evidence-based treatment has succeeded in improving clinical outcomes
in heart failure. Nevertheless, morbidity, mortality and the economic burden associated with the syndrome remain unsatisfactorily high. As most
landmark heart failure studies included broad study populations, current
recommendations dictate standardized, universal therapy. While most
patients included in recent trials benefit from this background treatment,
exceeding this already significant gain has proven a challenge. The early
identification of responders and non-responders to treatment could result
in improved therapeutic effectiveness, while reduction of unnecessary
exposure may limit harmful and unpleasant side effects. In this review, we
examine the potential value of currently available information on differential responses to heart failure therapy – a first step towards personalized
medicine in the management of heart failure.
Keywords	heart failure, personalized medicine, pharmacogenetics,
proteomics, biomarkers, systems biology
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Introduction
Heart failure is a growing public health problem in industrialized nations. With a
prevalence of approximately 1-2%, and >10% of sufferers over the age of 70, heart
failure remains one of the most common causes of morbidity and mortality.1
Despite advances in therapy, prognosis is poor and the economic burden associated
with the syndrome remains unsatisfactorily high. Current guidelines are based on the
results of large, carefully controlled clinical trials, and thus recommendations provide
standardized, universal therapy.1 The majority of current heart failure patients benefit
from this background treatment, and negative or neutral results are becoming more
commonplace in heart failure randomized clinical trials. Additionally, use of both
cardiovascular and non-cardiovascular medication has increased among heart failure
patients in recent years;2 polypharmacy multiplies the risk of adverse drug effects and
drug interactions, and may influence therapeutic compliance.
These factors call for exploration of alternative approaches to the development of
novel therapies in heart failure. Identifying responder profiles during early phases of
drug development could increase the likelihood of trial success and allow physicians
to select more appropriate and effective treatments for their patients, while limiting
the risk of unpleasant and harmful side-effects. In this review, we present several examples illustrating the association between clinical information and response to treatment. We believe this information should be considered fully, and used to distinguish
responders from non-responders prior to treatment. The ideal is the development of
an inexpensive, patient-friendly, widely and easily applicable method for the delivery of
‘personalized’ treatment to individual heart failure patients.

Clinical characteristics
Differences in therapeutic response may be related to differences in clinical characteristics, such as race, sex, heart failure etiology or co-morbidities. Such differences
are often examined via post-hoc subgroup analyses of large randomized clinical trials.
Risk ratios across subgroups are generally presented as forest plots – a graphical
display of the relative strength of a treatment effect. Though most such analyses fail to
demonstrate differential responses, heterogeneity in treatment effects based on clinical characteristics is certainly not unusual, as illustrated by a number of studies.3-10

1
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Race

As phenotype derives from the expression of genotype, racial differences in therapeutic response are likely based on differences in neurohormonal mechanisms and
genetic profiles. Some studies have described racial differences in response to heart
failure therapy (Table 1). However, these data should be interpreted with caution, as
most studies were either small or retrospective in nature.
Sex differences

Sex-related differences have been described in patients with heart failure. Women tend
to have different clinical characteristics, heart failure etiology and biomarker profiles
than men. 11-15 The female sex hormone estrogen also has significant effects on several
aspects of cardiac physiology.16 Therefore, sex-related differences in drug response
may be expected, as illustrated by retrospective analyses by the Digitalis Investigation
Group trial (Table 1).6
Heart failure etiology

Ischemic heart failure and non-ischemic heart failure arise from different pathophysiological mechanisms, therefore their response to treatment may also differ.17
Determining etiology may help in selecting initial drug therapy in some cases, e.g.
bromocriptine as potential therapy for acute severe peripartum cardiomyopathy18 or
iron chelation as treatment for seconary iron-overload cardiomyopathy.19
Variable response to β-blockers, Angiotensin Converting Enzyme (ACE)-inhibitors,
calcium antagonists and phosphodiesterase 3 inhibitors has been described in patient
groups with different heart failure etiologies.7,17 Although most of these observations
are drawn from subgroup analyses, they underscore the potential for such differential
treatment effects.
Heart failure with reduced vs. preserved ejection fraction

Pharmacological interventions with proven efficacy in heart failure with reduced ejection fraction (HFrEF) have failed to improve morbidity and mortality in heart failure
with preserved ejection fraction (HFpEF).20 Of particular interest are the marked differences in outcomes between HFrEF and HFpEF in studies with Renin Angiotensin
Aldosterone System (RAAS)-inhibiting agents (Table 1). Treatment with ACE-inhibitors,
for example - a cornerstone in the management of heart failure - did not result in
reduced mortality or heart failure hospitalization in patients with HFpEF.8 Similar
disappointing results were recently presented for the mineralocorticoid receptor
antagonist spironolactone - another key evidence-based heart failure therapy - during
late-breaking clinical trial sessions at the 2013 American Heart Association Congress
(TOPCAT).85 The observed differences in therapeutic response between patients with

Digitalis
Investigation
Group (DIG)
Trial

Outcomes of
a Prospective
Trial of
Intravenous
Milrinone for
Exacerbations
of Chronic
Heart Failure

Perindopril in
Elderly People
with Chronic
Heart Failure

Rathore et al., 2002

Felker et al., 2003

Cleland et al., 2006

PEP-CHF

OPTIME-HF

DIG trial

Randomized
controlled trial

Retrospective analysis

Retrospective analysis

Retrospective analysis

VasodilatorHeart Failure
Trials

Carson et al.,1999

V-HeFT I & II

Matched-cohort
design

SOLVD

Studies of Left
Ventricular
Dysfunction

Study Design

Exner et al., 2001

Abbreviation
Prospective clinical
trial

Clinical Trial

Zhou et al., 1989

Author and Publication Date

Table 1 • Differential therapeutic response based on clinical characteristics
n

850

922

6800

1449

1996

20

Study population

Main results

Patients with heart
failure with preserved
ejection fraction

458 ischemic heart
failure patients
464 nonischemic
heart failure patients

Perindopril therapy did not result in
reductions in mortality and heart failure
hospitalization

Treatment with milrinone was associated
with prolonged hospitalization and
higher mortality in patients with
ischemic heart failure

Digoxin therapy was associated with
increased mortality risk among women
only

Only white patients experienced survival
benefit from analapril therapy compared
with hydralazine-isosorbide dinitrate.
Hydralazine-isosorbide dinitrate was
effective in black patients only, compared
with placebo

V-HeFT I
180 black patients
480 white patients
V-HeFT II
215 black patients
574 white patients
1519 women
5281 men

Enalapril was associated with a reduction
in heart failure hospitalizations among
white patients, but not among black
patients

Chinese men had a greater sensitivity to
propanolol compared to white men.

800 black patients
1196 white patients

10 Chinese men
10 American white
men
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Clinical Trial

Irbesartan in
Heart Failure
with Preserved
Ejection
Fraction Study

Candesartan in
Heart failure:
Assessment of
Reduction in
Mortality and
morbidity

Treatment
of Preserved
Cardiac
Function Heart
Failure with an
Aldosterone
Antagonist

Author and Publication Date

Massie et al., 2008

Yusuf et al., 2003

Pitt et al., 2014

TOPCAT

CHARM-preserved study

I-PRESERVE

Abbreviation

Double-blind,
randomized, placebocontrolled, parallel
group study

Double-blind
randomized
controlled trial

Double-blind
randomized
controlled trial

Study Design

Table 1 • Differential therapeutic response based on clinical characteristics (continued)

3445

3023

4128

n

Patients with heart
failure with preserved
ejection fraction

Patients with heart
failure with preserved
ejection fraction

Patients with heart
failure with preserved
ejection fraction

Study population

Treatment with spironolacton reduced
hospitalizations but failed to show
benefit in mortality

Treatment with candesartan did not
result in improvements in cardiovascular
death and heart failure hospitalizations
compared with placebo

Irbesartan did not result in a reduction
of the composite endpoint of allcause mortality and cardiovascular
rehospitalization compared with placebo

Main results

85

10

9
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HFrEF and HFpEF might be explained by different underlying pathophysiological
mechanisms.
Atrial fibrillation

While treatment with β-blockers has been shown to reduce mortality and morbidity
in patients with heart failure1, no such benefit was seen in heart failure patients with
atrial fibrillation.21-25 There is some evidence from retrospective studies that patients in
sinus rhythm profit more from treatment with β-blocker than patients with atrial fibrillation, though this has yet to be confirmed in properly designed, prospective clinical
trials.21-25 Heart failure guidelines still recommend β-blockers as first-line treatment in
patients with atrial fibrillation. 1

Genetics
The exploration of the human genome26-28 and ongoing developments in genomics
allow us to study differential gene expression patterns in the development of heart
failure. Genome-wide association studies allow rapid scanning of the genome for
small variations and determination of whether these single nucleotide polymorphisms (SNPs) are associated with phenotype. Several genes have been identified
with greater expression in certain cardiomyopathies, such as dilated cardiomyopathy29
and hypertrophic cardiomyopathy30. In current clinical practice, genetic testing is used
to identify relatives of patients with a mutation-associated cardiomyopathy who are
also at risk of developing it but do not express the phenotype, to diagnose metabolic/
myocardial storage diseases mimicking hypertrophic cardiomyopathy, and for immunodiagnostics and immunomonitoring in heart transplants (e.g. AlloMap® testing).31
However, the growing use of genomic data is associated with a number of ethical
and privacy issues. Genome sequencing may reveal information about the health of
participants and their families, while its significance is not always clear-cut. Current
developments – including gene patenting and privacy concerns – demand updated
ethical and legal frameworks, and should be addressed by medical professionals,
patients, policy makers, and governments.

Pharmacogenetics
Pharmacogenetics is the study of the effects of genomic polymorphisms on clinical
drug response. The importance of applying genomic testing to the evaluation of

1
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Table 2 • Genotype polymorphisms associated with drug response in heart failure
Genotype polymorphism

Phenotype

Heart failure drug response

References

Glycine49 β1-AR vs.
serine49 β1-AR

Glycine-49 β1-AR genotypes display
enhanced agonist-promoted
desensitization and down-regulation
compared to serine-49 β1-AR

Survival in glycine49 β1-AR carriers
without β-blockade was similar to that of
serine49 β1-AR carriers with β-blockade

34,35,82

Glutamine27 β2-AR vs.
glutamic27 β2-AR

Glutamine27 β2-AR has been found to
be resistant to agonist-promoted down
regulation

Greater response to carvedilol in
glutamic27 β2-AR carriers compared to
glutamine27 β2-AR carriers

36,37,83

Threonine164 β2-AR vs.
isoleucine164 β2-AR

Isoleucine-164 associated with
decreased response to β-blockade

Isoleucine164 β2-AR carriers treated
with β-blockade have a higher mortality
rate compared with isoleucine164 β2-AR
carriers without beta blockade

Insertion/deletion
polymorphism
α2c-adrenergic receptor

Deletion variant α2cDel322-325 results
in dysfunction of autoinhibition of the
central and peripheral nervous system,
leading to an increased release of
norepinephrine

In patients with α2cDel322-325 in
presence with argine-389 β1-AR,
treatment reatment with β-blockade
resulted in greater improvement in left
ventricular ejection fraction compared
with other genotypes

38

39,84

β1-AR: β1- adrenergic receptor; β2-AR: β2-adrenergic receptor

therapy response was first recognized in oncology.32,33 In cardiology, several genetic
variations have been shown to be associated with differential response to therapy
(Table 2). These examples illustrate how genomic polymorphisms may aid in identifying responders and non-responders.
Adrenergic receptor polymorphisms

Several pharmacogenetic effects of adrenergic receptor polymorphisms on response
to heart failure therapy have been described (Table 2). Variance in β1-, β2- and α2cadrenergic receptor have been shown to be associated with differential response to
β-blocker therapy.34-39 These studies underscore that genetic variation may play a role in
response variability. It should be stressed, however, that most findings were obtained
via retrospective analyses and as a whole do not provide sufficient evidence to guide
treatment based on genetic testing. Prospective research is required to determine
whether these findings are replicable.
Genetic variation in the angiotensin converting enzyme

ACE gene insertion/deletion (I/D) polymorphisms have been associated with the level
of enzyme activity, with allele deletion resulting in higher levels of ACE.40 Thus, ACE
D/D carriers have higher RAAS activity. Several studies suggested that the ACE D/D
variant is associated with the development of heart failure and a poorer prognosis
in patients with manifest heart failure.41,42 Therapeutic response to ACE-inhibitors is
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minimal in ACE D/D carriers compared to ACE I/I carriers, suggesting an interaction
between ACE genotype and response to ACE-inhibition in patients with heart failure. 43
Endothelin-1

Endothelin-1, a potent vasoconstrictor peptide expressed by vascular endothelium
and cardiomyocytes, promotes cardiomyocyte contractility and hypertrophy. 44 After
the β-blocker evaluation of Survival Trial (BEST)45 was terminated early, data became
available to serve as a resource for studies investigating genetic interactions. In
bucindolol-treated patients, two SNPs in the endothelin-1 gene , the G/A IVS-4 variant
and Lys198Asn variant that are in tight linkage disequilibrium, were found to be associated with prognosis.46 However, the exact role of these SNPs in this pharmacogenetic
interaction remains to be clarified by future research.
Candidate genes associated with chemotherapeutic cardiotoxicity

Cardiotoxicity is a serious adverse drug reaction to several chemotherapeutic agents,
such as doxorubicin and trastuzumab (Herceptin).47,48 Current options for predicting
the risk of chemotherapy-induced cardiotoxicity are limited. Several candidate genes
have been associated with the risk of chemotherapeutic cardiotoxicity. Some gene
variants have been associated with an increased risk; for example, genetic polymorphisms encoding NAPDH oxidase and doxorubicin efflux transporter ABCB1/MDR1
and variance in the HER2 genotype (Ile/Val) are associated with an increased the
risk of developing cardiotoxicity.49,50 Other gene variants were found to be protective;
in children, a variant in the SLC28A3 gene was associated with protection against
cardiotoxicity.51

Proteomics and biomarkers
Previously mentioned studies illustrate how genomic mapping may contribute to
identifying responders and non-responders. However, as one gene can code for
multiple proteins, biomarkers may provide additional information. In recent years,
the investigation of heart failure-related biomarkers has increased exponentially.52
Most studies examine the prognostic implication of biomarkers.52 However, several
biomarkers have also been shown to be related to drug response. The following examples illustrate how knowledge certain biomarkers levels can be used to determine
drug response and to monitor treatment.

1

42 ○ Chapter 1

Pre-treatment biomarkers levels and therapeutic response
Plasma renin activity

ACE-inhibitors have been shown to be more effective in patients with higher pretreatment plasma renin activity (PRA).53,54 In heart failure patients, the effects of ACEinhibition were greater in individuals with high pre-treatment renin levels.54 These
results imply that patients with higher neurohormonal activity would respond better
to neurohormonal blocking agents, and underline the potential value of assessing
pre-treatment levels of substances blocked by specific therapies. It should be noted
however that there are studies suggesting that determining PRA prior ACE-inhibitor
treatment would only be helpful in Caucasian populations.55
Arginine vasopressine

Tolvaptan, an arginine vasopressine (AVP) antagonist, had no overall effect on morbidity and mortality in heart failure patients.56 Studying pre-treatment AVP levels did
not reveal heterogeneity in treatment response.57 However, the instability and rapid
metabolism of AVP may have complicated these analyses.58 Copeptin, the C-terminal
portion of pro-AVP, is more stable and easy to measure, and has therefore been proposed as a reliable biomarker that mirrors AVP levels.58 A phase III randomized clinical
trial investigating the therapeutic efficacy of tolvaptan in patients with high copeptin
levels is currently ongoing (ACTIVATE, NCT01733134).
Cardiac extracellular matrix markers

Procollagen type I amino-terminal peptide (PINP), procollagen type I carboxy-terminal
peptide (PICP), and plasma procollagen type III amino-terminal peptide (PIIINP) are
markers of collagen synthesis and can be used to monitor cardiac extracellular matrix
(ECM) turnover. In one post-hoc study, heart failure patients with high baseline ECM
levels experienced a greater benefit from treatment with spironolactone.59

Biomarker-guided therapy
Natriuretic peptides

Brain natriuretic peptide (BNP) and N-terminal pro-BNP (NT-proBNP) are the most
studied biomarkers for biomarker-guided therapy. Results on efficacy are conflicting,
with some studies confirming initial positive findings,60-63 while others yielded negative results.64-69 In a meta-analysis, natriuretic peptide-guided therapy was associated
with a significantly lower risk of all-cause mortality and heart failure hospitalization
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compared with usual clinical care.70 A large, randomized clinical trial comparing usual
care with NT-proBNP guided care is ongoing (GUIDE-IT, NCT01685840).
Hemoconcentration

Hemoconcentration, defined as increasing hematocrit, is considered a surrogate
marker for changes in intravascular volume status during fluid extraction.71,72 Therefore, hemoconcentration can be used to gauge the effectiveness of diuretic therapy in
acute decompensated heart failure. Several studies have shown that hemoconcentration is associated with improved outcomes in heart failure.73-76
MicroRNAs

MicroRNA (MiRNA) are small, non-coding RNAs that regulate protein expression by
inhibiting translation or promoting degradation of target messenger RNA.77 Several
different miRNA expression patterns associated with the development of heart failure
have been described.78 miRNA are also proving worthwhile potential therapeutic
targets. MiRNA mimics and antisense miRNA oligonucleotides may restore miRNA
levels by replacing or inhibiting miRNA activity, respectively.79 Some miRNAs are also
detectable in peripheral tissue, such as blood and urine, and could be used to monitor
heart failure therapy.80 A recent animal study by Dickinson et al. found that circulating
miRNA levels change in response to treatment, indicating miRNA levels could be
helpful in monitoring heart failure treatment.81

Future perspectives
We have presented several studies exemplifying how certain pre-treatment clinical
information may assist in determining drug response. However, the underlying question this approach seeks to answer is: ‘How can we distinguish potential responders
from non-responders?’ An answer to this question requires in-depth understanding
of the complex biological interactions in heart failure. Systems biology is an emerging
approach that reaches beyond reductionism, in which every structure and function
of genes and proteins is studied in isolation. The foundation of systems biology is
the concept that genes and proteins act in concert in complex networks that result in
organizational units, and focuses on the study of higher order interactions between
fundamental biological elements which determine the expression and appearance of
health and disease. A large, prospective observational study employing a systems biology approach - including clinical, laboratory, genomic and proteomic data - to evaluate
which heart failure patients have poor clinical outcomes despite proven evidence-
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based heart failure therapy is currently underway (BIOSTAT-CHF, http://www.biostatchf.eu/). The identification of responder and non-responder profiles in BIOSTAT-CHF
and other studies should always be followed by prospective randomized clinical trials
to confirm hypotheses. In addition, we believe that development programs for novel
heart failure drugs should include responder/non-responder analyses. For logistical
and practical reasons, such analyses can only be based on surrogate endpoints, and
should also be based on biological plausibility. The first step in testing this approach
would be retrospective, hypothesis-generating analyses in previously conducted
randomized trial populations, comparing pre-defined responder and non-responder
profiles and examining associations between these profiles clinical outcomes. Observed pathogenic associations may thus lay the groundwork for further research to
identify responders and non-responders. The ultimate goal is the development of a
risk stratification model to distinguish between the two groups prior to treatment.
Current studies define the patient population of interest at an early stage, based solely
on assumptions. We are of the opinion that phase II studies should include a wider
variety of patients in order to not only establish the correct dose, but also identify
the right patient, based in part on a systems biology approach. This will increase the
likelihood of success in phase III trials.
In conclusion, there is a pressing need to distinguish responders from non-responders
to pharmacological therapy in an early phase. Investigations in this direction should
not be limited to clinical characteristics alone, but may be greatly enhanced by genomic
and proteomic information. Using the full breadth of available data in designing future
studies may result in a more targeted approach, leading to larger effects in responders
while minimizing needless therapy in non-responders, serving the ultimate goal of
improved personalized treatment for each and every patient.
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Abstract

Background	Serelaxin showed beneficial effects on clinical outcome and trajectories
of renal markers in patients with acute heart failure. We aimed to study
the interaction between renal function and the treatment effect of
serelaxin.
Methods	In the current post hoc analysis of the RELAX-AHF trial, we included all
patients with available estimated glomerular filtration rate (eGFR) at
baseline (n = 1132). Renal impairment was defined as an eGFR < 60 ml/
min/1.73m2 estimated by creatinine.
Results	817 (72.2%) patients had a baseline eGFR <60 ml/min/1.73m2. In
placebo-treated patients, baseline renal impairment was related to a
higher 180 day cardiovascular (HR 3.12, 95% CI 1.33 - 7.30) and all-cause
mortality (HR 2.81, 95% CI 1.34 - 5.89). However, in serelaxin-treated
patients, the risk of cardiovascular and all-cause mortality was less
pronounced (HR 1.19, 95% CI 0.54 to 2.64; p for interaction = 0.106,
and HR 1.15 95% CI 0.56 to 2.34 respectively; p for interaction = 0.088).
In patients with renal impairment, treatment with serelaxin resulted in a
more pronounced all-cause mortality reduction (HR 0.53, 95% CI 0.34 to
0.83), compared with patients without renal impairment (HR 1.30, 95%
CI 0.51 to 3.29).
Conclusion	Renal dysfunction was associated with higher cardiovascular and allcause mortality in placebo treated patients, but not in serelaxin treated
patients. The observed reduction of these prespecified additional
endpoints of the RELAX trial by serelaxin seems to be driven by more
pronounced effects in acute heart failure patients with more severe renal
dysfunction.
Keywords	Serelaxin, acute heart failure, renal function, renal impairment, number
needed to treat.
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Introduction
Renal dysfunction and worsening of renal function are frequently found in acute heart
failure patients and are both associated with prolonged hospital stay, and higher risk
of rehospitalization and mortality.1-7 The Relaxin in Acute Heart Failure (RELAX-AHF)
trial studied the effects of serelaxin, a novel recombinant of the naturally occurring
human relaxin-2 vasoactive peptide, intravenously administrated for 48 hours in acute
heart failure patients.8 The RELAX-AHF demonstrated that treatment with serelaxin
resulted in beneficial effects on dyspnea, compared with placebo. Interestingly, while
only administrated for 48 hours, serelaxin resulted in a significant reduction of cardiovascular and all-cause death up to 180 days.8 A post-hoc analysis demonstrated that
patients treated with serelaxin had lower increases of markers of end-organ damage,
including the renal markers creatinine and cystatin C, during hospitalization.9 These
observations suggested that serelaxin may have beneficial effects on renal function in
patients with acute heart failure, Indeed, in studies investigating the (renal) hemodynamic effects of serelaxin in healthy volunteers, chronic heart failure, and acute heart
failure and a study investigating the antifibrotic effects of serelaxin in patients with
diffuse scleroderma, serelaxin improved creatinine clearance and renal blood flow.10-13
The post-hoc analysis on the effect of serelaxin on biomarkers of end-organ damage
was then followed by a large subgroup analysis, studying the effect of serelaxin in
several subgroups based on clinical characteristics on the endpoints: dyspnea relief by
visual analog scales (VAS) AUC to day 5, the composite of cardiovascular (CV) death/
rehospitalization for heart failure or renal failure through day 60, and CV death through
day 180. Overall, no evident differences in the effects of serelaxin versus placebo were
observed across the subgroups. However, there were some suggestions that serelaxin
may have had a greater treatment effect in patients with impaired renal function at
baseline. 14,15 In the present paper, we aimed to investigate whether serelaxin mitigates
the association between renal impairment and poor clinical outcome in acute heart
failure. Also, we aimed to study the detailed effects of serelaxin on other outcomes
including total dose of diuretics, worsening heart failure, hospital stay, days alive out
of the hospital, CV death through day 60 and all-cause mortality through day 180 in
patients with renal impairment at baseline.
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Methods

Patient population
For the present analyses, we studied all patients with available estimated glomerular filtration rate (eGFR) at baseline enrolled in the RELAX-AHF trial. The methods
and main results of the study have been published in detail elsewhere.8,16 Between
October 2009 and February 2012, 1161 acute heart failure patients were randomly
assigned within 16 hours of presentation to one of the two treatment groups in a
1:1 ratio (serelaxin 30 ug/kg per day or placebo). Eligible patients were adult male or
female, hospitalized for acute heart failure, defined as dyspnea at rest or with minimal
exertion, pulmonary congestion on chest radiograph and elevated natriuretic peptide
levels (brain natriuretic peptide (BNP) or N-terminal pro-BNP (NT-proBNP) levels ≥
350 or ≥ 1400 pg/mL, respectively), requiring at least 40 mg intravenous furosemide
or its equivalent. Further, patients had to have a systolic blood pressure of > 125 mm
Hg and mild to moderate renal function (estimated creatinine clearance of 30-75
ml/min/1.73 m2). Key exclusion criteria included signs of active infection, significant
pulmonary or valvular disease, acute heart failure due to significant arrhythmias, acute
coronary syndrome 45 days prior screening or a troponin level > 3 times the level
diagnostic of myocardial infarction, and treatment with any other intravenous therapy
(except intravenous nitrate at dose of < 0.1 mg/kg in patients with systolic blood
pressure > 150 mm Hg). The RELAX-AHF trial was conducted under International
Committee on Harmonization Good Clinical Practices and applicable country and
local regulations, and approved by the Ethics Committee of each participating site.
All patients provided written informed consent. The RELAX-AHF trial is registered at
Clinicaltrials.gov, number NCT00520806.

Study procedures
Patients were randomized within 16 hours of presentation to one of the two intervention groups receiving either serelaxin 30 ug/kg per day or placebo intravenously for
up to 48 hours continuously. Physical examinations were done, and patient reported
changes in dyspnea severity and general well-being were measured at baseline (by
VAS) and at 6, 12, 24 and 48 hours, and then daily to day 5 (by Likert and VAS). The
onset of worsening heart failure (WHF) - worsening of signs or symptoms of heart
failure necessitating treatment intensiﬁcation - was evaluated daily to day 5 and day
14. Patients who died by day 5 without a prior WHF event were assumed to have
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had WHF on the day of death. Patients were followed on days 14, 60 and 180. Nonserious adverse events (AE) were collected through day 5, while serious AE (SAE) were
reported through day 14.

Renal function
eGFR was calculated by the simplified Modification of Diet in Renal Disease formula
based on creatinine.17-19 Renal impairment was defined as eGFR < 60 ml/min/1.73m2.
Creatinine was measured in serum using the Roche CREA plus enzymatic assay
(Roche Diagnostics, Mannheim, Germany) .

Treatment effect of serelaxin in patients with renal impairment
We studied the treatment effect of serelaxin in all patients with available eGFR at
baseline and patients with an eGFR under and above 60 ml/min/1.73m2 at baseline
on the following clinical outcomes: moderately or markedly dyspnea relief by Likert
scale at 6, 14 and 24 hours, total dose of intravenous loop diuretic to day 5, total dose
of oral loop diuretic to day 5, worsening heart failure through day 5 and day 14, length
of initial hospital stay (days), length of stay in intensive care unit (ICU)/ coronary care
unit (CCU) (days), days alive out of hospital through day 60, CV death through day 60,
and CV and all-cause mortality through day 180. In addition, we estimated the number
needed to treat (NNT) to prevent one CV death and to prevent one death from any
cause in patients with renal impairment and the overall study population.

Statistical analysis
For baseline characteristics, mean (SD), or geometric mean (95% CI) if log transformed, was reported for continuous variables; and frequencies and proportions (%)
for categorical variables (all for patients with non-missing values of the variable of
interest). Baseline characteristics of patients with and without renal impairment were
compared using t tests (assuming equal or unequal variances, as appropriate) for
continuous variables and Chi-squared or Fisher’s Exact tests for categorical variables.
To investigate the association between renal impairment and clinical outcomes, and
the possible interactions of serelaxin and renal impairment effects on clinical outcomes, for continuous outcomes we constructed multiple linear regression models
including the main effects of renal impairment, treatment group, and their interac-
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tion; least square means and mean differences (with 95% CIs), and p-values for the
interaction of treatment with renal impairment are presented. For binary endpoints,
we generated two-by-two contingency tables to report n (%) and odds ratios (with
95% CIs), and used logistic regression to obtain p-values for the interaction of treatment with renal impairment. For time-to-event endpoints, we present the number
of events, Kaplan-Meier estimates of the event rates, and hazard ratios (with 95%
CIs) and p-values for the interaction of treatment with renal impairment from Cox
proportional hazards models. The Number Needed to Treat (NNT) was estimated
based on Kaplan-Meier survival probabilities at Day 180 by treatment group for the
renal impairment subgroup and the total population.20

Results
Baseline characteristics of patients enrolled in RELAX-AHF trial according to eGFR are
presented in Table 1. The subgroup eGFR < 60 ml/min/1.73m2 included 817 patients,
the subgroup eGFR ≥ 60 ml/min/1.73m2 included 315 patients. Patients with an eGFR<
60 ml/min/1.73m2 were older, and were more likely to have a history of hypertension,
hyperlipidemia, diabetes mellitus, and ischemic heart disease.
Table 1 ○ Baseline characteristics according estimated glomerular filtration rate
eGFR < 60 ml/min/1.73m21
N=817

eGFR ≥ 60 ml/min/1.73m21
N=315

p-value2

Age (years)

73.3(10.6)

68.8(12.1)

<0.001 x

Male

505(61.8)

200(63.5)

0.601 †

White/Caucasian

772(94.5)

301(95.6)

0.471 †

Left ventricular Ejection Fraction, %

39.2(14.6)

37.0(14.3)

0.027 *

Ischemic heart disease

443(54.2)

146(46.3)

0.018 †

Variables
Demographics & Heart Failure Characteristics

NYHA class (I/II/III/IV) 30 days before
admission

0.130 †

I

216(26.7)

100(31.9)

II

210(26.0)

84(26.8)

III

289(35.7)

90(28.8)

IV

94(11.6)

39(12.5)

29.3(5.7)

29.2(5.8)

0.918 *

142.4(16.7)

141.6(15.8)

0.507 *

Clinical Signs
Body Mass Index, kg/m2
Syst. Blood Pressure, mmHg
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Table 1 ○ Baseline characteristics according estimated glomerular filtration rate (continued)
eGFR < 60 ml/min/1.73m21
N=817

eGFR ≥ 60 ml/min/1.73m21
N=315

p-value2

Diast. Blood Pressure, mmHg

78.4(14.3)

80.7(13.8)

0.012 *

Heart rate, beats per minute

78.9(14.7)

82.1(15.2)

0.002 *

Serelaxin administration (%)

409(50.1)

155(49.2)

0.797 †

Hypertension

720(88.1)

258(81.9)

0.006 †

Hyperlipidemia

454(55.6)

146(46.3)

0.005 †

Diabetes mellitus

414(50.7)

125(39.7)

0.001 †

Cigarette smoking

96(11.8)

51(16.2)

0.046 †

Stroke or other cerebrovascular event

111(13.6)

42(13.3)

0.911 †

Peripheral vascular disease

115(14.1)

35(11.1)

0.187 †

Asthma, bronchitis, or COPD

135(16.5)

42(13.3)

0.185 †

Atrial fibrillation at screening

344(42.2)

122(38.7)

0.287 †

History of Atrial fibrillation or flutter

439(53.7)

149(47.3)

0.052 †

History of CRT or ICD procedures

228(27.9)

61(19.4)

0.003 †

Myocardial infarction

291(35.6)

101(32.1)

0.260 †

39(4.8)

19(6.0)

0.390 †

Hemoglobin, g/dL

12.58(1.89)

13.31(1.67)

<0.001 x

Sodium, mmol/L

140.84(3.61)

140.80(3.53)

0.853 *

4.33(0.64)

4.12(0.59)

<0.001 *

490.8(135.8)

436.9(128.5)

<0.001 *

10.82(4.02)

7.09(2.53)

<0.001 x

Cystatine C, mg/L

1.60(1.57, 1.63)

1.14(1.11, 1.17)

<0.001 *

NT-proBNP, ng/L3

5567(5236, 5920)

3883(3521, 4281)

<0.001 *

0.037(0.035, 0.040)

0.029(0.026, 0.032)

<0.001 *

ACE inhibitor

431(52.8)

189(60.0)

0.028 †

ACEi or ARBs

546(66.8)

227(72.1)

0.090 †

Angiotensin-receptor blocker

136(16.6)

46(14.6)

0.402 †

Beta-blocker

565(69.2)

214(67.9)

0.692 †

Aldosterone antagonist

252(30.8)

105(33.3)

0.419 †

Digoxin

167(20.4)

60(19.0)

0.600 †

Variables

Medical History

Depression
Baseline laboratory

Potassium, mmol/L
Uric acid, umol/L
BUN, mmol/L
3

3

hsTnT, ng/L
Medication

1. Mean (SD), or geometric mean (95% CI) if log transformed, for continuous variables; n (%) for categorical
variables (% based on total number of patients with non-missing values of the variable of interest).
2. P-value is based on *t-test, †chi-squared test, ‡ Fisher’s Exact test, or the xSatterthwaite method due to unequal
variances in comparison groups. Note: Statistical tests are not adjusted for multiple comparisons.
3. The following ‘Baseline labs’ variables have been log transformed: hsTnT, NT-proBNP, Cystatine C.
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Association between renal impairment and clinical outcomes
The association between renal impairment and clinical outcomes in the overall study
population, the serelaxin group and the placebo group are presented in Table 2. In
the overall study population, renal impairment was significantly associated with an
increased risk of 180 day CV (HR 2.00, 95% CI 1.13 to 3.54, p for log rank test = 0.016)
and all-cause mortality (HR 1.86, 95% CI 1.12 to 3.10, p for log rank test = 0.015).
We found no significant interactions between the association of renal impairment
and poor clinical outcome and study treatment on any outcomes. However, a trend
towards an attenuated association between renal impairment and mortality was observed in patients treated with serelaxin. Patients with an eGFR< 60 ml/min/1.73m2
treated with placebo group, tended to have a higher risk of CV death through day
60 (HR 2.20, 95% CI 0.76 to 6.38) compared with patients with an eGFR< 60 ml/
min/1.73m2 treated with serelaxin (HR 0.65, 95% CI 0.26 to 1.66, p for interaction
= 0.093). In the placebo group, eGFR < 60 ml/min/1.73m2 was associated with CV
mortality through day 180 (HR 3.12, 95% CI 1.33 to 7.30, while in the serelaxin group, a
tendency towards attenuation of this association was observed (HR 1.19, 95% CI 0.54
Table 2 ○ Association between renal impairment and clinical outcomes in the all patients, serelaxin group and
placebo group
All patients1

Serelaxin1

Placebo1

(n=1132)

(n=564)

(n=568)

-139.39 (-510.72, 231.95)

-30.03 (-556.94, 496.88)

-253.80 (-774.89, 267.28)

0.554

Dyspnea relief by Likert scale at
6, 12 and 24h

0.99 (0.74, 1.33)

1.14 (0.74, 1.73)

0.87 (0.58, 1.32)

0.384

Worsening heart failure through
day 5

1.16 (0.75, 1.80)

1.48 (0.68, 3.22)

1.04 (0.61, 1.76)

0.460

Worsening heart failure through
day 14

1.28 (0.88, 1.86)

1.70 (0.91, 3.19)

1.07 (0.67, 1.71)

0.246

CV death/re-hospitalization for
HF/RF through day 60 (days)

1.39 (0.94, 2.06)

1.14 (0.67, 1.95)

1.72 (0.96, 3.08)

0.311

CV death through day 60 (days)

1.21 (0.61, 2.38)

0.65 (0.26, 1.66)

2.20 (0.76, 6.38)

0.093

CV death through day 180

2.00 (1.13, 3.54)

1.19 (0.54, 2.64)

3.12 (1.33, 7.30)

0.106

All-cause mortality day 180

1.86 (1.12, 3.10)

1.15 (0.56, 2.34)

2.81 (1.34, 5.89)

0.088

Dyspnea relief by VAS AUC
to day 5

1

Interaction
p-value2

Effect of eGFR < 60 mL/min/1.73m2 is estimated: LS Mean Difference (95% CI) for continuous endpoints, Odds
Ratio (95% CI) from 2x2 contingency table for binary endpoints, and Hazard Ratio (95% CI) from Cox proportional hazards model for time-to-event endpoints.
2
Interaction p-values are based on tests of treatment-by-eGFR interaction. Interaction p-values are obtained using
Cox regression for time-to-event endpoints, logistic regression for binary endpoints, and multiple linear regression
for continuous endpoints
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Figure 1 ○ Kaplan–Meier curves for cardiovascular death through Day 180 (A, upper panel) and all-cause death
through Day 180 (B, lower panel) according to eGFR. eGFR: estimated Glomerular Filtration Rate
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to 2.64, p for interaction = 0.106). In the placebo group, eGFR < 60 ml/min/1.73m2
was associated with all-cause mortality through day 180 (HR 2.81, 95% CI 1.34 to
5.89), while in the serelaxin group, a trend towards attenuation of this association was
observed (HR 1.15, 95% CI 0.56 to 2.34), p for interaction = 0.088). Figure 1 presents
the survival probabilities for patients with and without renal impairment treated with
serelaxin or placebo. Patients with eGFR < 60 ml/min/1.73m2 treated with placebo,
had worse survival curves compared to both patients with eGFR < 60 ml/min/1.73m2
treated with serelaxin and patients with normal renal function regardless of their study
treatment. Figure 2 summarizes the all-cause mortality rate through day 180 in both
treatment groups by baseline eGFR , showing a greater treatment effect of serelaxin
as eGFR is declining.
25

% death through day 180

20

*
*

15

10

5

0
<41.5

41.5-51.2

51.2-61.2

>=61.2

eGFR estimated by serum creatinine (mL /min/1.73m²)
Placebo

Serelaxin

Figure 2 ○ Percentage of death through day 180 in subgroups according to estimated glomerular filtration rate
in acute heart failure patients treated with placebo (blue) or serelaxin (red). 1. *p<0.05; **p<0.01; ***p<0.001 2.
eGFR interval 41.5-51.2 stands for >=41.5 and <51.2; 51.2-61.2 stands for >=51.2 and <61.2

Effects of serelaxin in acute heart failure patients with renal impairment
We compared the effect of serelaxin on clinical outcomes in patients with and without
renal impairment. The treatment effect of serelaxin in the overall study population
is also summarized in Table 3. A trend towards a higher CV death toll through day
60 reduction by serelaxin was observed in patients with renal impairment compared
with patients without renal impairment (hazard ratio, 0.54 vs. 1.82, p for interaction
= 0.093). A similar trend was observed for 180 day all-cause mortality, showing the
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beneficial effects of serelaxin in patients with an eGFR under 60 ml/min/1.73m2 compared with patients with an eGFR equal or above 60 ml/min/1.73m2 (hazard ratio, 0.53
vs. 1.30, p for interaction = 0.088). Patients treated with serelaxin tended to require
less intravenous (IV) diuretics but more oral diuretics to day 5, had a shorter stay at
the hospital and ICU/CCU, and had more days alive and out of the hospital through
day 60. These observations were more pronounced in the eGFR < 60 ml/min/1.73m2
subgroup compared with the eGFR ≥ 60 ml/min/1.73m2 subgroup although these
interactions were not statistically significant (p for interaction IV diuretic = 0.608, p
for interaction oral diuretic = 0.849, p for interaction initial hospital stay = 0.347, p for
interaction length of stay in ICU/ CCU = 0.444, p for interaction days alive and out of
the hospital through day 60 = 0.422; Table 3).

Number needed to treat
The number of patients that needed to be treated with serelaxin to prevent one CV
death through day 180 in the overall study population was 29. In the eGFR< 60 ml/
min/1.73m2 subgroup, the number needed to treat (NNT) to prevent one CV death
was 19. The number of patients that needed to be treated with serelaxin to prevent
one all-cause death during a follow-up of 180 days in the overall study population was
25. In the eGFR < 60 ml/min/1.73m2 subgroup, the NNT to prevent one death was 16.

Safety of serelaxin
The safety of serelaxin in the overall study population, and patients with and without
renal impairment defined by eGFR are summarized in Table 4. In general, similar
occurrence of AEs were observed in both treatment groups in either patients with
and without renal impairment. A slight trend towards more AEs was observed in patients with an eGFR < 60 mL/min/1.73m2 than those patients with an eGFR ≥60 mL/
min/1.73m2. Regarding AEs indicative of renal impairment, more AEs indicating renal
impairment were overall reported for patients with renal impairment compared with
those without renal impairment. Patients treated with serelaxin experienced fewer
renal AEs regardless of eGFR subgroup. In subgroup eGFR <60 mL/min/1.73m2, AEs
indicative of renal impairment through day 5 were reported in 6% of patients treated
with serelaxin, compared with 10.8% of patients treated with placebo. In subgroup
eGFR ≥ 60 mL/min/1.73m2, the proportions were 1.3% for serelaxin treated patients
and 2.5% for patients assigned to placebo. Overall, the favorable AE profile observed
for serelaxin in RELAX-AHF was maintained in each eGFR category.
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All-cause mortality day 180

40 (7.19)

63 (11.18)

26 (4.61)
30 (7.43)

12 (2.97)

48.32
(47.17, 49.47)

3.42 (2.74,
4.10)

9.55 (8.64,
10.45)

53 (13.01)

31 (7.60)

197(178, 216)

170 (139, 201)

113 (27.63)

Serelaxin1
(n=409)

55 (13.61)

22 (5.43)

47.42
(46.27, 48.57)

3.88 (3.20,
4.56)

10.61 (9.71,
11.52)

65 (15.95)

50 (12.25)

187 (168,
206)

226 (195, 257)

104 (25.49)

Placebo1
(n=408)

eGFR < 60
(n=817)

10 (6.56)

7 (4.55)

48.19
(46.32, 50.05)

3.87 (2.76,
4.98)

9.95 (8.49,
11.42)

12 (7.79)

8 (5.19)

183 (152, 213)

136 (86, 187)

39 (25.16)

Serelaxin1
(n=155)

8 (5.01)

4 (2.51)

48.55
(46.71, 50.39)

3.61 (2.53,
4.70)

9.86 (8.42,
11.30)

24 (15.00)

19 (11.88)

177(147, 207)

171 (122, 220)

45 (28.13)

Placebo1
(n=160)

eGFR ≥ 60
(n=315)

0.63 (0.42,
0.94

0.73 (0.41,
1.32)

0.54 (-0.84,
1.92)

-0.26 (-1.07,
0.56)

-0.74 (-1.83,
0.34)

0.71 (0.52,
0.98)

0.55 (0.37,
0.82)

9(-14, 32)

-50 (-87, -13)

1.04 (0.80,
1.35)

All patients

0.53 (0.34,
0.83)

0.54 (0.27,
1.09)

0.90 (-0.73,
2.52)

-0.46 (-1.42,
0.51)

-1.07 (-2.34,
0.21)

0.79 (0.55,
1.13)

0.60 (0.38,
0.94)

10 (-16, 37)

-56 (-100,
-13)

1.12 (0.82,
1.52)

eGFR
< 602

1.30 (0.51,
3.29)

0.088

0.093

0.422

-0.36
(-2.98,
2.25)
1.82 (0.53,
6.21)

0.444

0.347

0.246

0.460

0.849

0.608

0.384

Interaction
p-value3

0.26 (-1.29,
1.81)

0.09 (-1.96,
2.15)

0.50 (0.25,
0.99)

0.42 (0.18,
0.96)

5 (-38, 48)

-34 (-105,
36)

0.86 (0.52,
1.42)

eGFR
≥ 602

Treatment effect of serelaxin

2

LS Mean (95% CI) for continuous endpoints, n(KM%) for time to event endpoints, and n(%) for binary endpoints
LS Mean Difference (95% CI) for continuous endpoints, Odds Ratio (65% CI) from 2x2 contingency table for binary endpoints, and Hazard Ratio (95% CI) from Cox proportional
hazards model for time-to-event endpoints
3
Interaction p-values are based on test of treatment-by-eGFR interaction. Interaction p-value estimates are obtained using Cox model for time-to-event endpoints, logistics regression for binary endpoints, and regression model for continuous endpoints.

1

48.28 (47.31,
49.26)

Days alive out of hospital through day
60 (days)

19 (3.40)

3.80 (3.23,
4.38)

3.55 (2.97,
4.12)

Length of stay in ICU/CCU (days)

CV death through day 60

10.40 (9.64,
11.17)

9.66 (8.89,
10.43)

Length of initial hospital stay (days)

47.74 (46.77,
48.71)

89 (15.68)

69 (12.15)

65 (11.58)

Worsening heart failure through day 14

39 (6.94)

193(177,
209)

Total dose of oral diuretic to day 5
(mg)

Worsening heart failure through day 5

211 (185,
237)

161 (135,
187)

Total dose of IV diuretic to day 5 (mg)
184(168,
200)

149 (26.23)

152 (26.95)

Placebo1
(n=568)

Dyspnea relief by Likert scale at 6, 12
and 24h (number of patients, %)

Serelaxin1
(n=564)

All patients
(n = 1132)

Table 3 ○ Treatment effect of serelaxin in all patients, eGFR < 60 and eGFR ≥ 60 subgroup
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Table 4 ○ Overview of all-treatment emergent AEs regardless of study drug relationship by eGFR through Day
5 and Day 14
eGFR category
All patients*
Adverse Event (AE) subset; n (%)

eGFR <60 mL/
min/1.73m2

eGFR ≥ 60 mL/
min/1.73m2

Serelaxin
N=568

Placebo
N=570

Serelaxin
N=403

Placebo
N=406

Serelaxin
N=155

Placebo
N=157

Any AEs

280 (49.3)

305 (53.5)

209 (51.9)

231 (56.9)

66 (42.6)

70 (44.6)

Any AEs leading to drug discontinuation

26 ( 4.6)

22 ( 3.9)

16 (4.0)

16 (3.9)

10 ( 6.5)

5 (3.2)

SAEs

36 ( 6.3)

38 ( 6.7)

27 (6.7)

29 (7.1)

8 (5.2)

7 (4.5)

6 (1.1)

9 (1.6)

4 (1.0)

6 (1.5)

2 (1.3)

2 (1.3)

AEs through Day 5

SAEs with an outcome of death
AEs through Day 14
All-treatment emergent AEs

305 (53.7)

320 (56.1)

229 (56.8)

243 (59.9)

70 (45.2)

73 (46.5)

SAEs

86 (15.1)

78 (13.7)

68 ( 16.9)

58 (14.3)

16 (10.3)

18 (11.5)

SAEs with an outcome of death

10 ( 1.8)

15 ( 2.6)

7 ( 1.7)

10 (2.5)

3 (1.9)

4 (2.5)
4 (2.5)

AEs indicative of renal impairment through Day 5
Subjects with any AE

26 (4.6)

49 (8.6)

24 (6.0)

44 ( 10.8)

2 (1.3)

Azotaemia

1 (0.2)

1 (0.2)

1 (0.2)

1 (0.2)

-

-

Blood creatinine increased

14 (2.5)

22 (3.9)

12 (3.0)

19 (4.7)

2 (1.3)

3 (1.9)

Oliguria

0

1 (0.2)

-

-

0

1 (0.6)

Proteinuria

0

2 (0.4)

0

2 ( 0.5)

-

-

Renal failure

9 (1.6)

23 (4.0)

9 (2.2)

21 (5.2)

0

1 (0.6)

Renal failure acute

1 (0.2)

0

1 (0.2)

0

-

-

Renal impairment

1 (0.2)

1 (0.2)

1 (0.2)

1 (0.2)

-

-

32 (5.6)

51 (8.9)

30 (7.4)

46 (11.3)

2 (1.3)

4 (2.5)

AEs indicative of renal impairment through Day 14
Subjects with any AE
Azotaemia

1 (0.2)

1 (0.2)

1 (0.2)

1 (0.2)

-

-

Blood creatinine increased

14 (2.5)

23 (4.0)

12 (3.0)

20 (4.9)

2 (1.3)

3 (1.9)
1 (0.6)

Oliguria

0

1 (0.2)

-

-

0

Proteinuria

0

2 (0.4)

0

2 (0.5)

-

-

Renal failure

14 (2.5)

25 (4.4)

14 (3.5)

23 (5.7)

0

1 (0.6)

Renal failure acute

2 (0.4)

0

2 (0.5)

0

-

-

Renal impairment

1 (0.2)

1 (0.2)

1 (0.2)

1 (0.2)

-

-

*eGFR was 30 - 75 mL/min/1.73 m2 according to the inclusion criteria.
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Discussion
In the current post hoc analysis of the RELAX-AHF trial, we demonstrate that baseline
renal dysfunction (eGFR < 60 mL/min/1.73m2) was associated with worse clinical
outcomes in acute heart failure patients treated with placebo. Serelaxin appears to
attenuate this effect, though this trend was not statistically significant. Moreover, in
acute heart failure patients with renal dysfunction, treatment with serelaxin resulted
in larger reductions of 60 day CV death and 180 day all-cause mortality compared with
patients without renal dysfunction, and a lower NNT compared to the overall study
population. Our findings suggest that treatment with serelaxin may have a greater
treatment effect in patients with renal dysfunction and that the observed reduction of
(cardiovascular) mortality by serelaxin seems to be driven by more pronounced effects
in patients with more severe renal dysfunction
Renal dysfunction is common in patients with acute heart failure and is associated
with increased mortality and rehospitalization.1,2 In fact, the prognostic value of renal
impairment in patients with heart failure remained consistent even across a large
number of studies, as it was recently demonstrated by Damman and colleagues in a
meta-analysis including 1 076 104 heart failure patients.21
Recent studies demonstrated that both relaxin and its receptor are expressed in the
heart and kidney,22-25 suggesting that relaxin may also have direct renal effects. Indeed,
previous pre-clinical studies in rats have demonstrated that relaxin causes renal vasodilatation, resulting in increased renal plasma flow and glomerular filtration rate,
protecting the kidney against renal ischemia-reperfusion injury, and attenuating renal
fibrosis.26-30 In both healthy humans and patients with chronic stable heart failure,
administration of serelaxin resulted in an increased renal blood flow.11,12 Furthermore,
angiotensin II induced renal vasoconstriction was reversed by relaxin, underscoring
the renal protective effects of relaxin.27 Post-hoc analysis of the RELAX-AHF demonstrated that treatment with serelaxin was associated with a lower increase in markers
of end-organ damage, including the renal markers creatinine and cystatin C: although
serelaxin was administrated for 48 hours, creatinine levels remained lower through
day 5, while cystatine C levels even remained lower through day 14 compared to
the placebo group.9 These observations suggest that serelaxin might possess renal
protective properties that may even result in long-term beneficial effects after its
administration in acute heart failure patients.
In our study, we found no significant interactions between the association of renal
impairment and poor clinical outcome and study treatment. However, a trend was
observed suggesting that patients with renal dysfunction treated with placebo had a
higher risk for CV mortality and all-cause mortality compared to patients with renal
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dysfunction treated with serelaxin. Interestingly, the survival curves of patients with
renal dysfunction treated with serelaxin were almost comparable with the survival
curves of patients with normal renal function, irrespective of their study treatment.
When we studied the treatment effect of serelaxin more in depth on other clinical
outcomes31, we found overall higher treatment estimates of serelaxin in the eGFR < 60
ml/min/1.73m2 subgroup, compared with the eGFR ≥ 60 ml/min/1.73m2 subgroup.
Although these interactions were not statistically significant, our results suggest
that serelaxin may have a greater treatment effect in patients with renal impairment:
patients with renal impairment treated with serelaxin had greater dyspnea relief,
shorter stay in the hospital, and lower use of IV diuretics. It should be noted that
the lower diuretic requirement might also explain the favorable changes in levels of
the renal markers. In terms of CV through day 60 and all-cause mortality through
day 180, treatment with serelaxin resulted in a greater treatment benefit in patients
with an eGFR < 60 ml/min/1.73m2 compared with patients with an eGFR ≥ 60 ml/
min/1.73m2. In addition, we found a lower NNT in both the eGFR < 60 ml/min/1.73m2
subgroups for CV mortality, as well as all-cause mortality, compared with the overall
study population. Because the NNT is the inverse of the absolute risk reduction, the
NNT will vary according to the event rates of both subgroups, since it is expected
that a higher clinical risk is related with a higher absolute risk reduction. However, we
demonstrated that also the relative risk reduction by treatment with serelaxin was not
homogeneous among the RELAX-AHF study population. The kidney itself is evidently
a target organ for relaxin activity and this may explain why patients with renal impairment may benefit more from the renoprotective effects of serelaxin administration.
Also, as these patients are at higher clinical risk, treatment may have had greater
impact in these patients compared to ‘low risk’ patients. Our results illustrate that a
patient’s baseline risk may interact with treatment in a clinically relevant manner and
that the overall treatment effect may not reflect the treatment effect of the individual
patients.32
In addition to the well-known expected limitations of such post-hoc and retrospective
analyses, the present study has several limitations. Subgroup analyses are necessary
to evaluate potential heterogeneity in treatment effect, but our results demonstrate
that these analyses are associated with statistical concerns.33,34 The subgroup eGFR
≥ 60 ml/min/1.73m2 had a smaller sample size and while the estimates of treatment
effect of serelaxin were slightly higher in the eGFR < 60 ml/min/1.73m2 subgroup, the
present study lacks power to detect treatment interactions between subgroups. Also,
the subgroup eGFR ≥ 60 ml/min/1.73m2 was relatively small and had lower number
of events. The mortality rates for this subgroup were 14/315 = 4.4% for CV mortality
and 18/315 = 5.7% for all-cause mortality. The small number of patients and events
may have limited our analysis and interpretation of the results of this subgroup. One
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could also suggest that it may have been difficult for any treatment to have an impact
in these ‘low risk’ patients. Further, not every patient had eGFR at baseline. Since the
RELAX-AHF trial only enrolled patients with renal function 30 – 75 ml/min/1.73m2, we
could not assess the effects of serelaxin of patients with a renal function out of these
ranges. As the subgroups were not pre-specified, our results should be interpreted
with caution. Cystatin C was measured in the RELAX-AHF trial and is proposed as
a better and more reliable marker of renal function as cystatin C is unaffected by
increases in age, diet, and muscle mass.35,36,36-40 Unfortunately, cystatin C was not
measured in all patients enrolled in the RELAX-AHF trial and the number of missing
formed a limitation for the analysis of eGFR estimated by cystatin C. Therefore, we did
not include analyses on eGFR estimated by cystatin C in the current paper. It should
also be noted that the primary endpoint of the RELAX-AHF trial was dyspnea relief.
Other outcomes regarding total dose of diuretic, worsening heart failure, hospital stay,
CV death through day 60 and all-cause mortality through day 180 were not among
the primary endpoints of the RELAX-AHF trial. Thus, the RELAX-AHF study was not
primarily designed to address these endpoints. Currently, the replicate phase III study
is ongoing, studying the effect of serelaxin on cardiovascular death and other clinical outcomes (RELAX-AHF-2 trial, NCT01870778). Whether treatment with serelaxin
results in a greater treatment benefit in patients with an eGFR < 60 mL/min/1.73m2
should be further investigated.
In summary, treatment with serelaxin was safe and effective and trends towards an
attenuation of the well-known association between renal dysfunction and clinical
outcomes was observed in patients treated with serelaxin. Our results suggest that
serelaxin has a greater treatment benefit in terms of reducing cardiovascular and allcause mortality in patients with an eGFR < 60 mL/min/1.73m2. However, as these were
not the primary endpoints of the RELAX-AHF trial, this finding should be interpreted
with caution and ongoing and future studies with larger sample sizes are needed to
confirm these findings. Our findings may emphasize the safety profile of serelaxin, as
these patients are considered to be more vulnerable and at higher clinical risk.
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Abstract

Background	Over the last 50 years, clinical trials of novel interventions for acute heart
failure (AHF) have, with few exceptions, been neutral or shown harm.
We hypothesize that this might be related to a differential response to
pharmacological therapy.
Methods	We studied the magnitude of treatment effect of rolofylline across
clinical characteristics and plasma biomarkers in 2033 AHF patients,
and derived a biomarker-based responder sum score model. Treatment
response was survival from all-cause mortality through day 180.
Results	In the overall study population, rolofylline had no effect on mortality (HR
1.03, 95% CI 0.82-1.28, p=0.808). We found no treatment interactions
across clinical characteristics, but we found interactions between several
biomarkers and rolofylline. The biomarker-based sum score model
included TNF-R1α, ST2, WAP Four-Disulfide Core Domain Protein HE4
(WAP-4C) and total cholesterol and the score ranged between 0-4. In
patients with score 4 (those with increased TNF-R1α, ST2, WAP-4C and
low total cholesterol) treatment with rolofylline was beneficial (HR 0.61,
95% CI 0.40-0.92, p=0.019). In patients with score 0, treatment with
rolofylline was harmful (HR 5.52, 95% CI 1.68-18.13, p=0.005; treatment
by score interaction p < 0.001). Internal validation estimated similar
hazard ratio estimates (0 points: HR 5.56, 95% CI 5.27-7-5.87; 1 points:
HR 1.31, 95% CI 1.25-1.33; 2 points: HR 0.75, 95% CI 0.74- 0.76; 3 points:
HR 1.13, 95% CI 1.11-1.15; 4 points, HR 0.61, 95% CI 0.61-0.62) compared
to the original data.
Conclusion	Biomarkers are superior to clinical characteristics to study treatment
heterogeneity in acute heart failure.
Keywords	Acute heart failure, treatment heterogeneity, biomarkers, subpopulation
treatment effect pattern plot, rolofylline
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Introduction
Acute heart failure is one of the leading causes of hospitalization among patients ≥
65 years, and carries a dismal prognosis and high economic burden.1,2 Treatment of
acute heart failure remains a therapeutic challenge as current guideline recommendations are based on smaller, nonrandomized trials and expert opinion.2 Many potential
interventions for acute heart failure have been studied, but most of them have failed
to improve prognosis and none of them have entered guideline recommendations.2-8
Several reasons have been addressed: the wrong drugs might have been studied,
or the wrong study designs might have been used. We hypothesize that one of the
most important explanations is likely the heterogeneity of patients with acute heart
failure. In clinical trials, treatment arms are analyzed as a whole and there seems to be
some consensus that heterogeneity of the relative treatment effect is rare. However,
in a trial including relatively unselected heart failure patients, differential responses
to treatment are to be expected. The wide variety in underlying pathophysiological
mechanisms and clinical presentations in acute heart failure challenge selection of
an appropriate study population and intuitively, hampers a universal treatment that
fits all patients. Based on these factors, acute heart failure might hold a great potential for precision medicine. Understanding differences in treatment response is
imperative to customize therapy. Subgroup analyses are thus necessary to identify
potential interactions between underlying pathophysiologies and treatment effect.
However, conventional subgroup analysis based on clinical characteristics often failed
to demonstrate any interaction effects with treatment. As plasma biomarkers may
characterize individual involved pathophysiological pathways, these markers can be
particularly useful to study variation in drug response profiles. In the present study,
we propose a novel method to use a large panel of established and novel emerging biomarkers to distinguish responders from non-responders to pharmacological
therapy in acute heart failure.

Methods

Patient population
We investigated patients enrolled in the Placebo-controlled Randomized Study of
Selective A1 Adenosine Receptor Antagonist Rolofylline for Patients Hospitalized
with Acute Decompensated Heart Failure and Volume Overload to Assess Treatment
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Effect on Congestion and Renal Function (PROTECT) trial.7,9 The design and main
results of the study have been published elsewhere.7,9 Between May 2007 and January
2009, 2033 acute heart failure patients were randomized to receive 30 mg rolofylline
or placebo administered as a daily 4 hours infusion for 3 days in a 2:1 ratio. Briefly,
eligible patients were male or female, ≥ 18 years of age, hospitalized for signs and
symptoms of acute heart failure, defined as persistent dyspnea at rest or minimal
exertion and fluid overload requiring intravenous loop-diuretic therapy, with impaired
renal function (estimated creatinine clearance of 20-80 mL/min calculated by the
Cockcroft-Gault equation (corrected for height in oedematous or obese patients ≥
100 kg) and elevated natriuretic peptide levels (brain natriuretic peptide (BNP) or Nterminal pro-BNP levels ≥ 500 or ≥ 2000 pg/mL, respectively). Key exclusion criteria
included systolic blood pressured <90 or ≥ 160 mm Hg, acute coronary syndrome
and treatment with positive inotropic agents, vasopressors or vasodilatators (with the
exception of intravenous nitrates), ultrafiltration, hemofiltration, dialysis, or mechanical support. The PROTECT trial conformed to the Declaration of Helsinki, local ethics
committees at each participating centre approved the study, and all participating
patients provided written informed consent. Demographic, clinical, and biochemical
parameters of interest were collected within the framework of the PROTECT study. The
PROTECT trial was registered at ClinicalTrials.gov: NCT00328692 and NCT00354458.

Biochemical analyses
Venous blood sampling was performed daily through day 6 or discharge, and day
7 and 14 with K3EDTA Vacutainers. For the present analysis, we analyzed baseline
values. The following biomarkers were established during laboratory monitoring according to the study protocol of the PROTECT trial. Albumin, alanine transaminase,
aspartate transaminase, bicarbonate, blood urea nitrogen (BUN), chloride, creatinine,
glucose, hemoglobin, platelet count, potassium, red blood cell count, sodium, total
cholesterol, triglycerides, uric acid and white blood cell count were measured in a
central laboratory (ICON Laboratories, Farmingdale, New York). Remaining plasma
was then separated from blood as soon as possible by centrifugation at 1500 x g for
10 minutes and stored at -80ºC. Thirty-one biomarkers of different biological domains
(inflammation, oxidative stress, remodelling, cardiomyocyte stretch, angiogenesis, atherosclerosis, renal function) were determined immediately after defrosting
plasma. The following biomarkers were determined: galectin-3, myeloperoxidase and
neutrophil gelatinase-associated lipocalin were measured using sandwich enzymelinked immonsorbent assays (ELISA) on a microtiter plate; angiogenin and C-reactive
protein were measured using competitive ELISAs on a Luminex® platform; D-dimer,
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endothelial cell-selective adhesion molecule (ESAM), growth differentiation factor 15
(GDF-15), lymphotoxin beta receptor , mesothelin, neuropilin, N-terminal pro C-type
natriuretic peptide, osteopontin, procalcitonin, pentraxin-3, periostin, polymeric immunoglobulin receptor, pro-adrenomedullin, prosaposin B, receptor for advanced
glycation endproducts, soluble ST-2 (ST2), syndecan-1, tumor necrosis factor alpha
receptor 1 (TNF-R1α), tumor necrosis factor receptor superfamily member, vascular
endothelial growth receptor 1 and WAP four-disulphide core domain protein HE4
(WAP-4C) were measured using sandwich ELISAs on a Luminex® platform. Immunoassays to procalcitonin, proADM, Galectin-3 and ST2 were developed by Alere.
These research assays have not been standardised to the commercialised assays used
in research or in clinical use. Further, the extent to which each Alere assay correlates
with the commercial assay is not fully characterized. Kidney Injury Molecule 1, BNP,
Interleukin-6, Endothelin-1 and cardiac specific Troponin I were measured in frozen
plasma samples using high sensitive single molecule counting (SMC™) technology
(RUO, Erenna® Immunoassay System, Singulex Inc., Alameda, CA, USA).

Statistical analysis
Continuous variables are summarized as mean ± standard deviation if normally
distributed or median and interquartile range if non-normally distributed. Categorical
variables are reported as percentages of observations. Analysis of variance, student’s
T-test, Chi-square test, Mann-Whitney U test were used as appropriate for group
comparisons. We included all 2033 patients enrolled in the PROTECT trial for the present analysis. Patients with missing baseline values of the covariate of interest, were
excluded from the analysis of the subgroup of interest. Full complete 48 biomarker
panel was obtained for 1266 patients. Treatment response was defined as survival
from all-cause mortality through day 180. We explored treatment heterogeneity across
clinical characteristics by examining forest plots. Subgroups based on clinical characteristics were defined by median (if continuous) or by category (if categorical). Interaction was estimated by Cox proportional hazard analysis using an interaction term. We
explored treatment heterogeneity across the levels of biomarkers using forest plots.
Subgroups based on biomarkers were defined by median of the biomarker of interest. Also, to explore treatment heterogeneity across the spectrum of the biomarkers
and to establish a clinical relevant cut-point, we also studied differential response
across the spectrum of biomarkers using Subpopulation Treatment Effect Pattern Plot
(STEPP).10,11 A p-value of ≤ 0.05 was considered statistically significant. All analyses
were performed using R: A Language and Environment for Statistical Computing, ver-
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sion 3.1.1 (R Foundation for Statistical Computing, Vienna, Austria). The stepp package
was used to perform STEPP analyses.
Subpopulation Treatment Effect Pattern Plot

STEPP is a novel graphical method and allows exploring differential treatment effect
across the continuum of a biomarker.10,11 STEPP divides the overall study population
into overlapping subgroups defined by the median value. Treatment effect will be
assessed in each subpopulation. By creating overlapping subpopulation, STEPP is
a more accurate, robust and reliable statistical method to explore treatment heterogeneity across subgroups. The advantage of this approach compared with traditional
analysis is that STEPP greatly increases the precision of the estimated treatment effect, improves statistical power to detect treatment effect heterogeneity, and reduces
the chance of false-negative discovery. In addition, STEPP allows to study differential
response across the continuum of a variable. In our study, overlapping subgroups
were generated so that the maximum size of each subpopulation was set between
150-300 patients, while the number of patients belonging to adjacent subgroups was
50-150. STEPP depicts estimates of absolute risk and relative risk across subpopulations with increasing median concentration levels of the biomarker of interest. STEPP
generates three plots: effect estimated of the two treatments against the median of
each subpopulation; effect differences of the two treatments in absolute scale against
the median of each subpopulation; effect ratios of the two treatments in relative scale
against the median of each subpopulation. To evaluate the statistical signiﬁcance of
observed response differences, permutations tests are performed. In our analysis, the
number of permutation tests was set at 2500. To conclude that there is a significant
interaction with treatment, the plots should show a divergent and consistent pattern
along the continuum of the biomarker.
Sum score model

To identify subgroups with distinct response to treatment, we developed a score
model. For this model, we selected biomarkers only. Because STEPP allowed us to
study treatment heterogeneity across the continuum of a biomarker, we explored each
STEPP plot of the relative treatment effect. Only biomarkers with both a significant
treatment interaction, and a divergent and consistent pattern plot were selected. The
STEPP plot was used to determine clinically relevant cut-points: the concentration
were the STEPP plot demonstrated a cross-over in relative treatment effect. We created
a new factor variable and divided patients into subgroups according this cut-point.
The new factor variables of biomarkers showing a significant treatment interaction
were entered in a multi-variable Cox regression model. The scores were related to the
values of the predictors, thus the scores were directly derived from the regression
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coefficients, by multiplying by 2 and rounding them. Thus, only biomarkers with a
β-coefficient > 0.25 were included in final sum score model. Treatment effect was then
estimated for each subgroup of possible value of the score.
Internal validation

To test the robustness of our model results, we performed superpopulation bootstrap
with 1000 iterations. We created a superpopulation by multiplying each subject 10
times. From the created superpopulation, we sampled 1000 times a resample without
replacement with the same sampling fraction as the original sample (n = 2033). We
tested the treatment effect in each resample and estimates of hazard ratios and 95%
CIs around the parameters’ coefficients from each subgroup were compared with the
original population.

Results
Baseline characteristics of the subpopulation of patients with at least one biomarker
measured are presented in Table 1. No pronounced differences were observed for
patient characteristics according to treatment arm. Briefly, patients were more likely
to be male, were more likely to have a history of ischemic heart disease and hypertension, while blood pressure was well controlled (124.4 ± 17.6 / 73.9 ± 11.8 mm Hg).
Mean age was 70.2 ± 11.6 years and mean left ventricular ejection fraction (LVEF)
was 32.2 ± 13%. The majority of patients used Renin Angiotensin Aldosterone System
blockers and/or beta-blockers. In the total study population, treatment with rolofylline
did not result in a decreased risk for all-cause death through day 180 (HR 1.03, 95% CI
0.82-1.28, p=0.808, Figure 1).

Treatment heterogeneity of rolofylline
Clinical characteristics

Subgroup analysis across clinical characteristics are presented in Figure 2. We found
no interactions between treatment and age, sex and LVEF. Also, we found no interactions between treatment and risk factors, such as diabetes mellitus, hypertension,
hypercholesterolaemia and smoking, or medical history, such as ischemic heart
disease or atrial fibrillation. Also, no significant treatment interaction with medication
were observed.
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Table 1 ○ Baseline characteristics according to treatment allocation
Variable

Rolofylline

Placebo

P-value

N=

1313

650

Sex (% Male)

66.9 (878)

66.6 (433)

0.951

Age (years)

70.1 ±11.7

70.2 ±11.5

0.852

BMI (kg/m2)

28.9 ±6.1

28.7 ±6.2

0.612

LVEF (%)

32.1 ±12.7

32.4 ±13.6

0.709

HFPEF (%)

18.6 (118)

21 (65)

0.447

Systolic Blood Pressure (mmHg)

124.4 ±17.5

124.3 ±17.8

0.911

Diastolic Blood Pressure (mmHg)

73.7 ±11.8

74.1 ±11.9

0.472

Heart Rate (beats/min)

80 ±15.3

80.6 ±15.7

0.408

Atrial fibrillation on presentation

38.1 (203)

47.7 (124)

0.012

Orthopnea (%)

95.8 (1242)

96.9 (622)

0.312

Rales (%)

63 (826)

58.3 (378)

0.051

Edema (%)

67.8 (890)

67.4 (438)

0.881

Jugular venous pressure (%)

40.8 (485)

41.4 (242)

0.867

Hypertension (%)

80.3 (1054)

77.4 (503)

0.153

Diabetes Mellitus (%)

45.2 (593)

46.2 (300)

0.725

Hypercholesterolemia (%)

51.2 (672)

52.1 (338)

0.744

Smoking (%)

21.3 (279)

19 (123)

0.25

Ischemic Heart Disease (%)

70.4 (923)

67.8 (440)

0.259

Myocardial Infarction (%)

51 (668)

46.4 (301)

0.059

PCI (%)

26.4 (343)

25.3 (163)

0.671

CABG (%)

21.2 (276)

21.8 (140)

0.804

Peripheral Vascular Disease (%)

11.4 (149)

9.6 (62)

0.256

Atrial Fibrillation (%)

53.2 (696)

57 (366)

0.125

I/II

15.8 (208)

19.2 (125)

II

48.9 (642)

46.9 (305)

IV

29.9 (393)

28.9 (188)

ICD therapy (%)

16.1 (212)

15.3 (99)

0.658

CRT therapy (%)

10.2 (134)

9.6 (62)

0.717

Stroke (%)

9 (118)

9.2 (60)

0.926

COPD (%)

19.9 (261)

19.8 (128)

0.983

ACE inhibitors or ARB (%)

76.2 (1000)

74.6 (485)

0.469

Beta blockers (%)

76.7 (1006)

76.5 (497)

0.961

Demographics

Clinical Profile

Medical History

NYHA Class

0.18

Prior Medication Use
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Table 1 ○ Baseline characteristics according to treatment allocation (continued)
Variable

Rolofylline

Placebo

P-value

Mineralocorticoid Receptor Antagonists (%)

44.6 (585)

43.4 (282)

0.648

Calcium Antagonists (%)

15 (196)

10.6 (69)

0.01

Nitrates (%)

26.9 (353)

23.6 (153)

0.126

Digoxin (%)

27.5 (361)

30.3 (197)

0.216

Creatinine (mg/dL)

1.4 [1.1-1.8]

1.3 [1.1-1.7]

0.135

Creatinine Clearance (ml/min)

48.6 [36.4-62.9]

49.8 [37.8-64.9]

0.16

Blood Urea Nitrogen (mg/dL)

30 [22-41]

29 [22-41]

0.303

Sodium (mmol/L)

140 [137-142]

140 [137-142]

0.265

Potassium (mmol/L)

4.2 [3.9-4.7]

4.2 [3.9-4.6]

0.64

Hemoglobin (g/dL)

12.7 ±2

12.6 ±1.9

0.527

Anemia (%)

42 (487)

43.5 (254)

0.592

Total Cholesterol (mmol/L)

3.8 ±1.1

3.8 ±1.1

0.59

Triglycerides (mmol/L)

101.3 ±54.1

101.9 ±57.9

0.813

BNP (pg/mL)

442.8 [250.5-789.9]

458.6 [259.5-829.3]

0.537

Laboratory Values

Abbreviations: BMI, Body Mass Index; LVEF, left ventricular ejection fraction; HFPEF, heart failure with preserved
ejecetion fraction; COPD, chronic obstructive pulmonary disease; PCI, percutaneous coronary intervention; CABG,
coronary artery bypass graft; ACE, angiotensin concerting enzyme; ARB, angiotensine receptor blocker; BNP, Brain
Natriuretic Peptide
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Figure 1 ○ Kaplan Meier curve for 180 day all-cause mortality in the overall study population
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Subgroup analyses - 180 day mortality

Variable
Sex (% Male)
No (n=669)
Yes (n=1364)
Age (years)
< 72 (n=987)
>= 72 (n=1046)
BMI (kg/m2)
< 27.76 (n=1001)
>= 27.76 (n=1002)
LVEF (%)
< 30 (n=444)
>= 30 (n=531)
HFPEF (%)
No (n=782)
Yes (n=193)
Systolic Blood Pressure (mmHg)
< 124 (n=1006)
>= 124 (n=1026)
Diastolic Blood Pressure (mmHg)
< 72 (n=978)
>= 72 (n=1054)
Heart Rate (beats/min)
< 78 (n=954)
>= 78 (n=1077)
0

P
0.528
0.729
0.44
0.578
0.288
0.862
0.262
0.965

0.5

Rolofylline better

1

1.5

Placebo better

2

2.5

Subgroup analyses - 180 day mortality

Variable
Hypertension (%)
No (n=418)
Yes (n=1615)
Diabetes Mellitus (%)
No (n=1110)
Yes (n=922)
Hypercholesterolemia (%)
No (n=977)
Yes (n=1055)
Smoking (%)
No (n=1610)
Yes (n=419)
Ischemic Heart Disease (%)
No (n=613)
Yes (n=1417)
Peripheral Vascular Disease (%)
No (n=1808)
Yes (n=220)
Atrial Fibrillation (%)
No (n=916)
Yes (n=1103)
NYHA Class
No (n=1326)
Yes (n=599)
0

P
0.52
0.361
0.739
0.507
0.81
0.987
0.076
0.802

0.5

Rolofylline better

1

1.5

Placebo better

2

2.5

Figure 2 ○ Forest plots of the treatment effect for 180 day all-cause mortality per clinical characteristic. Subgroups were defined by median (if continuous) or by category (if categorical). NYHA category ‘No’ stands for
NYHA class I to III, NYHA category ‘Yes’ stands for NYHA class IV. No significant interactions with treatment
were observed for subgroups defined by clinical characteristics. Abbreviations: BMI, Body Mass Index; LVEF, left
ventricular ejection fraction; HFPEF, heart failure with preserved ejecetion fraction; COPD, chronic obstructive
pulmonary disease; ACE, angiotensin concerting enzyme; ARB, angiotensin receptor blocker; MRA, mineralocorticoid receptor antagonist.
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Subgroup analyses - 180 day mortality
P
0.915

Variable
Stroke (%)
No (n=1850)
Yes (n=183)
COPD (%)
No (n=1627)
Yes (n=402)
ACE inhibitors or ARB (%)
No (n=494)
Yes (n=1534)
Beta blockers (%)
No (n=482)
Yes (n=1546)
MRA (%)
No (n=1139)
Yes (n=888)
Calcium Antagonists (%)
No (n=1751)
Yes (n=275)
Nitrates (%)
No (n=1500)
Yes (n=526)
Digoxin (%)
No (n=1458)
Yes (n=569)
0

0.5

0.827
0.686
0.924
0.294
0.193
0.708

3

0.892

1

1.5

Rolofylline better

2

2.5

Placebo better

Figure 2 ○ continued

Biomarkers

Subgroup analysis across patient groups divided by the median of the biomarker of
interest are summarized in Figure 3. In general, we observed a greater treatment benefit of rolofylline in patients with elevated levels of most of the biomarkers. We found
significant interactions between treatment and ESAM (p = 0.045), GDF-15 (p = 0.035),
neuropilin (p = 0.001), red blood cell count (p = 0.004), ST2 (p = 0.002), TNF-R1α (p
= 0.028), and uric acid (p = 0.033), for which rolofylline had a greater treatment effect
in subgroups above the median of the biomarker of interest.
After this, we studied the heterogeneity in treatment effect across the continuum of
each biomarker. We found a divergent and consistent STEPP pattern with significant
treatment interactions across the continuum of TNF-R1α (p = 0.013), ST-2 (p = 0.016),
neuropilin (p = 0.002), WAP-4C (p = 0.002), total cholesterol (p = 0.019), and potassium (p = 0.025). STEPP plots for the relative risk of 180 day mortality are shown in
Figure 4. The absolute 180 day survival are presented in Figure S1 in the Appendix.
Table 2 ○ Sum score for response to rolofylline
Plasma biomarker

B-coeﬃcient

Points

TNF-R1α ≥ 4.00 ng/ml

0.49

1

ST-2 ≥ 5.77 ng/ml

0.48

1

WAP-4C ≥ 26.92 ng/ml

0.29

1

Total Cholesterol ≤ 3.93 mmol/L

0.45

1

Total points

4
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a

Subgroup analyses - 180 day mortality

P
0.998

Variable
Albumin (g/dl)
< 3.9 (n=975)
>= 3.9 (n=980)
ALT (U/l)
< 21 (n=887)
>= 21 (n=943)
Angiogenin (ng/ml)
< 1850.29 (n=890)
>= 1850.29 (n=891)
AST (U/l)
< 25 (n=905)
>= 25 (n=973)
Bicarbonate (mEq/l)
< 24 (n=870)
>= 24 (n=1011)
BNP (pg/ml)
< 447.78 (n=792)
>= 447.78 (n=793)
Blood Urea Nitrogen (mg/dL)
< 29 (n=927)
>= 29 (n=1036)
Chloride(mEq/l)
< 101 (n=861)
>= 101 (n=1099)
0

0.452
0.111
0.701
0.388
0.386
0.062
0.177

0.5

Rolofylline better

1

1.5

Placebo better

2

2.5

B
Variable
Cholesterol (mmol/l)
< 3.65 (n=974)
>= 3.65 (n=983)
Creatinin (mg/dl)
< 1.4 (n=932)
>= 1.4 (n=1024)
CRP (ng/ml)
< 14013.43 (n=890)
>= 14013.43 (n=891)
D-Dimer (ng/ml)
< 162.33 (n=893)
>= 162.33 (n=894)
Endothelin-1 (pg/ml)
< 6.82 (n=794)
>= 6.82 (n=795)
ESAM-1 (ng/ml)
< 61.92 (n=893)
>= 61.92 (n=894)
Galectin-3 (ng/ml)
< 36.27 (n=894)
>= 36.27 (n=895)
GDF-15 (ng/ml)
< 4.55 (n=893)
>= 4.55 (n=894)

Subgroup analyses - 180 day mortality

P
0.063
0.095
0.747
0.444
0.188
0.045
0.142
0.035

0

0.5

Rolofylline better

1

1.5

Placebo better

2

2.5

Figure 3 ○ Forest plots of the treatment effect for 180 day all-cause mortality per biomarker level. Subgroups were
defi ned by median. Forest plots demonstrated signifi cant treatment interactions with ESAM (p = 0.045), GDF-15
(p = 0.035), neuropilin (p = 0.001), red blood cell count (p=0.004), ST2 (p=0.002), TNF-R1� (p=0.028), and uric
acid (p=0.033). Abbreviations: ANP, Atrial Natriuretic Peptide; BNP, Brain Natriuretic Peptide; CRP, C-reactive
Protein; ESAM, Endothelial Cell Selective Adhesion Molecule ; GDF-15, Growth Differentation Factor; LTBR, lymphotoxin beta receptor ; NGAL, Neutrophil gelatinase-associated lipocalin; NT-proCNP, N-Terminal Pro-C-Type
Natriuretic Peptide; PIGR, polymeric immunoglobulin receptor; proADM, pro-Adrenomedullin, PSAPB, Prosaposin B; RAGE, Receptor for Advanced Glycation Endproducts; TNF-R1a, tumor necrosis factor � receptor-1; TROY,
tumor necrosis factor receptor superfamily member; TnI, Troponine I; ET-1, Endothelin 1; IL-6, Interleukin 6.
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C
Variable
Glucose (mg/dl)
< 126 (n=935)
>= 126 (n=967)
Hemoglobin (g/dl)
< 12.6 (n=869)
>= 12.6 (n=897)
Interleukin-6 (pg/ml)
< 11.14 (n=795)
>= 11.14 (n=795)
KIM-1 (pg/ml)
< 295.1 (n=794)
>= 295.1 (n=794)
LTBR (ng/ml)
< 0.41 (n=892)
>= 0.41 (n=895)
Mesothelin (ng/ml)
< 86.86 (n=893)
>= 86.86 (n=894)
Myeloperoxidase (ng/ml)
< 34.02 (n=892)
>= 34.02 (n=893)
Neuropilin (ng/ml)
< 12.47 (n=893)
>= 12.47 (n=894)

Subgroup analyses - 180 day mortality

P
0.197
0.922
0.091
0.44
0.602
0.736
0.699
0.001

0

0.5

Rolofylline better

1

1.5

Placebo better

2

2.5

D
Variable
NGAL (ng/ml)
< 82.65 (n=894)
>= 82.65 (n=895)
NT-proCNP (ng/ml)
< 0.04 (n=882)
>= 0.04 (n=905)
Osteopontin (ng/ml)
< 112.09 (n=893)
>= 112.09 (n=894)
Procalcitonin (ng/ml)
< 0.02 (n=887)
>= 0.02 (n=900)
Pentraxin-3 (ng/ml)
< 4.33 (n=893)
>= 4.33 (n=894)
Periostin (ng/ml)
< 5.48 (n=893)
>= 5.48 (n=894)
PIGR (ng/ml)
< 398.33 (n=893)
>= 398.33 (n=894)
Platelets (10^9/l)
< 217 (n=863)
>= 217 (n=875)

Subgroup analyses - 180 day mortality

0.526
0.093
0.748
0.474
0.21
0.22
0.665

0

Figure 3 ○ continued

P
0.916

0.5

Rolofylline better

1

1.5

Placebo better

2

2.5

3
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E

Subgroup analyses - 180 day mortality

P
0.726

Variable
Potassium (mEq/L)
< 4.2 (n=837)
>= 4.2 (n=1030)
MR-proADM (ng/ml)
< 2.82 (n=893)
>= 2.82 (n=894)
PSAP-B (ng/ml)
< 38.37 (n=893)
>= 38.37 (n=894)
RAGE (ng/ml)
< 5.02 (n=893)
>= 5.02 (n=894)
Red Bloodcell Count (10^9/l)
< 4.23 (n=876)
>= 4.23 (n=889)
Sodium (mEq/l)
< 140 (n=932)
>= 140 (n=1028)
ST-2 (ng/ml)
< 3.52 (n=893)
>= 3.52 (n=894)
Syndecan-1 (ng/ml)
< 8.35 (n=893)
>= 8.35 (n=894)
0

0.189
0.446
0.865
0.004
0.252
0.002
0.441

0.5

Rolofylline better

1

1.5

Placebo better

2

2.5

F

Subgroup analyses - 180 day mortality

P
0.389

Variable
Triglycerides (mg/dl)
< 89 (n=969)
>= 89 (n=973)
TNF-R1a (ng/ml)
< 3.2 (n=892)
>= 3.2 (n=895)
Troponin I (pg/ml)
< 10.64 (n=795)
>= 10.64 (n=795)
Troy (ng/ml)
< 0.09 (n=884)
>= 0.09 (n=903)
Uric acid (mg/dl)
< 8.8 (n=924)
>= 8.8 (n=959)
VEGFR-1 (ng/ml)
< 0.38 (n=892)
>= 0.38 (n=895)
WAP-4C (ng/ml)
< 27.66 (n=893)
>= 27.66 (n=894)
White Bloodcell Count (10^9/l)
< 7.46 (n=883)
>= 7.46 (n=883)
0

Figure 3 ○ continued

0.028
0.087
0.23
0.033
0.543
0.086
0.437

0.5

Rolofylline better

1

1.5

Placebo better

2

2.5
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Identifying responders and non-responders to rolofylline

The concentration where STEPP demonstrated a cross-over in relative treatment effect
was considered as a clinical relevant cut-point. We dichotomized the continuous levels
of these biomarkers at the level of this cut-point. According to the STEPP plots, the
following thresholds were estimated: TNF-R1α: 4.00 ng/ml; ST2: 5.77 ng/mL; neuropilin
15.25 ng/mL, WAP-4C 26.92 ng/mL, total cholesterol 3.93 mmol/L and potassium 4.1-4.7
mmol/l. The new factor variables of these dichotomized biomarkers were then entered
in a multi-variable Cox regression model. Multivariable Cox regression modelling yield
the following β-coefficients: TNF-R1α 0.49, ST-2 0.48, neuropilin 0.05, WAP-4C 0.29,
total cholesterol 0.45, and potassium 0.15. Neuropilin and potassium were excluded
from the sum score model, due to their low β-coefficients. The score sum, including
TNF-R1α, ST-2, WAP-4C and total cholesterol, ranged between 0 and 4 (Table 2).
In this score sum, TNF-R1α ≥ 4.00 ng/ml, ST-2 ≥ 5.77 ng/ml and WAP-4C ≥ 26.92 ng/ml
received 1 point, while total cholesterol ≤ 3.93 mmol/L received 1 point. Thus, TNF-R1α
< 4.00 ng/ml, ST-2 < 5.77 ng/ml and WAP-4C < 26.92 ng/ml received 0 point, while
total cholesterol > 3.93 mmol/L received 0 point. Baseline characteristics of patients
per subgroup are summarized in Table S1, Appendix. Proportion of men, age, serum
creatinine, blood urea nitrogen presence of anemia, and prevalence of diabetes mellitus,
smoking, ischemic heart disease, peripheral vascular disease, atrial fibrillation, device
therapy, and stroke increased with increasing points. Systolic and diastolic blood pressure, heart rate, use of ACE-inhibitors, creatinine clearance, sodium, haemoglobin, total
cholesterol and triglycerides decreased with increasing points. Kaplan Meier analyses
demonstrated that 180 day mortality increased significantly across increasing points
(log rank test p<0.0001, Figure 5a). In patients with a maximum score of 4 points (those
with increased TNF-R1α, ST2, WAP-4C and low total cholesterol), treatment with rolofylline was associated with improved prognosis (log rank test p = 0.018), while in the
intermediate score subgroups (1-3), rolofylline had no effect on outcomes. In patients
with a score 0 (those with low TNF-R1α, ST2, WAP-4C and increased total cholesterol),
treatment with rolofylline was associated with worse outcome (log rank test p = 0.002;
Figure 5b-f). The risk of mortality in each subgroup per point is summarized in Table 3.

Table 3 ○ Hazard ratio of 180 day mortality across points subgroups
Total points

Hazard Ratio

0

Reference group

95% Confidence Interval

P-value

1
2

1.17

0.76-1.80

0.482

1.69

1.10-2.60

0.017

3

2.38

1.56-3.63

<0.001

4

4.81

3.11-7.19

<0.001

3

86 ○ Chapter 3

Subpopulations by Median TNF-R1a (ng/ml)

30.71
(n=135)

(n=250)

24.52
(n=250)

(n=250)

(n=250)

(n=250)

(n=250)

(n=250)

(n=250)

(n=250)

(n=150)

2.8
1.6
0.4

0.8

1.2

Hazard Ratio

2.0

2.4

2.8
2.0
1.6

4.4

4.7

5.1
(n=294)

4.1

(n=331)

(n=339)

Subpopulations by Median Total Cholesterol (mmol/l)

3.8

(n=349)

3.6

(n=387)

5.66
(n=256)

0.0

Supremum HR p-value = 0.0252

4.90
(n=298)

(n=310)

(n=301)

(n=309)

(n=298)

4.03
(n=298)

(n=286)

3.36
(n=301)

2.79
(n=303)

2.38

(n=325)

Hazard Ratio

1.2
0.8
0.4

97.55

(n=250)

0.0

63.86

(n=250)

(n=250)

(n=250)

(n=250)

(n=250)

(n=250)

(n=251)

(n=250)

(n=250)

Supremum HR p-value = 0.0192

50.79

Subpopulations by Median WAP-4C

17.41

F. Potassium

2.4

2.8
2.4
2.0
1.6
1.2
0.8
0.4
0.0

32.87

12.28

Subpopulations by Median Neuropilin (ng/ml)

E. Total Cholesterol

Supremum HR p-value = 0.002
17.48

8.07
(n=250)

4.58

(n=250)

21.88

(n=250)

0.0

13.03

Subpopulations by Median ST-2 (ng/ml)

D. WAP-4C

5.80

Supremum HR p-value = 0.0024

8.43
(n=250)

(n=250)

(n=104)

3.99
(n=250)

(n=170)

0.93
(n=251)

9.55

(n=436)
(n=250)

6.96

1.6
0.8
0.4

0.4

Supremum HR p-value = 0.0164

0.0

5.79
(n=170)

(n=170)

(n=171)

4.50
(n=170)

3.29

(n=170)
(n=170)
(n=170)
(n=170)
(n=170)
(n=170)
(n=170)
(n=170)

(n=170)

2.25

1.2

Hazard Ratio

2.0

2.4
1.6
0.8

1.2

Hazard Ratio

2.0

2.4

2.8

2.8
2.4
2.0
1.6

Hazard Ratio

1.2
0.8
0.4
0.0

Supremum HR p-value = 0.0128
1.26

Hazard Ratio

C. Neuropilin

2.8

B. ST-2

A. TNF-R1a

Subpopulations by median Potassium (mmol/l)

Figure 4 ○ Subpopulation Treatment Effect Pattern Plot analysis of the treatment effects of rolofylline vs. placebo. Treatment effect measured by hazard ratio (<1 rolofylline better than placebo), with corresponding 95% confidence interval bands. Y-axis: hazard ratio, x-axis: subpopulations by median (A) TNF-R1a, Tumor Necrosis Factor
Receptor 1 alpha levels (ng/ml) P-value = 0.0128 (B) ST2 levels (ng/ml) P-value = 0.0162 (C) Neuropilin levels (ng/
ml) P-value = 0.0024 (D) WAP-4C, WAP Four-Disulphide Core Domain Protein HE4 levels (ng/ml) P-value=0.002
(E) Total cholesterol (mmol/L) P-value = 0.0192 (F) Potassium (mmol/L) P-value = 0.0252.
Table 4 ○ The efficacy of rolofylline per points subgroups
Total points

Hazard Ratio

95% Confidence Interval

P-value

0

5.52

1.68-18.13

0.005

1

1.35

0.76-2.40

0.306

2

0.74

0.44-1.24

0.249

3

1.14

0.67-1.94

0.639

4

0.61

0.40-0.92

0.019

The treatment effect of rolofylline was then studied within each subgroup of sum
score by Cox proportional hazard modelling (Table 4). In the 4 points subgroup,
rolofylline significantly decreased mortality compared to placebo (HR 0.61, 95% CI
0.40-0.92, p=0.019). In the 1-3 points subgroup, treatment with rolofylline did not
result in differences in survival rate between the two treatment groups (1 point: HR
1.35, 95% CI 0.76-2.40, p=0.306; 2 points: HR 0.74, 95% CI 0.44-1.24, p=0.249; 3
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points: HR 1.14, 95% CI 0.67-1.94, p=0.639). In the 0 points subgroup, treatment with
rolofylline was associated with worse outcome, compared to the placebo group (HR
5.52, 95% CI 1.68-18.13, p = 0.005). The treatment by score interaction was statistically
significant (treatment by score interaction p < 0.001). Internal validation by subpopulation bootstrapping estimated similar hazard ratio estimates (0 points: HR 5.56, 95%
CI 5.27-7-5.87; 1 points: HR 1.31, 95% CI 1.25-1.33; 2 points: HR 0.75, 95% CI 0.74- 0.76;
3 points: HR 1.13, 95% CI 1.11-1.15; 4 points, HR 0.61, 95% CI 0.61-0.62) compared to
the original data.
A

Kaplan Meier

3

1.00

Survival Probability

0.75

Total points according to biomarker levels

0.50

0 points
1 points
2 points

0.25

3 points
4 points

p < 0.0001

0.00
0
0 points
1 points
2 points
3 points
4 points

325
508
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302
245
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313
484
341
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189
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Time
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329
253
175

Numbers at risk

120
302
463
319
247
166

150
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294
457
316
238
158

247
373
256
201
125

Figure 5 ○ Kaplan-Meier Survival curves according to points subgroup (A) unadjusted Kaplan-Meier survival curves according to total points based on biomarker response score chart. Log-Rank = <0.0001. (B)
unadjusted Kaplan-Meier estimates of survival in patients with 4 points, according to treatment group. Log
Rank = 0.0178. (C) unadjusted Kaplan-Meier estimates of survival in patients with 3 point, according to
treatment group. Log Rank = 0.638. (D) unadjusted Kaplan-Meier estimates of survival in patients with 4
points, according to treatment group. Log Rank = 0.247. (E) unadjusted Kaplan-Meier estimates of survival
in patients with 1 points, according to treatment. Log Rank = 0.304. (F) unadjusted Kaplan-Meier estimates
of survival in patients with 0 points, according to treatment. Log Rank = 0.0015.
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Figure 5 ○ continued
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Discussion
In the current study, we demonstrated that biomarkers may be used to identify subpopulations with distinct response to pharmacological therapy in acute heart failure.
We could not demonstrate interactions between treatment and clinical characteristics,
which underscores the incremental value of biomarkers in exploring treatment heterogeneity.
Many drugs have been studied to improve clinical outcome in acute heart failure, but
none of them have entered routine clinical care.2-8 Randomized controlled studies,
considered to be the golden standard to measure a treatment effect, are analyzed as
a whole, and a study is considered positive if the treatment effect of the intervention
group is superior to the treatment effect of the control group. However, individual
differences in patient’s clinical characteristics, biomarkers or genes may result in a
differential response to treatment. This is especially the case for acute heart failure, as
acute heart failure is a heterogeneous syndrome encompassing patients differing in
disease severity, aetiology, and co-morbidities. In addition, acute heart failure patients
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are often treated with multiple drugs12, which multiplies the risk of drug side effects
and drug interactions. Therefore, there is a pressing need in novel approaches to
study treatment heterogeneity, where the ultimate goal is to develop tools to identify
groups of apparently clinically homogeneous patients but with a distinct response to
acute heart failure treatment.
Subgroup analysis are necessary to identify subpopulations that differ in their
response to treatment. Subgroups are often defined by clinical characteristics, however conventional subgroup analysis based on clinical demographics often failed to
demonstrate any differences in treatment effect. Circulating biomarkers however may
provide more accurate information regarding related individual biological interactions
influencing therapeutic response.13,14 This utility would take biomarkers beyond their
current role as a diagnostic or prognostic marker. A few studies have already illustrated
the potential role of a single biomarker in determining drug response and treatment
monitoring in heart failure.15 Angiotensin Converting Enzyme-inhibitors for instance,
were more effective in patients with high pre-treatment plasma renin activity.16,17 Also,
it is hypothesized that tolvaptan may be more effective in patients with high copeptin
levels, which is currently under investigation during the Acute Heart Failure Patients
With High Copeptin Treated With Tolvaptan Targets Increased AVP Activation for
Treatment (ACTIVATE, NCT01733134) trial.
In the current study, we used a novel approach to identify subgroups with distinct
response to rolofylline in acute heart failure. Although forest plots are generally accepted as a useful graphical method of displaying treatment effects across subgroups,
this and other conventional subgroup analyses require dividing study population in
spurious and incoherent subgroups, such as median, or quartiles, which are not necessarily clinical relevant, and are, furthermore, associated with statistical concerns.18-21
Also, such disjoint dividing of the study population decreases the predictive value of
a continuous variable. As few patients or events may be represented in a subgroup,
it may also increase the risk of false negative results, thus reducing the power to
calculate the individual estimates of a treatment effect. STEPP is an exploratory
graphical statistical method10,11 that allows studying heterogeneity of treatment across
the continuous level of a covariate, in our case a biomarker. This approach avoids the
demand of dividing the study population into nonsense subgroups, and allows the
investigator to explore clinically relevant cut-points. In addition, STEPP analyses treatment effect in overlapping subpopulations. This increases the precision of treatment
estimates, making STEPP a more robust statistical method to determine treatment
heterogeneity.
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In our study, we first studied differential response across clinical characteristics by
forest plots. Forest plots did not reveal any interaction between clinical characteristics
and rolofylline. This finding is in line with previous subgroup analyses of the PROTECT
study population on the primary endpoint, 60 day death or cardiovascular or renal
hospitalization and persistent renal impairment, showing no treatment heterogeneity across clinical characteristics.7,9 In contrast to clinical characteristics, we found
significant interactions between treatment and several biomarkers with both forest
plots and STEPP. Interestingly, we did not observe any tendency to a profile of clinical
characteristics that may be associated with response to rolofylline based on the results
of forest plots, but we found a consistency in the interaction pattern of biomarkers
studied by forest plots, i.e. higher levels of the majority of the measured biomarkers
were related to a better treatment response to rolofylline. Since higher levels of these
biomarkers indicated patients at higher risk, we suggest that rolofylline might have
been more effective in patients at higher clinical risk, while it might have been harmful in the lower risk patients. Indeed, patient characteristics of each subgroup differ:
patients with 0 points were more likely to be younger, more female, have higher blood
pressure and heart rate, have less diabetes and a history of ischemic heart disease,
anaemia and renal dysfunction, whereas patients with 4 points, were more likely to
be older, more men, have lower blood pressures and heart rate, have diabetes, ischemic heart disease, anaemia and renal dysfunction. Although we demonstrated the
responder and non-responder subgroups differ in baseline characteristics, subgroup
analyses across these characteristics did not demonstrate any interaction with treatment, emphasizing the additive value of biomarkers in studying differential reponse.
With STEPP, we were able to establish a clinical relevant cut-point (cross-over in
hazard ratio), rather than to study dichotomized biomarkers at an arbitrary cut-point
level (median). We developed a simple sum score to identify subgroups of patients
with distinct response to treatment. Internal validation demonstrated similar results
compared to the original data. It needs to be emphasized that we were not able to
perform an external validation of our results, and therefore, our results should be
interpreted with caution. The present analysis was only deemed to explore the differentiating and incremental value of biomarkers in studying treatment heterogeneity.
Therefore, we cannot conclude that these six biomarkers are the unique biomarker set
that predict treatment response to rolofylline. An additional interesting observation
was the consistency of higher levels of the majority of the measured biomarkers to
be related to a better treatment response to rolofylline. Since higher levels of these
biomarkers indicated patients at higher risk, we suggest that rolofylline might have
been more effective in patients with high clinical risk, while it might have been harmful
in lower risk patients.

Biomarkers to Identify Treatment Heterogeneity ○

The present study has several limitations. In addition to the disadvantage of posthoc analyses, our study did not include an external validation cohort, and repeated
testing on the same data results in inflation of the α-levels and thereby increases the
risk of finding false positive results. Therefore, these results should be considered
as explorative, and should be interpreted with caution. In addition, we studied all
available established and novel emerging biomarkers of the current dataset. We did
not select biomarkers based on the clinical relevancy and plausible associations with
the study drug.
In summary, biomarkers may be used to identify subpopulations with distinct treatment response in acute heart failure. Exploring biomarker-treatment interactions may
be a selective approach to distinguish in advance those patients who may benefit from
treatment from those who will most likely suffer harm without gaining benefit in acute
heart failure. Future drug development programs could benefit from incorporating
such an approach to match the right patient to the study drug, serving the ultimate
goal to customize therapy for each individual patient.
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Appendix
Table S1 ○ Baseline characteristics according to responder-subgroup
P for
trend

Subgroup

0 points

1 point

2 points

3 points

4 points

N=

325

508

367

302

245

Sex (% Male)

56.9 (185)

64.8 (329)

66.5 (244)

71.5 (216)

74.7 (183)

<0.001

Age (years)

69±11.4

69.8±11.9

69.7±11.9

72.9±9.9

72.3±10.4

<0.001

BMI (kg/m2)

28.5±5.8

29.1±6.4

28.8±6.4

28.6±5.6

28.9±5.8

0.901

LVEF (%)

33.3±12.6

32.8±13.1

30.5±11.8

32.1±13.5

32.1±13.6

0.338

HFPEF (%)

22.4 (33)

20.2 (49)

15 (23)

17.7 (26)

20 (27)

0.424

Systolic Blood Pressure
(mmHg)

129.4±15.9

125.6±18.2

124±17.3

122.7±17.3

120.5±17.4

<0.001

Diastolic Blood Pressure
(mmHg)

77.3±11.4

74.5±12

74.1±11.6

70.8±11.6

72±11.3

<0.001

Heart Rate (beats/min)

81.9±15.6

81±16.1

80.4±15.1

78.1±15.3

79.4±15.4

0.006

Rolofylline administration (%)

64.9 (211)

66.3 (337)

65.9 (242)

68.2 (206)

69.4 (170)

0.226

Atrial fibrillation on
presentaiton

43.6 (51)

42.7 (90)

39.7 (56)

42 (47)

47.9 (46)

0.659

Orthopnea (%)

95.7 (309)

95.7 (472)

97.5 (355)

95.7 (287)

95.9 (235)

0.817

Rales (%)

67.1 (218)

59.4 (301)

63.8 (234)

58.8 (177)

60 (147)

0.133

Edema (%)

58.5 (190)

67.7 (344)

70 (257)

67.8 (204)

74.3 (182)

<0.001

Jugular venous pressure (%)

36.2 (104)

41.5 (189)

46 (151)

39.3 (107)

40.8 (93)

0.449

Hypertension (%)

79.7 (259)

81.7 (415)

79.3 (291)

77.2 (233)

80 (196)

0.469

Diabetes Mellitus (%)

36.3 (118)

44.7 (227)

48.5 (178)

47 (142)

52 (127)

<0.001

Hypercholesterolemia (%)

46.5 (151)

49.8 (253)

52.9 (194)

52.2 (157)

52.7 (129)

0.095

Smoking (%)

17.6 (57)

17.3 (88)

20 (73)

22.5 (68)

23 (56)

0.022

Ischemic Heart Disease (%)

65.8 (214)

67.6 (342)

70 (257)

73.8 (222)

77.1 (189)

0.001

Myocardial Infarction (%)

45.7 (148)

45.9 (232)

52.6 (193)

51.5 (155)

56.7 (139)

0.002

PCI (%)

16.5 (53)

25.4 (128)

27.7 (101)

28 (84)

33.2 (80)

<0.001

CABG (%)

11.5 (37)

17.5 (88)

22.6 (82)

28.3 (85)

32.4 (79)

<0.001

Peripheral Vascular Disease
(%)

7.7 (25)

9.9 (50)

10.1 (37)

13.9 (42)

15.6 (38)

0.001

Atrial Fibrillation (%)

48.6 (157)

54.4 (276)

53.3 (194)

57.8 (174)

60.7 (148)

0.004

1

20 (65)

14.2 (72)

15.5 (57)

19.2 (58)

15.9 (39)

2

43.1 (140)

49.4 (251)

49.3 (181)

48.7 (147)

51.4 (126)

Demographics

Clinical Profile

Medical History

NYHA Class

<0.001
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Table S1 ○ Baseline characteristics according to responder-subgroup (continued)
Subgroup
3

0 points

1 point

2 points

3 points

4 points

P for
trend

32.3 (105)

30.7 (156)

31.1 (114)

26.5 (80)

28.6 (70)

ICD therapy (%)

8.3 (27)

14.6 (74)

16.9 (62)

18.6 (56)

21.6 (53)

<0.001

CRT therapy (%)

6.8 (22)

9.1 (46)

12.8 (47)

11 (33)

13.1 (32)

0.007

Stroke (%)

6.5 (21)

9.3 (47)

9.3 (34)

10.3 (31)

11.8 (29)

0.033

COPD (%)

16.3 (53)

19.3 (98)

22.9 (84)

20.7 (62)

20.8 (51)

0.127

ACE inhibitors or ARB (%)

79.6 (258)

77.2 (392)

77.1 (283)

70.5 (213)

70.2 (172)

0.001

Beta blockers (%)

72.2 (234)

78 (396)

75.7 (278)

75.2 (227)

74.7 (183)

0.873

Mineralocorticoid Receptor
Antagonists (%)

47.2 (153)

43.7 (222)

48.2 (177)

40.4 (122)

42 (103)

0.163

Calcium Antagonists (%)

14.8 (48)

12.4 (63)

10.6 (39)

16.2 (49)

14.7 (36)

0.561

Nitrates (%)

22.9 (74)

23.8 (121)

26.4 (97)

28.5 (86)

32.7 (80)

0.003

Digoxin (%)

32.4 (105)

30.3 (154)

31.1 (114)

25.8 (78)

24.1 (59)

0.013

1.2 [1-1.5]

1.4 [1.2-1.8]

1.6 [1.3-2.1]

1.8 [1.4-2.2]

<0.001

37.5 [29.4-47.4]

<0.001

Prior Medication Use

Laboratory Values
Creatinine (mg/dL)

1.2 [1-1.4]

Creatinine Clearance (ml/min)

59 [47.4-72.1]

Blood Urea Nitrogen (mg/dL)

23 [18-29]

25 [20-32]

31 [24-42]

37.5 [28.2-50]

46 [35-59]

<0.001

Sodium (mmol/L)

141 [138-143]

140 [138-143]

139 [137-142]

140 [137-142]

138 [135-141]

<0.001

Potassium (mmol/L)

4.3 [3.9-4.7]

4.2 [3.9-4.5]

4.2 [3.9-4.6]

4.3 [3.8-4.6]

4.3 [3.8-4.7]

0.393

Hemoglobin (g/dL)

13.5±1.8

12.9±1.9

12.5±1.9

12.1±2

12±1.9

<0.001

Anemia (%)

22.4 (66)

36.2 (163)

46.9 (151)

57.4 (152)

59.7 (132)

<0.001

Total Cholesterol (mmol/L)

191.7±35.5

142±38.8

148.2±43.3

136.2±38.7

113.9±20.7

<0.001

Triglycerides (mmol/L)

126.5±68.6

97±51.5

101.7±55.9

97.1±52.1

86.7±39.1

<0.001

NT-proBNP (pg/mL)

3000
[2998.2-3000]

3000
[3000-3539]

3000
[3000-3489]

3000
[3000-4232]

3000
[3000-7283]

<0.001

BNP (mg/dL)

947
[685.5-1504.2]

1293.8
[833-2222]

1381
[834-2248.8]

1430
[848-2522.4]

1510
0.002
[1022.5-2545.2]

54.8 [45.3-68.6] 46.8 [35.8-62.3] 39.9 [31-51.1]

3

Figure s1 ○ Subpopulation Treatment Effect Pattern Plot. Upper panel: effect estimated of the two treatments against the median of each subpopulation. Lower panel: effect differences of the two treatments in
absolute scale against the median of each subpopulation
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Abstract

Background	Increases in serum creatinine with renin-angiotensin-aldosteronesystem (RAAS) inhibitors can lead to unnecessary discontinuation of
these agents. The dual-acting angiotensin receptor neprilysin inhibitor
LCZ696 improves clinical outcome patients with heart failure with
reduced ejection fraction, and pilot data suggest potential benefit in
heart failure with preserved ejection fraction (HFpEF). The effects of
LCZ696 on renal function have not been assessed.
Methods	301 HFpEF patients were randomly assigned to LCZ696
& Results
or valsartan in the PARAMOUNT trial. We studied renal function
(creatinine, estimated glomerular filtration rate (eGFR), cystatin C, and
urine albumin creatinine ratio (UACR)) at baseline, 12 weeks, and after
36 weeks of treatment. Worsening renal function (WRF) was determined
as an serum creatinine increase of > 0.3 mg/dL and/or >25% between
two time points.
Mean eGFR at baseline was 65.4±20.4 ml/min per 1.73m2. eGFR declined less in the LCZ696 group than in the valsartan group (-1.5 vs.
-5.2 mL/min per 1.73 m2; p=0.002). The incidence of WRF was lower in
the LCZ696 group (12%) than in the valsartan group (18%) at any time
point, but this difference was not statistically significant (P=0.18). Over
36 weeks, geometric mean of UACR increased in the LCZ696 group (2.4
to 2.9 mg/mmol), whereas it remained stable in the valsartan group (2.1
to 2.0 mg/mmol; p for difference between groups=0.016).
Conclusion	In patients with HFpEF, therapy with LCZ696 for 36 weeks was
associated with preservation of eGFR compared with valsartan therapy,
but an increase in UACR.
Keywords	LCZ696, angiotensin receptor neprilysin inhibitor, renal function,
albumin excretion
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Introduction
Treatment of heart failure with renin-angiotensin-aldosterone system (RAAS) inhibitors is generally accompanied by rises in serum creatinine1 and concern over worsening renal function can lead to unnecessary discontinuation of appropriate medication.
LCZ696 is a first in class angiotensin receptor neprilysin inhibitor (ARNi) and
compromises the molecular moieties of the angiotensin II AT1 receptor antagonist
valsartan and the neprilysin inhibitor AHU377.2 A large outcomes trial in heart failure
with reduced ejection fraction (HFrEF) recently showed that LCZ696 was superior to
enalapril in reducing the risks of death and of hospitalization for heart failure,3 and in
patients with heart failure with preserved ejection fraction (HFpEF), LCZ696 reduced
N-terminal prohormone brain natriuretic peptide (NT-proBNP) levels, and was associated with left atrial reverse remodeling and improvement in symptoms.4 However,
although the renal effects of the compounds have been defined separately, the effects
of LCZ696 on renal function in patients with heart failure have not been described.
Antagonism of the AT1 receptor inhibits the RAAS and blocks the effects of angiotensin
II on mainly the efferent glomerular arteriole, resulting in efferent vasodilatation and,
as a result of reduced filtration pressure, a decline in glomerular filtration rate (GFR).5
Inhibition of neprilysin results in persistently elevated levels of natriuretic peptides,
bradykinin, and adrenomedullin2,6-10 It has been hypothesized that natriuretic peptides
are involved in several glomerular hemodynamic changes.11-13 Natriuretic peptides
increase natriuresis and decrease circulating blood flow, thereby reducing renal blood
flow, perfusion, and glomerular filtration. Also, natriuretic peptides inhibit renin and
angiotensin II stimulated aldosterone release.14 Several nephroprotective properties
of bradykinin have been described, such as inhibition of renal inflammation, apoptosis, fibrosis, and glomerulosclerosis. Finally, adrenomedullin inhibits glomerular
sclerosis, interstitial fibrosis, and renal arteriosclerosis. Since LCZ696 both blocks
the action of angiotensin II and elevates biologically active natriuretic peptides,
bradykinin, and adrenomedullin, the impact on measures of renal function might be
expected to be different from treatment with RAAS blockers alone. In addition, rises in
serum creatinine after initiation of RAAS inhibiting drugs does not necessarily portend
worse outcome in patients with HFrEF, while an increase in serum creatinine after
initiation of RAAS inhibiting drugs in patients with HFpEF is associated with an excessive risk.15-17 These contrasting results suggest a possible different pathophysiological
mechanism in patients with HFpEF. The aim of the present study was to compare the
effects of LCZ696 with valsartan on renal function in patients with HFpEF.
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Methods

Patient population
Patients with HFpEF were enrolled in the Prospective comparison of ARNI with ARB
on Management Of heart failUre with preserved ejectioN fracTion (PARAMOUNT)
study, a multicenter, randomized, double-blind, parallel-group, active controlled trial.4
The main results have been published.4 Eligible patients were ≥ 40 years old, with a
left ventricular ejection fraction (LVEF) of ≥ 45%, and had a documented history of
heart failure with associated signs or symptoms (dyspnea on exertion, orthopnea,
paroxysmal dyspnea and peripheral edema). Additional inclusion criteria included
NT-proBNP levels > 400 pg/mL at screening, being on diuretic therapy, a systolic
blood pressure of ≤ 140 mm Hg, or ≤160 mm Hg if there was a drug administration
of three or more antihypertensive drugs at randomization, an estimated GFR (eGFR)
of ≥ 30 mL/min/1.73m2 at baseline, and a potassium concentration of ≤ 5.2 mmol/L.
Exclusion criteria included documentation of previous LVEF ≤45% at any time,
isolated right heart failure due to pulmonary disease, dyspnea due to non-cardiac
causes, primary valvular or myocardial diseases, or coronary or cerebrovascular diseases needing revascularization within 3 months of screening or during the trial. The
incidence of atrial fibrillation in the study population was limited to approximately
25%. The trial was approved by the Ethics Committee of each participating site. All
patients provided written informed consent. The PARAMOUNT trial was registered at
Clinicaltrials.gov, number NCT00887588.

Study procedures
After a single-blind, placebo run-in period of one to two weeks, patients were randomized to one of the two intervention groups receiving either LCZ696 or valsartan.
Patients started with LCZ696 50 mg twice daily or valsartan 40 mg twice daily. Over
a period of 2 to 4 weeks, patients were titrated to their final dose of LCZ696 200 mg
twice daily or valsartan 160 mg twice daily. Systemic exposure to valsartan and AT1
blockade of 200 mg LCZ696 is similar to 160 mg valsartan.18,19 The duration of the
trial was 36 weeks, encompassing a 12-week main study period and 24-week extension
period. Blood samples for laboratory analyses were collected at screening, randomization, week 4, week 12, and week 36 or at the end of study or early termination visits. As
in previous analyses, 12 week outcomes were analyzed using last observation carried
forward among those randomized with at least one post-baseline assessment, while
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36 week analyses included completers only. Echocardiography was performed at the
same time, accept for week 4. Blood pressure and NT-proBNP levels were measured at
screening, randomisation, week 4, week 12, and week 36 or at end of study or at early
termination visits. Screening NT-proBNP was established by table-top device at point
of care, local laboratory, or central laboratory. Assessment of NT-proBNP for efficacy
was measured at a central laboratory (Quest Diagnostics, Valencia, CA, USA) with the
Elecsys NT-proBNP immuno assay (Roche Diagnostics, Indianapolis, IN, USA).

Renal function
Renal function was studied by serum creatinine, eGFR, cystatin C, urine albumin
creatinine ratio (UACR) and worsening renal function (WRF). eGFR was calculated
using the Modification of Diet in Renal Disease formula.20 WRF was determined by
change in serum creatinine, and was defined as > 0.3 mg/dL increase in creatinine in
combination with an increase of more than 25% in serum creatinine between two time
points.21 One physiologically implausible baseline cystatin C value (0.05 mg/L) was
excluded from these analyses.

Statistical analysis
Results are summarized using mean and standard deviation for normally distributed variables and geometric mean and/or median [IQR] if non-normally distributed.
Categorical variables are presented as percentages of observations. To compare
groups, two-sample t-tests and rank-sum tests were used for continuous variables,
and X2 or Fisher’s exact tests were used for categorical variables, as appropriate. Log
transformations were applied to skewed variables (UACR) for regression models.
Post-randomization changes from baseline were compared using linear, logistic, and
quantile (median) regression, controlling for stratification factors (previous therapy
with angiotensin converting enzyme (ACE) inhibitors, region, treatment allocation),
and baseline value of the outcome of interest as independent variables. Predictors of
WRF, including baseline characteristics, were assessed via univariate and multivariate
logistic regression models using a stepwise forward selection procedure (baseline
characteristic variables as well as change in systolic and diastolic blood pressure
were considered in the forward selection step) with p-value threshold of 0.05, and
treatment assignment and stratification factors included in all multivariate models
considered. A P-value of < 0.05 was considered statistically significant. All statistical
analyses were performed using Stata, version 13.0.
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Table 1 ○ Baseline characteristics according to the development of worsening of renal function (WRF).

Randomized to LCZ696

No WRF
n=260

WRF
n=41

p-value

133 (51.2%)

16 (39.0%)

0.15

Clinical Characteristics
Mean age (years)

71 ± 9

69 ± 9

0.15

Female gender (%)

150 (57.7%)

20 (48.8%)

0.28

BMI (kg/m2)

29.8 ± 5.7

30.9 ± 6.0

0.26

Systolic Blood Pressure(mmHg),

135 [128, 144]

133 [125, 139]

0.13

Diastolic Blood Pressure (mmHg)

79 [72, 83]

75 [66, 80]

0.01

Heart Rate (bpm)

69.4 ± 12.9

68.7 ± 13.8

0.75

NYHA class

0.65*

Class II (%)

208 (80.0%)

31 (75.6%)

Class III (%)

50 (19.2%)

10 (24.4%)

110 (42.3%)

17 (41.5%)

0.92

Medical History
History of prior heart failure hospitalization (%)
Atrial fibrillation at screening (%)

69 (26.5%)

16 (39.0%)

0.10

History of hypertension (%)

245 (94.2%)

37 (90.2%)

0.33

History of diabetes (%)

99 (38.1%)

15 (36.6%)

0.85

2

eGFR (mL/min/1.73 m )

66.2 ± 20.4

60.0 ± 19.5

0.07

eGFR <60 mL/min/1.73 m2 (%)

104 (40.6%)

21 (51.2%)

0.20

Laboratory
Hemoglobin (g/L)

13.5 ± 1.7

13.7 ± 1.5

0.46

Potassium (mmol/L)

4.4 ± 0.5

4.3 ± 0.5

0.31

Sodium (mmol/L)

140 ± 3

140 ± 3

0.80

Chloride (mmol/L)

103 ± 4

103 ± 3

0.41

median [IQR]

1.1 [1.0, 1.4]

1.3 [1.1, 1.5]

0.005

geometric mean (95% CI)

1.15 (1.11, 1.19)

1.33 (1.21, 1.45)

0.003

median [IQR]

1.6 [0.7, 4.2]

1.9 [1.0, 10.5]

0.09

geometric mean (95% CI)

2.1 (1.7, 2.6)

3.2 (1.9, 5.2)

0.13

median [IQR]

805 (482, 1300)

1144 (673, 1876)

0.01

geometric mean (95% CI)

783 (693, 884)

1170 (927, 1476)

0.01
0.54

Cystatin C (mg/L):
UACR (mg/mmol):
NT-proBNP (pg/mL):
Medication
ACE inhibitors (%)

139 (53.5%)

24 (58.5%)

ARBs (%)

106 (40.8%)

13 (31.7%)

0.27

ACE inhibitors or ARBs (%)

244 (93.8%)

36 (87.8%)

0.16

Diuretics (%)

260 (100%)

41 (100%)

1.00

Beta-blockers (%)

204 (78.5%)

34 (82.9%)

0.51

51 (19.6%)

12 (29.3%)

0.16

Aldosterone antagonists (%)

*p-value for comparison of NYHA class distribution (including two patients with NYHA class I)
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ResulTs
For the present analyses, we included all 301 patients randomized in the PARAMOUNT
trial. Availability of measurements of creatinine/eGFR, cystatin C, UACR, and systolic
blood pressure throughout the study are presented in Table S1 of the Appendix. Characteristics at baseline according to the different intervention groups are presented in
the main study paper.4 Briefly, patient characteristics did not differ between treatment
groups, mean age was 71 ±9.1 years and mean LVEF was 58 ±7.7%. The majority (93%)
used an ACE-inhibitor or an ARB, and 21% used a mineralocorticoid receptor antagonist (MRA). Mean serum creatinine was 1.05 ±0.32 mg/dL, and mean eGFR was 65.4
±20.4 mL/min/1.73m2, while 42% had chronic kidney disease defined as a reduction
in eGFR to less than 60 mL/min/1.73m2. Geometric mean of UACR and cystatin C
were within normal reference ranges (2.2 [IQR=1.9-2.7] mg/mmol and 1.17 [IQR=1.141.21] mg/L respectively). Characteristics at baseline according to the development
of worsening renal function are presented in Table 1. Patients who developed WRF
tended to have lower eGFR and diastolic blood pressure, and higher cystatin C and
NT-proBNP levels at baseline.

Change from baseline of SBP (mm Hg)
-10
-5
0

5

After 12 weeks of treatment, LCZ696 reduced mean blood pressure (BP) by -9.0
±13.8/-4.8 ±10.0 mm Hg, whereas valsartan reduced mean BP by -2.8 ±16.9/-1.9 ±10.9

p=0.004

p=0.001

0

12
Weeks after randomization
LCZ696

36

Valsartan

Figure 1 ○ Change from baseline of systolic blood pressure (SBP)(mean ± 95% CI) in heart failure patients with
preserved ejection fraction treated with LCZ696 or valsartan. SBP = systolic blood pressure. P-value for differences
in change from baseline, controlling for stratification criteria, and baseline value of the outcome of interest (systolic
blood pressure).
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Table 2 ○ eGFR at baseline, 12 weeks and 36 weeks
egFR (ml/min per 1.73m2)

lCZ696

valsartan

P-value:

adjusted p-value

baseline

66.5±19.4

64.3±21.3

0.34

0.35a

12 weeks: change from baseline

-0.2±14.9

-2.0±11.9

0.29

0.14b

36 weeks: change from baseline

-1.5±13.1

-5.2±11.4

0.025

0.008b

Change from baseline of eGFR (ml/min/1.73m2)
-8
-6
-4
-2
0
2

Data are presented as mean±SD
a
Adjusted for stratification criteria
b
Adjusted for stratification criteria and baseline value of the outcome of interest (eGFR)

p=0.14

0

p=0.008

12
Weeks after randomization
LCZ696

36

Valsartan

Figure 2 ○ Change from baseline of eGFR (mean ± 95% CI) in patients with heart failure with preserved ejection
fraction treated with LCZ696 or valsartan. eGFR = estimated glomerular filtration rate. P-value for differences in
change from baseline, controlling for stratification criteria, and baseline value of the outcome of interest (eGFR)

mm Hg (adjusted p for difference between groups = 0.001 for systolic BP, p for difference between groups = 0.08 for diastolic BP, Figure 1). After 36 weeks, mean BP was
reduced by -7.5 ±15.1/-5.1 ±10.8 mm Hg in the LCZ696 group and by -1.2 ±16.1/-0.2
±11.6 mm Hg in the valsartan group (p for difference between groups = 0.004 for
systolic BP, p for difference between groups = 0.001 for diastolic BP, Figure 1).

Change in renal function
Baseline eGFR was similar between both groups. Mean change in eGFR between
baseline and 12 weeks of treatment was not significantly different between groups
(p = 0.14, Table 2 and Figure 2). However, between baseline and 36 weeks, LCZ696
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Table 3 ○ Cystatin C at baseline, 12 weeks and 36 weeks
Cystatin C

lCZ696

valsartan

P-value:

adjusted p-value

baseline:

1.1 [1.0-1.3]

1.3 [1.0-1.5]

0.003

<0.001

12 weeks: change from baseline

0 [-0.1, +0.1]

0 [-0.1, +0.1]

1.00

0.44

36 weeks: change from baseline

+0.1 [-0.1, +0.2]

+0.1 [0.0, 0.3]

1.00

1.00

Change from baseline of creatinine (mg/dl)
0
.05
.1
.15

Data are presented as median [IQR]
a Adjusted for stratification criteria
b Adjusted for stratification criteria and baseline value of the outcome of interest (cystatin C)

4

p=0.007
p=0.93

0

12
Weeks after randomization
LCZ696

36

Valsartan

Figure 3 ○ Change from baseline of serum creatinine levels (mean ± 95% CI) in patients with heart failure with
preserved ejection fraction treated with LCZ696 or valsartan. P-value for differences in change from baseline,
controlling for stratification criteria and baseline value of the outcome of interest (creatinine).

patients experienced a smaller decline in eGFR compared with patients treated with
valsartan (-1.5 ±13.1 vs. -5.2 ±11.4 mL/min per 1.73 m2, between group p = 0.008, Table
2 and Figure 2).
Corresponding to the changes in eGFR, mean serum creatinine increased by +0.03
±0.18 mg/dL in the LCZ696 group and by +0.09 ±0.20 mg/dL in the valsartan group
at 36 weeks (between group p = 0.007, Figure 3). Baseline cystatin C was lower in
the LCZ696 than in the valsartan group (1.1 [1.0-1.3] vs. 1.3 [1.0-1.5] mg/L, between
group p<0.001; Table 3). Mean change between baseline and 12 weeks (between
group p=0.44) and between baseline and 36 weeks (p=1.0) were similar between both
groups (Table 3).
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Change in urinary albumin excretion
Changes in UACR during treatment observed at 12 weeks and 36 weeks are presented
in Table 4 and Figure 4. As quantified by geometric means, UACR increased rapidly
after starting treatment in the LCZ696 group, while UACR remained stable in the
valsartan group, resulting in a significant difference of UACR between the two intervention groups. Over 36 weeks, geometric mean of UACR increased in the LCZ696
group (2.4 to 2.9 mg/mmol), whereas it remained stable in the valsartan group (2.1 to
2.0 mg/mmol; p for difference at 36 weeks =0.016). A sensitivity analysis of median
UACR values did not detect a significant difference (LCZ696: 1.9 to 1.9 mg/mmol;
valsartan: 1.4 to 1.3 mg/mmol, p=0.23 for difference).
Table 4 ○ UACR at baseline, 12 weeks and 36 weeks
uaCR (mg/mmol)

lCZ696

valsartan

P-value

adjusted p-value

2.4 (1.8-3.2)

2.1 (1.6-2.6)

0.40

0.44a

12 weeks: change from baseline

3.0 (2.2-4.0) +33.0%

2.1 (1.6-2.7) -4.4%

0.06

0.028 b

36 weeks: change from baseline

2.9 (2.1-4.0) +51.8%

2.0 (1.5-2.6) -0.2%

0.034

0.016 b

baseline:

Change from baseline of log-UACR (mg/mmol)
-.2
0
.2
.4
.6
.8

Baseline data are presented as geometric mean (95% CI) and % change from baseline.
a
Adjusted for stratification criteria
b
Adjusted for stratification criteria and baseline value of the outcome of interest (log-UACR)

p=0.016

p=0.028

0

12
Weeks after randomization
LCZ696

36

Valsartan

Figure 4 ○ Change from baseline of log-UACR (mean ± 95% CI) in patients with heart failure with preserved
ejection fraction treated with LCZ696 or valsartan. P-value for differences of change in log-UACR from baseline,
controlling for stratification criteria and baseline value of the outcome of interest (log-UACR). UACR = urinary
albumin creatinine ratio.
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Worsening renal function
During treatment, 5% and 6% of patients developed WRF at 12 and 36 weeks, respectively, in the LCZ696 group. In the valsartan group, WRF occurred in 7% and 13%
of patients at 12 and 36 weeks respectively (adjusted p for stratification criteria and
baseline creatinine = 0.68 and 0.08 respectively, Table 5). In addition, 15% of patients
developed WRF at any time point, 18% in the valsartan group vs. 12% in the LCZ696
group (adjusted p = 0.28).
Table 5 ○ Worsening renal function at baseline, 12 weeks and 36 weeks
WRF

LCZ696

Valsartan

P-value

Adjusted p value a

6 (5%)

9 (7%)

0.60*

0.68

baseline
12 weeks
36 weeks

7 (6%)

16 (13%)

0.08*

0.08

at anytime

16 (12%)

25 (18%)

0.18*

0.28

Worsening renal function defined as increase of serum creatinine >0.3 g/dL AND >25%. WRF (compared to baseline) at 12, 36 weeks and at anytime in both groups.
WRF = worsening renal function
Data are presented as n (%)
a
Adjusted for stratification criteria and baseline value of the outcome of interest (creatinine)
*Fisher exact test

Safety analysis
Adverse events were coded using the Medical Dictionary for Regulatory Activities
dictionary.22,23 A total of 15 adverse events were associated with the high-level group
term “renal disorders (excluding nephropathies)”. These occurred in 3 patients in
the LCZ696 group (2.0%) and 9 patients in the valsartan group (5.9%) (Fisher exact
p=0.14).

Discussion
In the first study reporting on the renal effects of the first-in-class ARNi LCZ696 in
patients with heart failure with preserved ejection fraction, we found that treatment
with LCZ696 resulted in lower serum creatinine and higher eGFR after 36 weeks of
treatment, compared with valsartan. However, cystatine C levels remained similar and
UACR was significantly higher in the LCZ696 group, compared with the valsartan
group.

4
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As presented in the main study report,4 blood pressure dropped more in the LCZ696
group compared to the valsartan group. The greater effect of LCZ696 on blood
pressure reduction compared with valsartan alone confirms previous findings.19 In
normal kidneys, GFR can be kept constant despite changes in blood pressure, due to
auto-regulation.24 However, heart failure is often accompanied by renal failure, which
blunts the capacity of the pre-glomerular circulation to either constrict or dilate in
response to changes in the renal perfusion pressure and thereby narrows the range
of blood pressure changes to which GFR can remain stable.24 Furthermore, RAAS
inhibiting agents, which are often prescribed to heart failure patients, may partly
block the auto-regulatory function of the kidney.25 Therefore, in patients with heart
failure, changes in blood pressure often correspond to direct changes in GFR. The
present study has shown that although blood pressure was reduced more in the
LCZ696 group, eGFR was better preserved in this group of patients compared with
the valsartan only patients. In addition, safety analysis of the exciting breakthrough
Prospective Comparison of ARNI with ACEI to Determine Impact on Global Mortality
and Morbidity in Heart Failure (PARADIGM) trial comparing LCZ696 with enalapril in
8442 patients with HFrEF revealed that elevated creatinine levels of 2.5 mg/dL or more
were less frequent in the LCZ696 group (p<0.05) despite higher incidence of hypotension (p<0.001). Also, LCZ696 treated patients experienced less renal impairment
requiring discontinuation of the study drug compared with enalapril treated patients
(p=0.002).3 These findings corroborate our results suggesting that LCZ696 may have
direct renal effects on top of the effects of RAAS blockade, such as valsartan, alone.
The renal effects of AT1 receptor antagonists and neprilysin inhibitors have been studied separately. AT1 receptor antagonism inhibits the RAAS and often reduces GFR.5
Neprilysin inhibition augments biologically active natriuretic peptides, including atrial
natriuretic peptide (ANP), brain natriuretic peptide and C-type natriuretic peptide, as
well as other bradykinin and adrenomedullin.26-31 Interestingly, the biological effects of
neprilysin inhibition are similar to the reported effects of intravenously administered
ANP,26 raising the possibility that the observed biological effects of neprilysin inhibition may be the result of elevated biologically active ANP levels. Several experimental
and animal studies demonstrated that ANP acts directly on the kidney, by dilating
and constricting the afferent and efferent renal arterioles, respectively, resulting in
an increased intra glomerular capillary pressure and enhanced GFR.32-36 A study in
healthy humans revealed that infusion of ANP was associated with a rise in GFR.13
Thus, evidence suggest that the observed decline in GFR with valsartan in our study
may be attributable to AT1 antagonism and/or an expected decline over time, but
that the neprilysin inhibiting component of LCZ696 may be capable of neutralizing
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this decline in GFR, thereby preserving renal function in HFpEF patients treated with
LCZ696.
In the present study, worsening renal function occurred in 12 % of patients allocated
to the LCZ696 group, while the incidence of worsening renal function was 18% in the
valsartan group at any time point. An increase in creatinine (and decrease in eGFR)
is often seen after initiation of RAAS inhibiting drugs in both HFrEF and HFpEF. In
HFrEF patients, this development of WRF is not associated with worse outcomes. 37-40
In contrast, it has recently been demonstrated that in patients with HFpEF, worsening
renal function after initiation of irbesartan was associated with an increased risk of
heart failure hospitalizations and mortality.17 It is conceivable that the lack of creatinine
rise seen with LCZ696 compared with a RAAS inhibitor alone would not only reduce
the likelihood that practitioners discontinue or underdose beneficial therapies in heart
failure, but may also have a beneficial effect on prognosis in HFpEF. However, whether
the lesser increase in serum creatinine after initiation of LCZ696 is associated with
clinical outcomes in patients with HFpEF should be further investigated.
Interestingly, while we demonstrated a significant difference in serum creatinine (and
eGFR) between the two intervention groups, we found no differences in cystatine C
levels. Cystatin C is considered to be a better marker of renal function as cystatin C
is unaffected by increases in age, diet, muscle mass.41-45 Therefore, one would expect
to observe similar results/trends comparable with creatinine. However, cystatin C
has been associated with atherosclerosis and inflammation,46-48 and higher cystatin
C levels are observed in hypertensive patients 49-51 Also, cystatin C has been related to
diastolic function.46 These factors may have biased our results as our study population included patients with heart failure with preserved ejection fraction.
In addition to preservation of renal function, treatment with LCZ696 was accompanied by slightly higher UACR compared with valsartan. Increases in albuminuria have
been observed after administration of neprilysin inhibitors and intravenously administered ANP in previous studies.27,52-57 The possible albuminuric effect of LCZ696 may
not simply be the result of changes in renal hemodynamic due to changes in tonus
of the renal arterioles. Few in vitro and in vitro studies reported increased vascular
endothelial permeability and capillary hydraulic conductivity58-621, an effect which also
may occur in the vascular wall of glomerular capillaries.62 Further, natriuretic peptides
may also have a direct relaxing and proliferation inhibitory effects on mesangial cells
of the kidney, with the potential of albuminuria progression.63-67 While the majority
of patients did not demonstrate substantive changes in UACR with LCZ696, that
several patients may have increased UACR with the drug raises the possibility that
some individuals may be more susceptible to this effect. In prior studies of LCZ696 in
hypertensive patients, worsening of UACR was not observed.19 Whether worsening of
UACR is indeed induced by LCZ696, and whether UACR in LCZ696 treated patients

115

4

116 ○ Chapter 4

leads to progression of cardiorenal failure in patients with heart failure should be
further explored in the PARADIGM trial. In addition, the prognostic significance of
a potential effect of LCZ696 on UACR remains unclear. The rise in UACR in patients
treated with LCZ696 may not be a marker of disease progression, but may be an
intrinsic effect of the drug.
The present study has several limitations in the addition to the well-known expected
limitations of such post-hoc analysis. In the PARAMOUNT study, only patients with
an estimated glomerular filtration rate of at least 30 ml/min/1.73m2 were included,
and therefore, we could not assess the renal effects of LCZ696 in patients with severe
impaired renal function. Also, the renal variables of interest were not available for all
patients for unknown reasons, and may thus have biased our results, although the
numbers of missing were small. Furthermore, we included all patients enrolled in the
PARAMOUNT study for the present analyses, but PARAMOUNT was not originally designed to evaluate the renal effects of LCZ696 and due to the low number of patients,
this study may have been underpowered.
In summary, in patients with HFpEF, LCZ696 better preserved renal function compared with valsartan after 36 weeks of therapy, as was shown by lower levels of serum
creatinine and higher eGFR. These results suggest that LCZ696 may attenuate decline
in renal function in patients with heart failure with preserved ejection fraction.
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Appendix

Table S1 ○ Number of patients with available data, by variable and week
Variable

Week

N

eGFR

0

297

12

251

36

233

0

271

12

244

Cystatin

UACR

SBP

36

228

0

255

12

207

36

196

0

301

12

273

36

250
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Abstract

Background	Heart failure with preserved ejection fraction (HFpEF), with associated
pulmonary hypertension is an increasingly large medical problem.
Phosphodiesterase (PDE)-5 inhibition may be of value in this population,
but data are scarce and inconclusive.
Methods	In this single center, randomized double-blind placebo-controlled trial,
& Results
we included 52 patients with pulmonary hypertension (mean pulmonary
artery pressure (PAP) > 25 mmHg; pulmonary artery wedge pressure
(PAWP) > 15 mmHg) due to HFpEF (left ventricular ejection fraction
(LVEF) ≥ 45%). Patients were randomized to the PDE-5 inhibitor
sildenafil, titrated to 60 mg three times a day, or placebo for 12 weeks.
The primary endpoint was change in mean PAP after 12 weeks. Secondary
endpoints were change in mean PAWP, cardiac output, and peak oxygen
consumption (peak VO2).
Mean age was 74 ± 10 years, 71% was female, LVEF was 58%, median
NT-proBNP level was 1087 (535 – 1945) ng/L. After 12 weeks, change in
mean PAP was -2.4 (95% CI -4.5 – -0.3) mmHg in patients who received
sildenafil, versus -4.7 (95% CI -7.1 – -2.3) mmHg in placebo patients
(p = 0.14). Sildenafil did not have a favorable effect on PAWP, cardiac
output and peak VO2. Adverse events were overall comparable between
groups.
Conclusion	Treatment with sildenafil did not reduce pulmonary artery pressures,
and did not improve other invasive hemodynamic or clinical
parameters in our study population, characterized by HFpEF patients
with predominantly isolated post-capillary pulmonary hypertension.
(ClinicalTrials.gov, number NCT01726049)
Keywords	Heart failure with preserved ejection fraction, pulmonary hypertension,
sildenafil, phosphodiesterase type 5 inhibition, mean pulmonary artery
pressure
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Introduction
Heart failure with preserved ejection fraction (HFpEF) is an increasingly large medical
and epidemiological problem, for which no evidence based treatment is available.1,2 A
significant proportion of HFpEF patients has concomitant pulmonary hypertension,
which complicates its clinical course.3 Once sustained increased pulmonary pressures
are present, these changes often result in increased right ventricular (RV) afterload
and RV failure, which is associated with an even worse outcome.4,5
Sildenafil is a potent phosphodiesterase type 5 (PDE-5) inhibitor that increases cyclic
guanosinemonophosphate (cGMP) levels causing endogenous nitric oxide mediated
vasodilatation in both systemic and pulmonary vasculature.6 As sildenafil selectively
reduces pulmonary vascular resistance and is recognized as an effective therapy for
pulmonary arterial hypertension (PAH),6,7 it is suggested that treatment with sildenafil
decreases pulmonary artery pressures and thereby symptoms in patients with HFpEF
and pulmonary hypertension.
To date, only two randomized placebo-controlled trials have investigated the effects
of sildenafil in patients with HFpEF. The first single center study, including patients
with HFpEF and pulmonary hypertension, demonstrated beneficial effects of sildenafil
on invasively measured pulmonary hemodynamics, echocardiographic variables and
quality of life.8 This positive study was then followed by a much larger, multicenter
non-invasive trial including both HFpEF patients with and without pulmonary hypertension. In contrast to the positive findings of the first study, treatment with sildenafil
did not improve exercise capacity or symptoms.9 These conflicting results have led
to speculations that sildenafil may be only effective in selected HFpEF patients with
associated pulmonary hypertension. The aim of the present randomized double-blind
placebo-controlled trial was to investigate the effects of sildenafil on invasive hemodynamic measurements and exercise capacity in patients with pulmonary hypertension
due to HFpEF.

Methods

Study design
This was a single center, prospective, randomized, double-blind placebo-controlled
trial. An independent data safety monitoring board reviewed safety data every six
months throughout the trial. The Trial and Coordination Center (University Medical
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Center Groningen, www.tcc.nl) was responsible for data management and statistical
analysis. The study conforms to the Declaration of Helsinki and the Medical Research
Involving Human Subjects Act. The institutional review board and local ethic committee approved the study, and all patients provided written informed consent. This trial
is registered at ClinicalTrials.gov, number NCT01726049.

Objectives
The primary objective of the study was to evaluate the effect of 12-week treatment with
sildenafil as compared to placebo on invasively measured mean pulmonary artery
pressure (PAP) in patients with HFpEF and pulmonary hypertension. Secondary
objectives were the effect of sildenafil on pulmonary artery wedge pressure (PAWP),
cardiac output, and exercise capacity, measured by cardiopulmonary exercise testing.

Participants
Eligible patients were ≥ 18 years with symptomatic HFpEF (Left Ventricular Ejection
Fraction [LVEF] ≥ 45% and New York Heart Association [NYHA] functional class II-IV)
and pulmonary hypertension. Pulmonary hypertension was diagnosed by mean PAP
> 25 mmHg and mean PAWP > 15 mmHg invasively measured by right-sided cardiac
catheterization.7 Key exclusion criteria included severe non-cardiac limitation to exercise, significant left sided valve disease and other causes of pulmonary hypertension.
Detailed inclusion and exclusion criteria are provided in the Appendix.

Randomization and study medication
Eligible patients were randomly assigned in a 1:1 ratio according to a computergenerated random sequence to one of the two treatment groups using a block size
of four. Sildenafil and matching placebo were administrated orally in tablets and were
provided by Pfizer Global Pharmaceuticals, were identical in appearance and were
supplied to the study site in identical masked kits.
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study procedures
The study population was recruited among patients with HFpEF with severe heart
failure symptoms. At our center, a right heart catheterization is part of clinical care
policy in HFpEF patients with echocardiographic signs of pulmonary hypertension.
Clinically stable patients underwent a right heart catheterization and simultaneous
echocardiogram to determine LVEF performed by the same cardiologist and ultrasound technician. We screened 109 HFpEF patients with high likelihood of pulmonary hypertension. Fifty-two patients provided written informed consent (Figure 1).
At baseline, patients underwent physical examination and an exercise capacity test
(if no recent test within 3 months prior randomization was available), and started
with sildenafil or placebo 20 mg t.i.d. After two weeks, patients were titrated to their
final doses of sildenafil 60 mg t.i.d. or placebo, if well tolerated - absence of severe
adverse effects and hypotension (<90/50 mmHg) -, and treated for another 10 weeks.
After a total period of 12 weeks of treatment, a second right heart catheterization and
exercise test were performed. Kansas City Cardiomyopathy Questionnaires (KCCQ)
were completed at baseline and 12 weeks to evaluate change in clinically summary
score. Background therapy remained unchanged during this period, unless important
clinically necessity left to the treating physician’s discretion. Detailed right heart catheterization and exercise test procedures are summarized in the Appendix.

Screening
Outpa&ent
Clinic

Right HC +
Echo

Wri7en
Informed
Consent

Randomiza&on

Week 2

Week 4

Week 12

Study
Baseline
• Exercise test
• Physical
examina&on (NYHA)
• Laboratory

Sildenaﬁl/placebo
20 mg t.i.d

○ Overview of study procedures

• Dose evalua&on

• Dose evalua&on

• Physical
examina&on (NYHA)

• Physical
examina&on (NYHA)

Sildenaﬁl/placebo
60 mg t.i.d

• Right HC
• Exercise test
• Physical
examina&on (NYHA)
• Laboratory
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Sample size calculation
In a pilot sample of 8 patients with HFpEF, mean PAP was 38.0 mmHg with a standard
deviation of 8.5 mmHg. With an anticipated 20% reduction in mean PAP, an alpha
of 0.05 (two-sided) and a sigma of 8.5, a total of 20 evaluable patients were required
in each intervention group to achieve a power of 80%. We expected a dropout rate of
20%. Therefore, a total number of 52 patients had to be randomized to obtain at least
40 evaluable patients.

Statistical analyses
Efficacy analysis was performed according to the intention-to-treat (ITT) principle. In
addition, treatment effect was also analyzed in the per-protocol set (Appendix). Differences in change from baseline between groups was evaluated using a Student t-test
for normally distributed data, and Mann-Whitney U-test for non-normally distributed
data. Treatment effects are presented using point estimates and 95% confidence
intervals. For the quantitative primary and secondary endpoints data at week 12, oneway analysis of variance was applied on the change from baseline. In case of missing
data at week 12, a substitution/imputation approach was considered for the primary
and secondary efficacy endpoints. In this, the nature of missing data was taken into
consideration (e.g. due to clinical event, death or missing completely at random).
The substitution/imputation approach was determined prior to unblinding during the
determination of the study analysis sets. All statistical analysis were performed using
SAS® for WindowsTM, version 9.3 and SPSS, version 22.

Results

Baseline characteristics
Between October 2011 and September 2014, 52 patients with HFpEF and pulmonary
hypertension were randomized to receive sildenafil or placebo (Figure 1). Baseline
characteristics are summarized in Table 1. We observed some imbalances between the
two treatment arms based on standardized differences, as can be expected in small
studies (Table S1, Appendix). The proportion of patients with a pre-capillary component of pulmonary hypertension are summarized in Table 2. Using the definitions
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transpulmonary gradient (TPG) > 12 mmHg, diastolic pulmonary gradient (DPG) ≥ 7
mmHg and pulmonary vascular resistance (PVR) > 240 dynes/s/cm-5, 52%, 12% and
35%, respectively, of patients had a pre-capillary component of pulmonary hypertension. In these subgroups, median TPG was 18 (15 – 20) mmHg, median DPG was 9
(9 – 13) mmHg, and median PVR was 321 (269 – 387) dynes/s/cm-5 (Table 2).
Primarily, 13 patients could not be taken into account in the efficacy analysis (Figure
1). One patient died due to heart failure, and was considered as a potential ‘treatment
failure’. Prior unblinding, missing data of this patient was imputed with the highest
increase for the variable of interest.

5

Figure 1 ○ Screening and Randomization. Abbreviations: PAP, Pulmonary Artery Pressure; PAWP, Pulmonary
Artery Wedge Pressure; LVEF, Left Ventricular Ejection Fraction; ITT, Intention-To-Treat; AE, Adverse Events
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Table 1 ○ Baseline characteristics according to treatment allocation
Variable

Sildenafil

Placebo

Total study population

Demographics
Age (years)

72 ± 12

76 ± 7

74 ± 10

Female, n (%)

20 (77)

17 (65)

37 (71)

Caucasian, n (%)

24 (92)

26 (100)

50 (96)

NYHA, n (%)
II

6 (23)

5 (19)

11 (21)

III

20 (77)

21 (81)

41 (79)

IV

0

0

0

58 ± 4

58 ± 4

58 ± 4

Systolic blood pressure (mmHg)

140 (130 – 150)

145 (140 – 150)

143 (135 – 150)

Diastolic blood pressure (mmHg)

78 (70 – 80)

79 (70 – 80)

79 (70 – 80)

Heart rate (bpm)

69 (65 – 81)

70 (61 – 79)

69 (64 – 79)

Body mass index

28 ± 7

30 ± 6

29 ± 6

Coronary artery disease, n (%)

5 (19)

12 (46)

17 (33)

Percutaneous coronary intervention,

3 (12)

10 (39)

13 (25)

Coronary artery bypass graft

3 (12)

3 (12)

6 (12)

Cerebrovascular disease, n (%)

3 (12)

5 (19)

8 (15)

Pulmonary embolus, n (%)

0 (0)

3 (12)

3 (6)

Atrium fibrillation or atrial flutter, n (%)

14 (54)

18 (69)

32 (62)

Chronic

10 (39)

16 (62)

26 (50)

Paroxysmal

4 (15)

2 (8)

6 (12)

LVEF (%)

Medical history

Diabetes, n (%)

7 (27)

11 (42)

18 (35)

Hypertension, n (%)

22 (85)

25 (96)

47 (90)

Hypercholesterolemia, n (%)

14 (54)

13 (50)

27 (52)

Pacemaker, n (%)

6 (23)

4 (15)

10 (19)

ICD, n (%)

1 (4)

0 (0)

1 (2)

Beta Blockers

22 (85)

23 (89)

45 (87)

Diuretics

22 (85)

25 (96)

47 (90)

ACE Inhibitors /Angiotensin Receptor Blockers

17 (65)

22 (85)

39 (75)

Mineralocorticoid Receptor Antagonists

6 (23)

12 (46)

18 (34.6)

7.9 ± 0.9

8.2± 0.9

8.1 ± 0.9

Medication, n (%)

Laboratory
Hb (mmol/L)
Creatinine (umol/L)
Urea (mmol/L)
AST (U/L)

96± 36

102± 39

99 ± 37

7.6 (6.1 – 9.0)

8.1 (6.3 – 11.3)

7.6 (6.3 – 10.9)

23 (21 – 27)

23 (19 – 30)

23.00 (20.00 – 29)
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Table 1 ○ Baseline characteristics according to treatment allocation (continued)
Variable
ALT (U/L)

Sildenafil

Placebo

Total study population

17 (14 – 22)

18 (13 – 23)

17 (13 – 22)

Glucose (mmol/L)

5.7 (5.4 – 7.9)

6.4 (5.6 – 7.2)

6.4 (5.4 – 7.9)

NT-proBNP (ng/L)

1109 (535-1945)

956 (536-1858)

1087 (535 – 1945)

NYHA, New York Heart Association; LVEF, Left Ventricular Ejection Fraction; ACE, Angiotensin Converting Enzyme; Hb, Hemoglobin; AST, Aspartate Aminotransferase; ALT, Alanine Aminotransferase; NT-proBNP, N-terminal pro-Brain Natriuretic Peptide
Normally distributed data are presented as mean ± standard deviation
Non-normally distributed data are presented as median (interquartile range)
Categorical variables are reported as number and percentages of observations
Analysis of variance, student’s T-test were used for continuous normally distributed variables. Chi-square test,
Wilcoxon test for continuous non-normally distributed variables, x2 test for categorical variables
Table 2 ○ Percentage patients with pre-capillary component of pulmonary hypertension
Total number of patients (%)
TPG > 12 mmHg, n (%)

27 (52)

Median (IQR) TPG among patients with TPG > 12 mmHg

18 (15 – 20)

Mean ± SD PVR among patients with TPG > 12 mmHg

19 ± 7

DPG ≥ 7 mmHg, n (%)

6 (12)

Median (IQR) DPG among patients with DPG ≥ 7 mmHg

9 (9 – 13)

Mean ± SD DPG among patients with DPG ≥ 7 mmHg

11 ± 5

PVR > 240 dynes/s/cm-5, n (%)‡

18 (35)

Median (IQR) PVR among patients with PVR > 240 dynes/s/cm-5

321 (269 – 387)

Mean ± SD PVR among patients with PVR > 240 dynes/s/cm-5

370 ± 160

TPG, Transpulmonary gradient; DPG, Diastolic pulmonary gradient; PVR, Pulmonary vascular resistance; IQR,
interquartile range; SD, standard deviation
‡ is equal to > 3 wood units

Study outcomes
After 12 weeks of therapy, mean change in PAP (from baseline to week 12) was -2.4
(95% CI -4.5 to -0.3) mmHg in the sildenafil group , whereas change in mean PAP
from baseline to week 12 was -4.7 (95% CI -7.1 to -2.3) mmHg in the placebo group
(p = 0.14, Figure 2, Table 3). The mean PAP trajectories of each individual patient are
visualized in Figure S2. In the subgroup > 240 dynes/s/cm-5 , treatment effect of
sildenafil (n=7) versus placebo (n=8) after 12 weeks was -4.6 (95% -10.3 to 1.2) mm
Hg vs. -5.1 (95% -10.8 to 0.6) mm Hg. In the subgroup ≤ 240 dynes/s/cm-5, treatment
effect of sildenafil (n=13) versus placebo (n=14) was -1.4 (95% -3.5 to 0.7) mm Hg vs.
-4.4 (95% -7.1 to -1.7) mm Hg (p for interaction = 0.958). After 12 weeks of treatment,
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Figure 2 ○ Change in mean pulmonary artery pressure after 12 weeks of treatment with sildenafil of placebo.

Table 3 ○ Effect of sildenafil on primary and secondary endpoints
sildenafil

Placebo

P

Baseline

35.0 ± 9.5

35.0 ± 7.1

1.00

Week 12

32.3 ± 8.3

29.7 ± 5.6

0.23

Treatment effect

-2.4 (95% CI -4.5 – -0.3)

-4.7 (95% CI -7.1 – -2.3)

0.14

Baseline

19.9 ± 3.2

20.8 ± 4.2

0.38

Week 12

19.2 ± 4.6

17.1 ± 4.0

0.13

Treatment effect

-0.5 (95% CI -1.9 – 1.0)

-3.5 (95% CI -5.2 – -1.8)

0.008

Baseline

5.3 ± 1.3

5.5 ± 1.2

0.48

Week 12

5.1 ± 1.2

5.3 ± 1.2

0.49

Treatment effect

-0.4 (95% CI -0.9 – 0.1)

-0.2 (95% CI -0.5 – 0.1)

0.37

Baseline

11.7 ± 3.3

11.1 ± 2.5

0.47

Week 12

12.8 ± 3.1

12.2 ± 2.6

0.55

Treatment effect

0.2 (95% CI -0.9 – 1.4)

0.7 (95% CI -0.3 – 1.6)

0.51

Mean PAP (mmHg)

Mean PAWP (mmHg)

Cardiac output (L/min)

Peak Vo 2 (ml/min/kg)

PAP, Pulmonary Artery Pressure; PAWP, Pulmonary Artery Wedge Pressure
Data are presented as mean ± standard deviation
Treatment effect is presented as point estimates and 95% Confidence Interval (CI)
For the quantitative primary and secondary endpoints data at week 12, one-way analysis of variance was applied on
the change from baseline. Differences in change from baseline between groups was evaluated using a Student t-test
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mean PAWP was reduced by 3.5 (95% CI -5.2 to -1.8) mmHg in the placebo group,
compared with 0.5 (95% CI -1.9 to 1.0) mmHg in the sildenafil group (p = 0.008, Table
3). The Pearson’s correlation between left ventricular end diastolic pressure (LVEDP)
and PAWP was 0.848 (p <0.001). In the sildenafil group, change in cardiac output
from baseline to week 12 was -0.4 (95% CI -0.9 to 0.1) L/min. In the placebo group,
change in cardiac output from baseline to week 12 was -0.2 (95% CI -0.5 to 0.1) L/min
(p = 0.37, Table 3).
Table 4 summarizes hemodynamic data of the cardiac catheterization at baseline and
12 weeks. In the sildenafil group, change in peak VO2 from baseline to week 12 was
0.2 (95% CI -0.9 to 1.4) ml/min/kg. In the placebo group, change in peak VO2 from
baseline to week 12 was 0.7 (95% CI -0.3 to 1.6) ml/min/kg (p = 0.51, Table 3). At
baseline and 12 weeks 22 and 16 patients, respectively, reached a RQ ≥ 1.0. At baseline,
mean KCCQ clinical summary was 51.08 ± 24.93 points in the sildenafil group and
47.31 ± 29.28 points in the placebo group. After 12 weeks of treatment, mean KCCQ
clinical summary was 64.05 ± 34.29 points in the sildenafil group and 68.33 ± 32.16
points in the placebo group. The mean change in the KCCQ clinical summary score
from baseline to 12 weeks was 12.05 (95% CI 1.14 to 22.96) points in the sildenafil
group and 19.83 (95% CI 8.23 to 31.44) points in the placebo group (p = 0.32). Table S2
of the Appendix summarizes detailed information regarding concomitant medication
and physical examination.

Safety analysis
During follow up, one patient receiving sildenafil died due to heart failure (4%), and
one patient receiving placebo died due to intestinal ischemia (4%). Adverse events
occurred in 22 patients (85%) who received sildenafil and 21 (81%) patients who
received placebo (p=1.00). Prevalence of known adverse effects of sildenafil, such as
headache, dyspepsia, (orthostatic) hypotension, increased erection, respiratory tract
infection was higher in the sildenafil group. No major NYHA reclassifications were
observed during follow up (Figure 3). Detailed adverse events are listed in Table S3 of
the Appendix
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Table 4 ○ Right Heart Catheterization Measurements at Baseline and 12 Weeks
Baseline

Week 12

sildenafil

Placebo

sildenafil

Placebo

9 (7 – 11)

10 (9 – 12)

8 (7 – 12)

7 (6 – 8)

Right ventricular pressure systolic
(mmHg)

52 (44 – 60)

54 (45 – 62)

44 (41 – 58)

45 (37 – 53)

Right ventricular end-diastolic pressure
(mmHg)

10 (9 – 13)

11 (9 – 12)

10 (8 – 12)

7 (6 – 9)*

PAP systolic (mmHg)

52 (45 – 58)

51 (45 – 66)

45 (39 – 55)

47 (37 – 53)

PAP diastolic (mmHg)

20 (19 – 25)

21 (15 – 25)

18 (16 – 22)

17 (15 – 20)

Left ventricular pressure end-diastolic
(mmHg)

19 (18 – 21)

19 (17 – 21)

n.a

n.a.

147 ± 23

152 ± 17

135 ± 20

143 ± 16

73± 11

70 ± 10

79 ± 10

78 ± 13

103 ± 14

102 ± 10

97 ± 14

100 ± 11

Right atrial pressure mean (mmHg)

Arterial pressure systolic (mmHg)
Arterial pressure diastolic (mmHg)
Arterial pressure mean (mmHg)
Cardiac index (L/min/m2)

2.8 ± 0.7

2.9± 0.6

2.6 ± 0.5

2.7 ± 0.7

207 (158 – 259)

203 (132 – 282)

181 (135 – 255)

185 (162 – 256)

Systemic vascular resistance (dynes/s/
cm-5)

1485 (1252 – 1748)

1330 (1157 – 1433)

1395 (1190 – 1600)

1432 (1150 – 1700)

Transpulmonary gradient, TPG (mmHg)

13 (10 – 16)

13 (9 – 19)

12 (8 – 16)

12 (10 – 17)

2±6

-1 ± 5

0±4

0±5

Pulmonary vascular resistance
(dynes/s/cm-5)

Diastolic pulmonary gradient, DPG
(mm Hg)

* P = 0.007 between study arms after 12 weeks of treatment
PAP,Pulmonary Artery Pressure
Normally distributed data are presented as mean ± standard deviation.
Non-normally distributed data are presented as median (interquartile range)

NYHA I
p = 0.58

Sildenaﬁl

Placebo

Baseline

Sildenaﬁl

Placebo

Week 2

NYHA II
p = 0.41

Sildenaﬁl

Placebo

Week 4

NYHA III
p = 0.50

Sildenaﬁl

Placebo

Week 12

Figure 3 ○ New York Heart Association (NYHA) classification at baseline, and at week 2, week 4, and week 12.
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Discussion
The present single center, randomized double blind, placebo controlled trial shows
that sildenafil does not reduce pulmonary artery pressures in patients with HFpEF
with predominantly isolated post-capillary pulmonary hypertension. In addition, treatment with sildenafil does not favorably affect other invasive hemodynamics or exercise
capacity. Our data therefore do not support the use of sildenafil in these patients.
Sildenafil is a potent inhibitor of PDE-5, that is widely used and proven to be effective
in the treatment of PAH and recommended in current European Society of Cardiology
Guidelines on pulmonary hypertension.7 In addition, sildenafil is also used in a significant proportion of patients with heart failure and associated pulmonary hypertension,
although data to support this use are limited.
So far there are only two clinical studies with sildenafil that have been conducted in
patients with HFpEF and they yielded contradictory results.8,9 Our findings are in line
with the largest study conducted in this field so far. This clinical study by Redfield et
al. studied the effect of sildenafil in 216 symptomatic HFpEF patients (NYHA class
II-IV, LVEF ≥ 50%) on exercise capacity and symptoms, compared to placebo.9 In this
trial, evidence for pulmonary hypertension was not an inclusion criterion, although
the actual median pulmonary arterial systolic pressure was 41 (33 − 51) mmHg. After
24 weeks, treatment with sildenafil (60 mg t.i.d) did not improve exercise capacity or
symptoms compared to placebo.9 The second, smaller study by Guazzi et al. studied
the effect of sildenafil (50 mg t.i.d.) in 44 HFpEF patients with a LVEF ≥ 50% and
systemic pulmonary artery pressures ≥ 40 mmHg, estimated by ultrasound, who were
recruited among patients with high blood pressure, new onset of dyspnea and limited
physical capacity.8 After 12 months of treatment, a decrease in invasively measured
pulmonary hemodynamics, echocardiographic variables and quality of life were
observed.8 One important difference between these previous studies is that Guazzi
and colleagues included only patients with pulmonary hypertension, while Redfield
and colleagues included patients with and without pulmonary hypertension. In the
present study, only HFpEF patients with invasively proven pulmonary hypertension
were included and the diagnosis of HFpEF was meticulously established.
One explanation for the seemingly contradictory findings with the study of Guazzi et
al. may be related to the differences in characteristics of the study populations. The
patients enrolled in our study are in line with the typical patient with HFpEF, i.e. usually elderly, female patient, and with a history of hypertension and atrial fibrillation.10
The patients that were enrolled in the study of Guazzi et al. were more often men,
were in sinus rhythm, and they had significantly fewer co-morbidities. In a Letter to the
Editor, in response to study by Guazzi et al.,8 Forfia and Borlaug already pointed out
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that the patient profile of the study of Guazzi et al. was not typical for HFpEF patients
with pulmonary hypertension based on the presence of profound right ventricular
systolic dysfunction and right ventricular failure.11 Furthermore, patients of the Guazzi
study had higher systemic blood pressures, higher right atrial pressure and higher
pulmonary vascular resistance (PVR).
To date, two types of pulmonary hypertension due to left sided heart disease have
been recognized: isolated post-capillary pulmonary hypertension, and combined
post-capillary and pre-capillary pulmonary hypertension.12 In current guidelines the
pre-capillary component of pulmonary hypertension is defined by a TPG (mean PAP
– PAWP) of > 12 mmHg.7 However, recent recommendations suggest that the precapillary component is better reflected by DPG (diastolic PAP – PAWP) > 7 mmHg,
since DPG is less dependent on cardiac output, but this definition has its limitations
as well.12,13 Probably an elevated PVR is the most reliable marker of pulmonary vasculopathy. In the study of Guazzi et al., the mean PVR was higher than 240 dynes (> 3
woodunits).8 In our study population, 52 %, 35% , and 12% had a TPG > 12 mmHg, PVR
> 240 dynes/s/cm-5, and DPG ≥ 7mm Hg, respectively. In addition, only moderately
elevated TPG, PVR and DPG were noted in these subgroups and in the overall study
population, median TPG, PVR, and DPG were not above these cut-off values. These
findings indicate that we included both HFpEF patients with isolated post-capillary
pulmonary hypertension, and HFpEF patients with combined post-and pre-capillary
pulmonary hypertension with a mild to moderate pre-capillary component. We found
no evidence that sildenfil had an effect in the PVR > 240 dynes/s/cm-5 subgroup. It
should be stressed however that the numbers within the subgroups were too small to
draw conclusions. It thus remains to be evaluated whether there is a role for sildenafil
in selected patients with HFpEF with a significant pre-capillary component of pulmonary hypertension. However, this interesting subgroup may be overestimated, since
in a HFpEF population that is characterized by several comorbidities, the etiology of
pulmonary hypertension is often multi-factorial.
Our findings suggest that the described group of patients with HFpEF and associated pulmonary hypertension do not benefit from treatment with sildenafil. These
findings are in contrast with the results that were seen in patients with PAH. This
may be explained by the different pathophysiologies of pulmonary hypertension due
to left heart failure and PAH. In HFpEF, the complex interplay of impaired relaxation,
atrial dysfunction, stiffened myocardium, stiffening of the ventricles and vasculature, inflammation, and endothelial dysfunction14,15 results in a passive backward
transmission of ﬁlling pressures, causing secondary increases in pulmonary artery
wedge pressure and pulmonary artery pressure and eventually, the development
of pulmonary vasculopathy.12 Experimental studies in animal heart failure models
demonstrated that treatment with sildenafil reduced the development of maladaptive
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cardiac hypertrophy, cardiac enlargement and fibrosis, and contractile dysfunction,
and improved cell survival and diastolic function via the NO-sGC-cGMP signaling
pathway.16-19 Targeting the NO-sGC-cGMP signaling pathway has thus been proposed
as a promising approach for the treatment of HFpEF with pulmonary hypertension. In
our study, we could not demonstrate the beneficial effects of sildenafil in a population
of HFpEF patients with mainly post-capillary pulmonary hypertension without significant pulmonary vasculopathy. An explanation could be that the beneficial effects of
PDE-5 inhibitors on the myocardium in HFpEF is less than expected and that clinical
and hemodynamic improvements may only be driven by possible beneficial effects
on pulmonary vasculopathy if present. In recent years several studies with other
novel drugs targeting the NO-sGC-cGMP signaling pathway have been published. In
a randomized, double-blind, placebo-controlled, single dose study, the novel soluble
guanylate cyclase stimulator riociguat did not improve mean PAP (primary endpoint),
but showed favorable hemodynamic and echocardiographic effects.23 In a recent
randomized placebo controlled study in 301 patients with HFpEF, the angiotensin
receptor-neprilysin inhibitor LCZ696 significantly reduced NT-proBNP levels adter
12 weeks of treatment,20 and administration of LCZ696 increased circulating cGMP
levels in healthy humans.21 Further studies are needed to investigate whether this effect on NT-proBNP translates into improved clinical outcomes.
In contrast to our expectations, a greater decrease in PAWP was observed in the
placebo group than in the sildenafil group. As the PAWP may be associated with filling
state, we evaluated concomitant medication throughout the study. We observed no
differences in dose change and weight during follow-up. It is therefore unlikely that
the reduction in PAWP in the placebo treated patients may be explained by optimized
care/treatment under study conditions. Interestingly, more patients in the placebo
group were treated with a hydrochlorothiazide. In addition to this observation, history
of hypertension was slightly higher in the placebo group. This difference may explain
the higher number of patients with diuretics in the placebo group. We do not have a
further valid explanation for this finding and it should be noted that a play of chance
cannot be excluded.
Concerning adverse effects, it has been reported that pulmonary selective vasodilators
may lead to acute pulmonary edema in patients with pulmonary hypertension due to
HFpEF (due to selective lowering PVR, without unloading of the left ventricle).22 As
sildenafil demonstrated beneficial cardiac effects in pre-clinical studies, concomitant
beneficial cardiac effects were to be expected. Overall, we did not observe significant
difference in adverse effects including pulmonary edema. However, more patients
treated with sildenafil had respiratory tract infection, headache and hypotension,
which are well known adverse effects of sildenafil.
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In addition to the limitations of a single center study, the main limitation of the current study was the relatively small number of patients in each treatment group, which
have limited the opportunity of analysis of subgroups of interest (high PVR vs. low
PVR). We calculated the current sample size based on pilot data where we considered
a reduction in mean PAP that was clinically meaningful. Indeed, we included the
predefined sample size and the drop-out rate was as anticipated, so our study had
sufficient power to detect potential differences in pulmonary artery pressures after
treatment with sildenafil.
In conclusion, given the lack of efficacy of sildenafil on invasively hemodynamics and
exercise capacity, we cannot recommend the use of sildenafil as an adjunct in the
treatment in the investigated group of HFpEF patients with associated pulmonary hypertension. In the current study, we investigated patients with predominantly isolated
post-capillary pulmonary hypertension whereas a small proportion of patients had a
mild to moderate pre-capillary component of pulmonary hypertension also. Therefore,
the role of sildenafil in selected patients with HFpEF and significant post- and precapillary pulmonary hypertension remains to be evaluated, and should be considered
for future studies.
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Appendix

Supplemental Methods
Inclusion and exclusion criteria

The inclusion criteria of the Sildenafil in HFpEF and Pulmonary Hypertension study
were:
○ >18 years
○ Written inform consent
○ PH secondary to diastolic left heart failure defined as
○ PAP mean >25 mmHg
○ PAWP mean >15 mmHg
○ Normal systolic LV function on echo/MUGA (LVEF ≥ 45%)
○ NYHA II-IV despite HF therapy
The exclusion criteria of the Sildenafil in HFpEF and Pulmonary Hypertension study
were:
○ Severe noncardiac limitation to exercise (COPD etc)
○ Other cause of PH besides diastolic heart failure
○ Coronary ischemia or recent myocardial infarction (<6 months)
○ Hypotension ( <90/50 mmHg)
○ Ongoing nitrate therapy
○ Ongoing therapy with CYP3A4 inhibitors (ketoconazol, erythromycine, cimetidine,
clarithromycine, itraconazol, voriconazol and protease inhibitors) or CYP3A4
inductors(carbamacepine, fenitoine, fenobarbital, rifampicine, St. John’s wort).
Furthermore patients will be informed not to drink grapefruit juice while on study
medication because of the known impact of grape fruit on pharmacokinetics of
Sildenafil.
○ Ongoing therapy with alpha —inhibitors
○ Significant mitral or aortic valve dysfunction
○ Severe liver disfunction
○ Pregnancy
○ Unable to read and comprehend language (Dutch)
Patients eligible for enrollment were male or female, ≥ 18 years of age, who fulfilled
the criteria for HFpEF, i.e. they had signs and symptoms of HF (New York Heart Association [NYHA] functional class II-IV), despite background heart failure therapy, and
a left ventricular ejection fraction (LVEF) ≥ 45%). In addition, they had evidence of
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pulmonary hypertension (defined as mean pulmonary artery pressure (PAP) > 25 mm
Hg and mean pulmonary arterial wedge (PAWP) > 15 mm Hg measured invasively
by right-sided cardiac catheterization).1 Exclusion criteria included severe non-cardiac
limitation to exercise (severe chronic obstructive pulmonary disorder), other causes of
pulmonary hypertension than due to HFpEF, coronary ischemia or recent myocardial
infarction (within 6 months before randomization), hypotension (< 90/50 mm Hg),
ongoing nitrate therapy, ongoing therapy with CYP3A4 inhibitors or CYP3A4 inductors, significant mitral or aortic valve dysfunction, severe liver dysfunction, pregnancy,
and unability to read study procedures. Further, patients were instructed to avoid
consumption of grapefruit juice during study participation, due to the interaction
between grapefruit juice and the pharmacokinetics of sildenafil.2
Randomization

The computerized system assigned a randomization number to each eligible patient,
which randomized the patient to a treatment group and specified a unique drug number for study drug to be dispensed. After randomization, the study medication was
issued by the hospital pharmacy. Study investigators, including those administering
study drug, and those undertaking study related assessments, and participants were
masked to treatment for the duration of the trial.
Study procedures

The (left and) right heart catheterization procedure and echographic measurements
were performed in an elective setting and in clinically stable patients. Patients with
mean PAP > 25 mm Hg and mean PAWP > 15 mm Hg, with a LVEF of 45% of greater
determined by the simultaneous performed echography, and who fulfilled other inclusion and exclusion criteria, were approached by the principle investigator of the
study. After detailed explanation of purposes, procedures and possible risk, patients
provided written informed consent and were scheduled for a baseline exercise test,
usually within one day. However most of the exercise tests were already performed
within one day prior the heart catheterization. An exercise test performed less than
3 months before study inclusion was accepted as initial exercise test. Patient then
underwent physical examination and blood sampling. After baseline examinations,
patients started with sildenafil or placebo 20 mg three times a day. After two weeks,
patients were subjected to clinical examination and NYHA class evaluation. If the initial dose was tolerated – absence of severe adverse effects and hypotension (<90/50
mm Hg) – doses were increased to 60 mg three times a day. After 4 weeks, patients
underwent a physical examination and NYHA class evaluation. In addition, it was
evaluated whether high doses of sildenafil was tolerated. In total, patients received
study medication for 12 weeks. After 12 weeks, a second right heart catheterization and

Sildenafil in Heart Failure with Preserved Ejection Fraction and Pulmonary Hypertension ○

141

exercise test were performed next to clinical examination and NYHA class evaluation.
Kansas City Cardiomyopathy Questionnaires (KCCQ) were completed at baseline and
12 weeks. (Figure S1).
Right heart catheterization

Hemodynamic measurements were performed with patient in fasting state, in supine
position. The transducer was adjusted to reflect the midthorax by using the point of
Ludivici between manubrium and sternum - 5 cm as zero reference level. In patients
with a very small or large posture, we used the midthoraric line to determine the
zero reference level. A 7F thermodilution balloon-tipped catheter was inserted percutaneously, under local anesthesia, into the right femoral vein and floated under fluoroscopy to the right atrium. The catheter was then advanced into the right ventricle,
and positioned in the pulmonary artery and wedge position and the pressures were
recorded. Furthermore, saturation, heart rate, cardiac output, and blood pressure
were measured. Change from the typical pulmonary artery waveform to the typical
wedge pulmonary pressure waveform on inflation of the balloon catheter and typical
fluoroscopic position of the catheter was considered for a satisfactory wedge pulmonary pressure - characterized by distinct “a” and “v” waveforms. The wedge pressure
was measured at end-expiration according to initial validation of using the PAWP as a
surrogate measure of the left ventricular end diastolic pressure (LVEDP).3 A left heart
catheterization was performed in most of the patients (those without a recent left
heart catheterization) in order to exclude significant coronary artery disease or left
valvular valve disease. Left ventricular end diastolic pressure (LVEDP) was measured
at baseline. Pulmonary arteriolar resistance and total systemic vascular resistance
index were calculated in dynes * seconds/cm5.
Exercise test

To estimate maximum exercise, participants underwent a cardiopulmonary exercise
test on a tread mill. Before the test, a rest electrocardiogram was present. The exercise
test was performed according to the Weber auto protocol. Patients were instructed
to provide a maximum exertion. The following stop criteria were considered: patient
reached plateau phase for one minute, patient cannot walk further, patient is unable
to maintain walking speed, decrease in breathing reserve and O2 heart rate. Reaching
the expected VO2 max value was not considered as a stop criterion. Peak VO2 was
expressed in ml/minute/kg.

5

142 ○ Chapter 5

Supplemental Results
Study outcomes in the per-protocol set

The per-protocol set included all subjects from the full analysis set, excluding subjects
violating exclusion criteria, subjects deviating from the protocol guidelines during
the trial (including treatment compliance of taken study medication for at least 80%
of the study period) in a sufficiently serious manner to warrant data exclusion and
subjects who withdraw from the trial resulting in missing data.
Primary and secondary outcomes in the per protocol set

In the per-protocol analysis, change in mean PAP was -2.7 (95% CI -4.8 to -0.5) mmHg
in the sildenafil treated group and -4.4 (95% CI -7.0 to -1.8) mmHg in the placebo
treated group (p = 0.28). Mean change from baseline of PAWP after week 12 was -0.6
(95% CI -2.1 to 1.0) mmHg in the sildenafil treated group, and -3.1 (95% CI -4.6 to -1.5)
mmHg in the placebo treated group (p = 0.022). ). Mean change in cardiac output
from baseline at week 12 was -0.4 (95% CI -0.9 to 0.1) L/min in the sildenafil treated
group and -0.2 (95% CI -0.4 to 0.1) L/min in the placebo treated group (p = 0.38).
Mean change from baseline in peak VO2 at week 12 was 0.2 (95% CI -0.9 to 1.4) ml/
min/kg in the sildenafil treated group, and 0.4 (95% CI -0.5 to 1.4) ml/min/kg in the
placebo treated group (p = 0.76).
Concomitant medication during follow-up

Table S2 summarizes medication at baseline and at visit 4. No pronounced differences
were observed between groups. During follow-up, dose of diuretics was changed in 4
patients (3 sildenafil treated patients and 1 placebo treated patient), where 2 had an
increased dose compared to baseline and 2 were back to their baseline diuretic dose.
Also, we found no differences in weight between groups at week 2 (p = 0.26), 4 (p
= 0.32) and 12 (p = 0.25). In one sildenafil patient, beta-blocker dose was decreased.
One placebo patient stopped with taking an ACE-inhibitor and Aldosteron Receptor
Blocker during study participation.
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Supplemental Tables

Table S1 ○ Baseline characteristics according to treatment allocation
Variable

Sildenafil

Placebo

Standardized differences
0.403

Demographics
Age (years)

72 ± 12

76 ± 7

Female, n (%)

20 (77)

17 (65)

0.257

Caucasian, n (%)

24 (92)

26 (100)

0.401

II

6 (23)

5 (19)

0.094

III

20 (77)

21 (81)

0.094

IV

0

0

NYHA, n (%)

LVEF (%)

58 ± 4

58 ± 4

Systolic blood pressure (mmHg)

140 (130 – 150)

145 (140 – 150)

0.049
0.355

Diastolic blood pressure (mmHg)

78 (70 – 80)

79 (70 – 80)

0.167

Heart rate (bpm)

69 (65 – 81)

70 (61 – 79)

0.306

Body mass index

28 ± 7

30 ± 6

0.410

Medical history
Coronary artery disease, n (%)

5 (19)

12 (46)

0.599

Percutaneous coronary intervention,

3 (12)

10 (39)

0.654

Coronary artery bypass graft

3 (12)

3 (12)

0

Cerebrovascular disease, n (%)

3 (12)

5 (19)

0.214

Pulmonary embolus, n (%)

0 (0)

3 (12)

0.511

Atrium fibrillation or atrial flutter, n (%)

14 (54)

18 (69)

0.320

Chronic

10 (39)

16 (62)

0.473

Paroxysmal

4 (15)

2 (8)

0.243

Medical history

Diabetes, n (%)

7 (27)

11 (42)

0.328

Hypertension, n (%)

22 (85)

25 (96)

0.399

Hypercholesterolemia, n (%)

14 (54)

13 (50)

0.076

Pacemaker, n (%)

6 (23)

4 (15)

0.196

ICD, n (%)

1 (4)

0 (0)

0.281

Beta Blockers

22 (85)

23 (89)

0.113

Diuretics

22 (85)

25 (96)

0.402

ACE Inhibitors /Angiotensin Receptor Blockers

17 (65)

22 (85)

0.455

Mineralocorticoid Receptor Antagonists

6 (23)

12 (46)

0.500

7.9 ± 0.9

8.2± 0.9

0.256

Medication, n (%)

Laboratory
Hb (mmol/L)
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Table S1 ○ Baseline characteristics according to treatment allocation (continued)
Variable
Creatinine (umol/L)
Urea (mmol/L)
AST (U/L)
ALT (U/L)

Sildenafil

Placebo

Standardized differences

96± 36

102± 39

0.153

7.6 (6.1 – 9.0)

8.1 (6.3 – 11.3)

0.322

23 (21 – 27)

23 (19 – 30)

0.139

17 (14 – 22)

18 (13 – 23)

0.232

Glucose (mmol/L)

5.7 (5.4 – 7.9)

6.4 (5.6 – 7.2)

0.256

NT-proBNP (ng/L)

1109 (535-1945)

956 (536-1858)

0.045

NYHA, New York Heart Association; LVEF, Left Ventricular Ejection Fraction; ACE, Angiotensin Converting Enzyme; Hb, Hemoglobin; AST, Aspartate Aminotransferase; ALT, Alanine Aminotransferase; NT-proBNP, N-terminal pro-Brain Natriuretic Peptide
Normally distributed data are presented as mean+SD
Non-normally distributed data are presented as median (interquartile range)
Categorical variables are reported as number and percentages of observations
Analysis of variance, student’s T-test were used for continuous normally distributed variables. Chi-square test,
Wilcoxon test for continuous non-normally distributed variables, x2 test for categorical variables
Standardized difference compares the differences in means or proportions in units of the pooled standard deviation
Table S2 ○ Medication and physical examination at baseline and 12 weeks
Baseline
Sildenafil

Week 12
Placebo

Sildenafil

Placebo

Medication
Beta Blockers, n (%)

22 (85)

23 (89)

21 (81)

22 (85)

Diuretics, n (%)

22 (85)

25 (96)

21 (81)

24 (92)

Furosemide

13 (50)

10 (38)

13 (50)

10 (38)

Bumetanide

6 (23)

10 (38)

5 (19)

10 (38)

Hydrochlorothiazide

3 (12)

7 (27)

3 (12)

6 (23)

ACE Inhibitors, n (%)

11 (42)

13 (50)

11 (42)

12 (46)

Angiotensin Receptor Blockers, n (%)

6 (23)

13 (50)

6 (23)

12 (46)

Mineralocorticoid Receptor Antagonists, n (%)

6 (23)

12 (46)

7 (27)

11 (42)

Physical examination
Body weight, kg

78 ± 18

85 ± 18

79 ± 18

85 ± 19

Heart rate, bpm

69 (65 – 81)

70 (61 – 79)

68 (61 – 79)

70 (60 – 80)

Systolic blood pressure

140 (130 – 150)

145 (140 – 150)

145 (120 – 150)

140 (130 – 150)

Diastolic blood pressure

78 (70 – 80)

79 (70 – 80)

75 (70 – 85)

80 (70 – 81)

ACE, Angiotensin Converting Enzyme; LVEF, Left Ventricular Ejection Fraction; NT-proBNP, N-terminal pro Brain
Natriuretic Peptide
Normally distributed data are presented as mean+SD
Non-normally distributed data are presented as median (interquartile range)
Analysis of variance, student’s T-test were used for continuous normally distributed variables. Chi-square test,
Wilcoxon test for continuous non-normally distributed variables, x2 test for categorical variables
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Table S3 ○ Incidence of Adverse Events in Safety Population
Adverse Event (AE), n (%)

Sildenafil

Placebo

Total

Primary safety (composite) endpoint occurred

1 (4)

1 (4)

2 (4)

Cardiac failure

1 (4)

0

1 (2)

Intestinal infarction

0

1 (4)

1 (2)

Death

1 (4)

1 (4)

2 (4)

3 (12)

2 (8)

5 (10)

Pneumonia

1 (4)

2 (8)

3 (6)

Vascular Pseudoaneurysm

1 (4)

0

1 (2)

Medical Device Complication

1 (4)

0

1 (2)

Elective Surgery

1 (4)

0

1 (2)

Respiratory Tract Infection

1 (4)

0

1 (2)

Non-serious AEs

22 (85)

21 (81)

43 (83)

Headache

4 (15)

3 (12)

7 (27)

Nausea

2 (8)

2 (8)

4 (8)

Dyspepsia

1 (4)

0

1 (2)

Dizziness

1 (4)

3

4 (8)

Flushing

1 (4)

2 (8)

3 (6)

Visual Impairment

0

5 (20)

5 (10)

Insomnia

1 (4)

2 (8)

3 (6)

Fatigue

1 (4)

0

1 (2)

Abdominal pain

2 (8)

2 (8)

4 (8)

Myalgia

4 (15)

4 (15)

8 (15)

Ventricular tachycardia

0

1 (4)

1 (2)

Chest pain

2 (8)

1 (4)

3 (6)

Dry mouth

1 (4)

1 (4)

2 (4)

Respiratory tract infection

9 (35)

3 (12)

12 (23)

Infection (other)

3 (12)

1 (4)

4 (8)

Increased erection

1 (4)

0

1 (2)

Hypotension

2 (8)

1 (4)

3 (6)

Dyspnea

2 (8)

0

2 (4)

Oedema peripheral

5 (19)

2 (8)

7 (13)

Non-study specific SAEs

Categorical variables are reported as number and percentages of observations
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Figure s1a ○ Individual values for mean pulmonary artery pressure (PAP) at baseline and after 12 weeks of
treatment with sildenafil
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Figure s1b ○ Individual values for mean pulmonary artery
pressure (PAP) at baseline and after 12 weeks of
treatment with placebo
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Abstract

Aims:	We recently showed that sildenafil did not improve pulmonary pressures
and exercise capacity in a cohort of patients with heart failure and preserved
ejection fraction (HFpEF) and predominantly postcapillary pulmonary hypertension. Here, we present the effects of sildenafil on cardiac structure
and function, cardiopulmonary exercise testing, laboratory parameters and
health-related quality-of-life.
Methods:	Fifty-two HFpEF patients with pulmonary hypertension (mean pulmonary
artery pressure >25 mmHg; pulmonary artery wedge pressure >15 mmHg)
were randomized to sildenafil 60 mg t.i.d. or placebo and treated for 12
weeks.
Results:	Sildenafil neither changed cardiac structures, nor function on echocardiography compared with placebo. Considering all patients irrespective of maximal effort, sildenafil reduced peak heart rate by 8 (95% CI -14.97 – -1.03)
bpm and peak blood pressure by 13.8 (95% CI -22.04 – -5.47)/7.3 (95% CI
-13.60 to -1.07) mmHg (both p< 0.05 vs placebo). VE/VCO2 slope remained
unchanged in the sildenafil group (0.3 (95% CI -1.37 – 1.98), while it was reduced in the placebo group (-7.6 (95% CI -12.97 – -2.25), p=0.002). In both
groups, renal function improved and N-terminal pro-brain natriuretic peptide reduced equally. Hemoglobin levels and HBA1C level slightly decreased
in the sildenafil group (p<0.05 vs placebo). All domains of the Kansas City
Cardiomyopathy Questionnaire increased during treatment, but no differences between sildenafil and placebo were found.
Conclusion:	Treatment with sildenafil for 12 weeks in patients with HFpEF and predominantly isolated postcapillary pulmonary hypertension did not affect cardiac
structure and function, integrative exercise responses, laboratory parameters, and/or quality of life. Clinicaltrials.gov number NCT01726049.
Keywords:	Heart Failure with Preserved Ejection Fraction, Pulmonary Hypertension,
Sildenafil
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Introduction
Pulmonary hypertension is increasingly recognized as an important complication of
heart failure with preserved ejection fraction (HFpEF).1 Pathophysiological mechanisms associated with the development of HFpEF increase left sided filling pressures,
causing passive increase of pulmonary artery wedge pressures (PAWP > 15 mm Hg) and
pulmonary artery pressures (PAP ≥ 25 mm Hg).2,3 This condition is defined as isolated
post-capillary pulmonary hypertension4 and is characterized by normal or only mildly
elevated diastolic pressure gradient and pulmonary vascular resistance ( < 7 mm Hg,
≤ 3 wood units (WU) respectively), making pulmonary hypertension due to HFpEF
another disease entity than pulmonary arterial hypertension. Some HFpEF patients
however also develop a pre-capillary component of pulmonary hypertension. These
patients have mixed post- and pre-capillary pulmonary hypertension. Concomitant
presence of pulmonary hypertension impact symptom severity and clinical outcomes
of HFpEF patients and may eventually cause right ventricle failure.5-7 Treating pulmonary hypertension has therefore become an important target of research focusing on
new treatment options for patients with HFpEF. We recently reported the results of a
randomized placebo controlled study on the effects of sildenafil, a potent phosphodiesterase type 5 (PDE-5) inhibitor, on invasively measured pulmonary pressures and
exercise capacity in 52 patients with HFpEF and pulmonary hypertension.8 After 12
weeks of treatment, sildenafil did not reduce invasively measured mean PAP (primary
outcome parameter) and mean PAWP, cardiac output, and peak oxygen consumption
(secondary outcome parameters).8 Here, we present the secondary outcomes of this
randomized placebo controlled study on the effects of sildenafil on cardiac structure
and function as measured by echocardiography, parameters of functional exercise
testing, laboratory parameters and health-related quality-of-life measures.

Methods

Patient population and study procedures
The methods and primary results of this investigator initiated randomized, placebo
controlled study have been published in detail elsewhere.8 Between October 2011 and
September 2014, 52 patients with symptomatic HFpEF and pulmonary hypertension
were randomly assigned to one of the two treatment arms in a 1:1 ratio (sildenafil 60
mg t.i.d. or matching placebo). Eligible patients were adult male or female, with HF-

6
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pEF (Left Ventricular Ejection Fraction [LVEF] ≥ 45% and New York Heart Association
[NYHA] functional class II-IV) and pulmonary hypertension (mean PAP > 25 mmHg
and mean PAWP > 15 mmHg ) which was invasively diagnosed by right-sided cardiac
catheterization. Key exclusion criteria included other causes of pulmonary hypertension, severe non-cardiac limitation to exercise, significant left sided valve disease, coronary ischemia or recent myocardial infarction (within 6 months before randomization)
and hypotension (< 90/50 mm Hg). Patients were treated with sildenafil or placebo
for 12 weeks. Patients started with sildenafil or placebo 20 mg t.i.d and after two
weeks, patients were titrated to sildenafil or placebo 60 mg t.i.d. At baseline, patients
underwent a right heart catheterization and simultaneously echocardiography. Also at
baseline, patients were subjected to physical examination and laboratory assessments,
performed an exercise capacity test and completed the Kansas City Cardiomyopathy
Questionnaire (KCCQ) to evaluate patient-reported symptoms, function and quality of
life. After 12 weeks of treatment, the same medical assessments were performed. The
randomized clinical trial was conformed to the Declaration of Helsinki and the Medical Research Involving Human Subjects Act, and approved by the institutional review
board and local Ethics Committee. All patients provided written informed consent. The
trial registered at Clinicaltrials.gov, number NCT01726049.

Laboratory assessments
Venous blood sampling was performed at baseline and week 12 with K3EDTA Vacutainers.
According to the study protocol the following laboratory parameters were immediately
assessed after blood sampling: hemoglobin, creatinine, urea, C-reactive protein (CRP),
HbA1c, glucose, alanine transaminase (ALT), aspartate transaminase (AST), lactate
dehydrogenase (LDH), and N-terminal pro brain natriuretic peptide (NT-pro-BNP).

Echocardiography
Simultaneously with the right heart catheterization, two-dimensional echocardiography was performed with a Vivid S6 (GE, Horton, Norway) and a 2.5-3.5 mHz probe
at both baseline and 12 weeks. Echocardiograms were performed by the same ultrasound technician (Y.M.H.) in all patients at all visits. Cardiac structure of the left
and right ventricle was evaluated by interventricular septum, left ventricular posterior
wall, left ventricular end diastolic diameter, left ventricular end systolic diameter, left
atrial end-systolic volume, right ventricular end diastolic diameter and wall thickness.
We evaluated left ventricular function by measuring left ventricular ejection fraction
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(eyeballing). Right ventricular function was evaluated by tricuspid annular plane
systolic excursion (TAPSE) and systolic right ventricle (RV) tissue velocity. Diastolic
function of the left ventricle was evaluated by E/A ratio, isovolumetric relaxation time,
deceleration time, tissue early diastolic velocity (e’) and E/e’.

Cardiopulmonary exercise testing
At baseline and after 12 weeks of treatment, patients performed a cardiopulmonary
exercise test on a treadmill. Patients were instructed to provide a maximum exertion.
The exercise test was terminated if subjects reached a plateau phase for one minute,
if they could not walk further, if patients were unable to maintain walking speed, or if a
decrease in breathing reserve and O2 heart rate was observed. The following exercise
measurements were evaluated: start heart rate and blood pressures; peak heart rate
and blood pressures; workload, O2/HR; VE/VCO2 Slope; peak VO2 max; Respiratory
Quotient (RQ) and anaerobic threshold.

Kansas City Cardiomyopathy Questionnaire
Patients completed the Kansas City Cardiomyopathy Questionnaire (KCCQ) at baseline
and week 12. The following domains were evaluated: physical limitation, symptoms,
symptom stability, social limitation, self-efficacy, quality of life, KCCQ function status,
KCCQ overall summary score.

Statistical analysis
All analysis were performed according to the intention-to-treat (ITT) principle. Number of missings are presented in the Appendix Continuous variables are summarized
as mean and standard deviation if normally distributed or median and interquartile
range if non-normally distributed. Categorical variables are reported as number and
percentages of observations. Analysis of variance, student’s T-test, Chi-square test,
Wilcoxon test were used as appropriate for group comparisons. Normality was assessed using visual inspection of the distribution. In case of a skewed distribution a
transformation of data was applied to achieve normality, when possible. Differences
in change from baseline to week 12 between the two treatment groups was evaluated
using a Student t-test for normally distributed data, and Mann-Whitney U-test for nonnormally distributed data. Depending on baseline levels, an analysis of covariance
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was applied comparing the change in “endpoint parameter” between sildenafil and
placebo adjusting for the baseline level. Treatment effects are presented using point
estimates and 95% confidence intervals. A p-value of 0.05 was considered as statistical significant. All analyses were performed using R: A Language and Environment for
Statistical Computing, version 3.1.1 (R Foundation for Statistical Computing, Vienna,
Austria).

Results
Baseline characteristics were presented previously.8 Mean age was 74 ± 10 years,
mean LVEF was 58% and median N-terminal pro BNP levels (NT-proBNP) was 1087
(535–1945). Patients were likely to be more female, caucasian, obese, had NYHA II-III
heart failure symptoms and a history of atrial fibrillation/flutter and hypertension.
Most patients used diuretics, beta-blockers and Renin Angiotensin Aldosterone System inhibitors. Baseline invasive hemodynamics of the sildenafil- and placebo-treated
groups are presented in Table 1.
Table 1 ○ Baseline invasive hemodynamics according to treatment allocation
Variable

Sildenafil

Placebo

Mean PAP (mmHg)

35.0 ± 9.5

35.0 ± 7.1

Mean PAWP (mmHg)
Pulmonary vascular resistance (dynes/s/cm-5)
Systemic vascular resistance (dynes/s/cm-5)
Transpulmonary gradient, TPG (mmHg)
Diastolic pulmonary gradient, DPG (mm Hg)
Cardiac output (L/min)

19.9 ± 3.2

20.8 ± 4.2

207 (158 – 259)

203 (132 – 282)

1485 (1252 – 1748)

1330 (1157 – 1433)

13 (10 – 16)

13 (9 – 19)

2±6

-1 ± 5

5.3 ± 1.3

5.5 ± 1.2

Effects of sildenafil on echocardiographic cardiac structure and function
The effect of sildenafil compared with placebo on cardiac structure and function are
presented in Table 2. After 12 weeks of treatment, there was a significant difference
in interventricular septum thickness between the sildenafil group (10 [9-10] mm) and
the placebo group (11 [10-12] mm, p = 0.022), but there was no difference in treatment
effect (-0.4 (95% -1.07 to 0.23) mm) vs. -0.3 (95% -1.29 to 0.60) mm, p = 0.895). No
difference in treatment effect on other parameters of left and right systolic function,
left diastolic function and cardiac dimensions and diameters were observed.

Placebo

Sildenafil

‡ difference between treatment arms at week 12 P = 0.022

1.5 (95% CI -1.48 to 4.56)
0.1 (95% CI -0.76 to 0.89)

-0.2 (95% CI -1.58 to 1.10)
0.8 (95% CI -2.14 to 3.74)
-0.7 (95% CI -1.66 to 0.20)

0 (95% CI -0.32 to 0.29)
-0.4 (95% CI -8.06 to 7.36)
3.5 (95% CI -21.50 to 28.60)
0.3 (95% CI -0.29 to 0.93)
-2.9 (95% CI -5.74 to -0.10)

43 [39.5-48.5]
6 [5.5-7]

60 [60-60]
18 [15.5-20]
8 [6.6-9.6]

1.2 [1-1.8]
78 [73-88.5]
188 [160-215.5]
8.4 [7.2-9.9]
11 [9.9-15.4]

-0.2 (95% CI -0.36 to 0.03)
-1 (95% CI -15.32 to 13.32)
23.7 (95% CI 2.79 to 44.69)
0.7 (95% CI -0.14 to 1.52)
-1.8 (95% CI -3.58 to 0.07)

-1.3 (95% CI -3.22 to 0.68)
-0.1 (95% CI -1.52 to 1.27)

0.7 (95% CI -1.23 to 2.53)

-0.1 (95% CI -2.14 to 1.97)
0.7 (95% CI 0.01 to 1.33)

-0.4 (95% -1.07 to 0.23)
-0.3 (95% -1.29 to 0.60)
0.3 (95% -0.64 to 1.27)
-0.5 (95% CI -1.35 to 0.30)
-2.9 (95% CI -10.20 to 4.31) -1.3 (95% CI -3.67 to 0.98)
-14.7 (95% CI -17.48 to -11.90) -15.6 (95% CI -18.44 to -12.78)

5.7 (95% CI -7.78 to 19.25)

Placebo

11 [10-12] ‡
9 [8-11]
48 [43.5-51.5]
33 [29-36.5]

Sildenafil

4.1 (95% CI -18.23 to 26.39)

Placebo

Treatment effect

100 [78-115.5]

Week 12

Structural changes
Left Atria
Left Atrial Systolic Volume (ml)
74 [66.2-99.8]
100 [75.2-115.8] 83.5 [62.2-104.2]
Left Ventricle
Interventricular Septum (mm)
11 [9-12]
11 [9.2-12]
10 [9-10]
Left Ventricular Posterior Wall (mm)
9 [8-10]
10 [9-11]
9 [8.5-10]
Left Ventricular End Diastolic Diameter (mm)
47 [43-51]
48 [45-52]
47 [44-51.5]
Left Ventricular End Systolic Diameter (mm)
32.5 [29-37.2]
33 [29-36.8]
33 [30.5-35]
Right ventricle
Right Ventricular Apical End Diastolic Diameter (mm)
43 [40-48]
42.5 [40-48.8]
41 [38-44]
Right Ventricular Wall Thickness (mm)
6 [5-7]
6 [5-6.5]
6 [5.8-7]
Systolic function
Left ventricle
LVEF Eyeballing (%)
60 [55-60]
60 [55-60]
60 [60-60]
Right ventricle
TAPSE (mm)
18 [16-22]
20 [18-21]
19 [16-22]
S RV (cm/sec)
8.8 [7-11.8]
8 [6-10.7]
8.9 [6.7-9.7]
Diastolic function
Left ventricle
E/A Ratio
1 [0.9-1.6]
1.3 [1-2.2]
1.2 [1-1.4]
Isovolumetric Relaxation Time (msec)
78 [74-93]
80 [71-89]
83 [76-89]
Deceleration Time (msec)
186 [163-204] 160.5 [144.5-204.5] 175 [161.5-208.8]
e’ Maximal Velocity Mean (cm/sec)
7.9 [6.2-9.2]
7.4 [6.3-9.5]
8.3 [6.7-9.9]
E/e’
13.3 [9.9-20.1]
12.4 [10.2-17.4]
9.9 [8.5-15.6]

Sildenafil

Baseline

Table 2 ○ Effects of sildenafil vs. placebo on structural and functional echocardiographic parameters in patients with HFpEF and pulmonary hypertension

0.216
0.934
0.205
0.459
0.348

0.228
0.455

0.26

0.349
0.341

0.895
0.179
0.493
0.63

0.34

P-value
treatment effect
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29.9 [29.4-31.8]

16.4 [13.3-17.8]

11.3 [10.2-11.6]

VE/VCO2 Slope

VO2 max Value

Anaerobic Threshold (ml/min/kg)

136 [109-151.5]

9.8 [7.9-11.6]

Workload (Watt)

80 [75-85]

Diastolic Blood Pressure Peak (mm Hg)

O2/HR (ml)

75 [67.5-87.5]

167.5 [161.2-175]

Diastolic Blood Pressure Start (mm Hg)

Systolic Blood Pressure Peak (mm Hg)

119.5 [115.8-134.8]

140 [132.5-152.5]

Heart Rate Peak (bmp)

12.1 [10.7-13]

11.8 [11-14.3]

36.5 [33-41]

11.1 [9.7-12.1]

122.5 [92.2-157.2]

75 [70-80]

140 [120-175]

75 [75-80]

120 [120-130]

130 [108-142]

Placebo
71 [65-85]

Sildenafil

68.5 [65.8-72.5]

Systolic Blood Pressure Start (mm Hg)

Heart Rate Start (bmp)

Baseline
Sildenafil

12.6 [11.6-12.8]

16.4 [15.9-16.5]

32.2 [31.7-33.4]

10.9 [8.5-12.7]

95 [93.5-98.5]

77.5 [71.2-83.8]

170 [160-180]

77.5 [67.5-91.2]

155 [142.5-161.2]

125.5 [110-147]

74.5 [66.8-82]

Placebo

10.2 [10.1-11.7]

12.9 [12.3-14.6]

34.2 [30-35.8]

11.1 [8.9-11.6]

105.5 [93.5-127.5]

70 [65-80]

160 [135-170]

75 [70-80]

120 [120-135]

126 [109-136]

73 [63-79]

Week 12
Sildenafil
0.5 (95% CI -21.10 -22.10)

0.6 (95% CI -1.77 - 2.97)

1.3 (95% CI -4.86 - 7.41)

1.5 (95% CI -2.39 - 5.39)

0.5 (95% CI -4.96 - 6.06)

-54.5 (95% CI -314.98 - 205.98)

-2.5 (95% CI -7.09 -2.09)

1.2 (95% CI -19.67 -22.17)

1.2 (95% CI -15.15 - 17.65)

3.8 (95% CI -27.66 - 35.16)

Placebo

-0.1 (95% CI -4.33 - 4.20)

0.8 (95% CI -0.97 - 2.66)

-4.7 (95% CI -16.66 - 7.34)

0.2 (95% CI -1.41 - 1.83)

1.6 (95% CI -41.92 - 45.06)

-3.9 (95% CI -10.20 - 2.42)

8.9 (95% CI -17.30 - 35.08)

-2.8 (95% CI -7.90 - 2.35)

1.1 (95% CI -11.75 - 13.97)

2.8 (95% CI -6.84 - 12.39)

-1.7 (95% CI -6.99 - 3.66)

Treatment effect

4.5 (95% CI -13.76 - 22.76)

Table 3a ○ Effect of sildenafil vs. placebo on cardiopulmonary exercise test measurements in patients with RQ ≥ 1

1

1

0.19

1

0.111

0.353

1

0.632

0.583

0.825

0.279

P-value
treatment
effect
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109 [97.5-133.5]
127.5 [120-140]
75 [65-80]
150 [131.2-167.5]
75 [61.2-83.8]
92 [37-107]

104 [90-118]
125 [120-135]
77.5 [68.8-85]
140 [130-160]
75 [60-80]
72 [43.8-96.2]
9.1 [7.9-11.1]
35.9 [31.8-42.8]
11.2 [9.7-12.4]

108 [88-133]
130 [120-140]
70 [65-75]
140 [123.8-152.5]*
34 [19.8-89]
9.9 [8.4-11.2]**

37.8 [34-42.2]

10.2 [7.9-11.3]

VE/VCO2 Slope

Anaerobic Threshold (ml/min/kg)

35.6 [33.6-43.4]
10.6 [9.1-11.4]

70 [65-75]

* difference between treatment arms at baseline P = 0.04
** difference between treatment arms at baseline P = 0.042
‡ difference between treatment arms at week 12 P = 0.01

45 [24-88]

8.2 [6.9-9.5]

Diastolic Blood Pressure Peak (mm Hg)

Workload (Watt)

80 [65-90]

Systolic Blood Pressure Peak (mm Hg)

O2/HR (ml)

72.5 [65-80]

160 [137.5-167.5]

Diastolic Blood Pressure Start (mm Hg)

114.5 [102-121]

130 [120-141.2]

Heart Rate Peak (bmp)

10.6 [8.9-11.5]

30.4 [28.2-34.6]‡

9.7 [8.8-11.5]

Placebo
73.5 [63-81.5]

Sildenafil

Week 12

72 [60-82]

Placebo
74 [65-82]

Sildenafil

73.5 [65.8-85]

Systolic Blood Pressure Start (mm Hg)

Heart Rate Start (bmp)

Baseline

Table 3b ○ Effect of sildenafil vs. placebo on cardiopulmonary exercise test measurements all patients

Sildenafil

0.6 (95% CI -0.02 to 1.20)

0.3 (95% CI -1.37 to 1.98)

0.6 (95% CI -0.44 to 1.57)

-1.9 (95% CI -23.36 to 19.62)

-7.3 (95% CI -13.60 to -1.07)

-13.8 (95% CI -22.04 to -5.47)

-1.2 (95% CI -7.44 to 4.94)

-1.2 (95% CI -7.31 to 4.97)

-8 (95% CI -14.97 to -1.03)

-1.8 (95% -6.77 to 3.24)

Placebo

-0.1 (95% CI -1.15 to 1.02)

-7.6 (95% CI -12.97 to -2.25)

-3.7 (95% CI -10.84 to 3.48)

12.1 (95% CI -3.45 to 27.65)

1.7 (95% CI -3.49 to 6.82)

6 (95% CI -5.10 to 17.00)

4.1 (95% CI -1.54 to 9.72)

-0.6 (95% CI -9.37 to 8.19)

3.8 (95% CI -1.71 to 9.34)

-1 (95% CI -4.39 to 2.29)

Treatment effect

0.186

0.002

0.522

0.272

0.025

0.03

0.184

0.91

0.009

0.803

P-value
treatment
effect
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Effects of sildenafil on cardiopulmonary exercise testing
At maximal exercise during cardiopulmonary exercise testing, the majority of patients
did not reach a respiratory quotient ≥ 1.0. At baseline, only 11 patients in the placebo
group and 11 patients in the sildenafil group had a RQ ≥ 1, and at week 12, only 12
patients in the placebo group and 4 patients in the sildenafil group had a RQ ≥ 1.
Thirteen patients had a RQ ≥ 1 at both baseline and week 12, 4 patients were treated
with sildenafil, 9 patients received placebo. In patients with RQ ≥ 1 at both baseline
and week 12, no differences in treatment effect on cardiopulmonary exercise testing
between week 12 and baseline were observed (Table 3a). Table 3b summarizes the
results of cardiopulmonary exercise testing in all patients. After twelve weeks of treatment, patients treated with sildenafil had greater reductions in peak heart rate (-8
(95% CI -14.97 to -1.03) bpm vs. 3.8 (95% CI -1.71 to 9.34) bpm, p = 0.009), peak
systolic (-13.8 (95% CI -22.04 to -5.47) mm Hg vs. 6 (95% CI -5.10 to 17.00) mm Hg,
p = 0.03) and peak diastolic blood pressure (-7.3 (95% CI -13.60 to -1.07) mm Hg vs.
1.7 (95% CI -3.49 to 6.82) mm Hg, p = 0.025). VE/VCO2 slope remained unchanged
in the sildenafil group (0.3 (95% CI -1.37 to 1.98)), while it decreased by 7.6 (95% CI
-12.97 to -2.25) in the placebo group (p = 0.002).

Effects of sildenafil on laboratory parameters
After 12 weeks of treatment, we found a difference in hemoglobin levels between the
sildenafil and placebo group (7.8±0.7 mmol/L vs. 8.5±0.7 mmol/L, p = 0.001) and a
significance difference in change from baseline to week 12 (-0.2 (95% CI -0.56 to 0.13)
mmol/L vs. 0.3 (95% CI 0.05 to 0.58) mmol/L, p = 0.016). At week 12 there was a
significant difference in CRP levels between sildenafil (8.2 [7-9.9] mg/L) and placebo
(2.1 [1.2-4.2] mg/L, p = 0.005), but there was no difference in treatment effect (6 (95%
CI -3.87 to 15.92) mg/L vs. 0.1 (95% CI -0.87 to 1.04) mg/L, p = 0.219). After 12 weeks
of treatment, there was a significant difference in treatment effect on HbA1c between
sildenafil (-0.2 (95% CI -0.36 –to 0.01) %) and placebo (0.1 (95% CI -0.051 to 0.32)
%, p = 0.011, Table 4). At week 12, there was no difference in treatment effect on renal
function between sildenafil (7.3 (95% CI 1.52 to 13.18) umol/L) and placebo (6.9 (95%
CI -2.65 to 16.48) umol/L, p = 0.936).

5.7 [5.4-7.9]

6.2 [5.9-6.7]

HBA1C (%)

6 [5.7-6.3]

6.4 [5.6-7.2]

956 [536-1858]

8.1 [6.3-11.3]

97 [74.2-115.8]

194.5 [182-219.2]

17.5 [13-22.5]

23 [19.5-30]

2.9 [1.5-6.3]

8.2±0.9

Placebo

‡ difference between treatment arms at week 12 P = 0.001
‡‡ difference between treatment arms at week 12 P = 0.005

1109 [584-1928.2]

7.5 [6.1-8.9]

Urea (mmol/L)

Glucose (mmol/L)

90.5 [68-112]

Creatinine (umol/L)

NT-proBNP (ng/L)

17 [13.8-21.2]

204 [174-233]

LDH (U/L)

23 [20.8-26.5]

AST (U/L)

ALT (U/L)

7.9±0.9

5.8 [1.6-7]

Hemoglobin (mmol/L)

CRP (mg/L)

Sildenafil

Baseline

98.5 [78.8-115]
8.3 [7-12.4]
792.5 [520.8-1480.2]
6 [5.5-7.6]
6 [5.6-6.5]

91.5 [72-138.2]
7.3 [6-11.1]
1120 [412-1590]
6.2 [5.7-6.6]
6 [5.8-6.6]

1.4 (95% CI -3.29 to 5.99)

17 [12.5-25]
216.5 [187.8-239.2]

15 [12-18]

1.7(95% CI -0.96 to 4.43)

24 [20.5-31.5]

-0.2 (95% CI -0.36 –to 0.01)

-0.04 (95% CI -0.69 to 0.61)

-116.3 (95% CI –to 607.16 374.59)

0.8 (95% CI -0.19 to 1.76)

7.3 (95% CI 1.52 to 13.18)

7.4 (95% CI -5.23 to 20.05)

6 (95% CI -3.87 to 15.92)

22 [20-27]

-0.2 (95% CI -0.56 to 0.13)

8.5±0.7
2.1 [1.2-4.2] ‡‡

7.8±0.7

Sildenafil

Placebo

Placebo

0.1 (95% CI -0.051 to 0.32)

0.05 (95% CI -0.95 to 1.04)

-123.9 (95% CI -343.14 to 95.32)

1.1 (95% CI -0.22 to 2.41)

6.9 (95% CI -2.65 to 16.48)

8.2 (95% CI -5.77 to 22.27)

0.9 (95% CI -1.60 to 3.31)

0.2 (95% CI -2.05 to 2.55)

0.1 (95% CI -0.87 to 1.04)

0.3 (95% CI 0.05 to 0.58)

Treatment effect

8.2 [7-9.9]

Sildenafil

Week 12

195 [181-246]

Table 4 ○ Effect of sildenafil vs. placebo on laboratory parameters

0.011

0.881

0.977

0.696

0.936

0.926

0.846

0.652

0.219

0.016

P-value
treatment
effect
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50 [25-58]

46 [25-73]

Social Limitation

49 [31.8-60.8]

88 [63-100]

Self Efficacy Score

Quality of Life

Overall Summary Score

54 [33-64.8]

57.5 [43-66.5]

Symptom Frequency

Total Symptom Score

59 [53-74]

Symptom Stability

Symptom Burden

46 [33-58]

50 [50-50]

Physical Limitation

Sildenafil

50 [33-67]

56 [40-75]

50 [50-50]

36.5 [25-54]

Placebo

44 [29-64.5]

38 [25-69]

46 [33-64.8]

75 [63-88]

53.5 [37.8-70.8]

Baseline

58 [40-75]

53 [17.5-67.5]

50 [42-58]

88 [63-100]

73 [50-90]

67 [42-92]

75 [50-92]

50 [50-100]

54 [38-71]

Sildenafil

58 [42-85.2]

73 [56.5-80]

50 [50-75]

58 [40-77]

Placebo

61 [42-78.5]

58 [40-82]

67 [42-92]

88 [75-100]

59.5 [50.8-82.2]

Week 12

Table 5 ○ Effect of sildenafil vs. placebo on Kansas City Cardiomyopathy Questionnaire domains

6.9 (95 % CI -0.82 to 14.53)

4.9 (95 % CI -6.88 to 16.68)

6.7 (95 % CI -1.48 to 14.82)

-2.3 (95 % CI -15.09 to 10.52)

7 (95 % CI -3.14 to 17.04)

10 (95 % CI -1.51 2 to 1.51)

4.3 (95 % CI -5.07 to 13.64)

8.3 (95 % CI -8.29 to 24.95)

10.9 (95 % CI 4.23 to 17.49)

Sildenafil

Placebo

14.3 (95 % CI 5.87 to 22.72)

9.4 (95 % CI -0.96 to 19.78)

16.1 (95 % CI 5.65 to 26.52)

8.9 (95 % CI -1.96 to 19.71)

12 (95 % CI 3.10 to 20.90)

9.5 (95 % CI 0.37 to 18.55)

14.5 (95 % CI 4.05 to 25.03)

9.4 (95 % CI 0.67 to 18.08)

15.2 (95 % CI 7.51 to 22.84)

Treatment effect

0.183

0.705

0.254

0.144

0.295

0.801

0.279

0.641

0.39

P-value
treatment effect
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Kansas City Cardiomyopathy Questionnaire
Table 5 summarizes the effect of sildenafil compared with placebo on the KCCQ
domains. After 12 weeks of treatment, we observed improvements in all domains in
sildenafil and placebo treated patients, but there were no statistical significant differences between both groups.

Discussion
In a recent placebo-controlled study, we showed that sildenafil does not affect invasive
hemodynamics (pulmonary artery and wedge pressures, and cardiac output), in patients with HFpEF and concomitant predominantly isolated post-capillary pulmonary
hypertension.8 In the present study we report the secondary endpoints of that study,
i.e. cardiac structure and function, parameters of cardiopulmonary exercise testing,
laboratory parameters and quality of life, and that sildenafil also does not improve
these parameters. Therefore, these data do not provide evidence for a role of sildenafil
in patients with HFpEF and concomitant predominantly isolated post-capillary pulmonary hypertension.
Pulmonary hypertension is a clinical and hemodynamic condition that is increasingly
recognized as a significant complication of HFpEF. Pulmonary hypertension due to
HFpEF is associated with more severe symptoms and a poorer prognosis.9-11 Passive backward transmission of filling pressures result in longstanding pulmonary
venous congestion.4,12,13 Pulmonary venous congestion may cause alveolar capillary
stress failure and remodeling, hypertrophy and fibrotic changes of the pulmonary
vasculature.14,15 This may lead to endothelial dysfunction, resulting in reduction of
endothelium-derived nitric oxide (NO), desensitization to natriuretic peptides, and
elevated levels of endothelin-1.12,16,17 Therefore, treating pulmonary hypertension due
to left sided heart disease with agents approved for pulmonary arterial hypertension4
focusing on these targets has become of interest of recent clinical trials. Sildenafil
is a potent PDE-5 inhibitor that has been shown to inhibit the degradation of cGMP
to guanosinemonophosphate, thereby increasing NO mediated vasodilatation.18,19 In
normal cardiac tissue, PDE-5 expression is relatively low, but in conditions of cardiac
stress and the failing heart, PDE-5 expression is increased.20-24 Evidence from rodents
suggest that inhibition of PDE-5 exerts cardiac protective, anti-hypertrophic and
anti-remodeling effects.25,26 In a right-ventricular (RV) pressure overload rat model,
sildenafil had beneﬁcial, afterload-independent effects. Sildenafil improved RV function, prevented dilatation of the RV, reduced wall stress and attenuated the decrease
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exercise tolerance.27 Even in rats with established RV dysfunction, sildenafil improved
RV ejection fraction, reduced end-diastolic pressure and attenuated RV ﬁbrosis.28 In
healthy humans, PDE-5 inhibition by sildenafil suppresses beta-adrenergic-stimulated
cardiac contractility.29 These results suggest that sildenafil may not only improve
pulmonary vascular tone, but also has a beneficial effect on the cardiac system. It was
therefore hypothesized that treatment with sildenafil results in beneficial outcomes in
patients with HFpEF and concomitant pulmonary hypertension.
We recently conducted a clinical randomized placebo-controlled study of sildenafil
in 52 patients with HFpEF and concomitant pulmonary hypertension, and did not
observe any beneficial effects on mean PAP, mean PAWP, cardiac output and peak
VO2, suggesting no role of sildenafil in the treatment of these patients. However, we
only presented limited data in the primary paper, and the present study was therefore
performed to study potential treatment effects of sildenafil on additional pre-defined
endpoints in these patients. In the current analysis, we did not observe a treatment
effect on cardiac structures or function. This in contrast to the study by Guazzi et al.,
who demonstrated beneficial cardiac effects after one year treatment with sildenafil in
patients with HFpEF and pulmonary hypertension. A potential explanation has previously been addressed8: we included typical HFpEF patients with severe symptoms and
a poor prognosis10, whereas Guazzi et al. included men in sinus rhythm with fewer
co-morbidities and a better prognosis, but with profound right ventricular systolic
dysfunction and right ventricular failure30 and higher pulmonary vascular resistance.
The other, much larger previous clinical trial investigating the effect of sildenafil in
HFpEF patients, is the RELAX trial by Redfield et al. including 216 stable outpatients
HFpEF patients, that showed no beneficial effects of sildenafil on exercise capacity.31
In a subgroup of the RELAX trial including 48 HFpEF patients, 24 weeks of treatment
with sildenafil resulted in a significant greater reduction in Ea, peak power index and
stroke work index, compared with placebo.32 Yet, no consistency in treatment effect
on other cardiac parameters were observed as was reported by Guazzi et al33 and the
p values were not corrected for multiple comparisons in this subgroup analysis of the
RELAX-study.
One could suggest that the treatment period in our study had been too short to observe
cardiac effects of sildenafil. However, in a study including 59 men with nonischemic
diabetic cardiomyopathy 12 weeks treatment with sildenafil 100 mg daily resulted in
improvements in LV torsion and strain, and in mass to volume ratio compared with
placebo.34 These results suggest that short-term effects of sildenafil are to be expected
and that treatment for 12 weeks should have been sufficient to observe even cardiac
effects. In our study, we did not observe invasive hemodynamic effects, even though
sildenafil has been shown to induce short-term hemodynamic effects.35,36 Indeed, in a
single-blind and placebo-controlled study including 26 patients with resistant hyper-
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tension, short term administration of sildenafil (37.5, 50 and 100 mg) at 30 minute
intervals resulted in improvements in hemodynamic parameters, but also in improvements in diastolic function (reductions in LAV, IVRT, E/e’lateral and E/e’septal).36 The
absence of beneficial hemodynamic effects may explain the lack of effect on cardiac
function and structure of sildenafil in our study.
We observed a difference in hemoglobin and Hb1Ac levels between the two study
groups after treatment for 12 weeks. There was however no difference in medication
use, particularly diuretics, during the study period and thus there is no indication that
there was more fluid retention, which may explain lower hemoglobin levels, among
sildenafil treated patients. Concerning the difference in HbA1c levels, there is some
evidence that sildenafil has beneficial effects on glucose metabolism: treatment with
sildenafil has been shown to improve insulin action in mice.37 Chronic therapy with
sildenafil (100 mg daily) for three months in 28 type 2 diabetic mellitus male patients
resulted in decreased P-selectin (p < 0.05), postprandial glycemia (p < 0.01), HbA1c
(p < 0.01), low-density lipoprotein cholesterol (p < 0.01) and increased high-density
lipoprotein (p < 0.05), suggesting improvement in endothelial function and consequently, better metabolic control. 38
In our study population, many patients voluntary terminated the pulmonary exercise
test before they reached a RQ ≥ 1, even though they felt exhausted. Only a few patients
reached a RQ ≥ 1 at both baseline and week 12. This formed a major limitation in
investigating peak oxygen consumption, since the RQ is used as a criterion to validate
maximal effort in chronic heart failure.39,40 Other parameters of cardiopulmonary
exercise testing, such as VE/VCO2 slope and oxygen uptake efficiency slope, have
emerged as maximal-effort-independent predictors of exercise capacity and prognosis.41-43 When VE/VCO2 slope was analyzed including all patients irrespective of
RQ ≥ 1, we found that the minute ventilation/carbon dioxide slope was significantly
decreased in the placebo group after 12 weeks of treatment, while it remained unchanged in the sildenafil group. Increased VE/VCO2 slope has been associated with
prognosis in heart failure.44-46 A large multicenter study including 1728 systolic heart
failure patients demonstrated that both peak VO2 and the VE/VCO2 slope remain
strong prognostic predictors of cardiac related events, such as death, left ventricular
assist device implantation, and heart transplantation, regardless of RQ, but that the
VE/VCO2 slope provided greater prognostic discrimination.46 Patients treated with
sildenafil also showed a reduced peak heart rate, peak systolic and diastolic blood
pressure, compared with patients treated with placebo. In addition, fewer patients
treated with sildenafil had a RQ ≥ 1 at both baseline and week 12. This may also suggest that patients treated with sildenafil were unable to give a maximal effort during
cardiopulmonary exercise testing.
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Taken together, our results suggest that 12 week treatment with sildenafil has no beneficial effects in patients with HFpEF with pulmonary hypertension. It should be noted
that we included old, fragile, severe, symptomatic heart failure patients. Considering
underlying pathophysiological mechanisms, pulmonary hypertension may be a sign
of advanced stage of HFpEF. In this stage, the disease may have progressed too far to
respond to any treatment. Thus, recognizing pulmonary hypertension at an early stage
in these patients may be important to avoid delay in treatment including optimizing
medication for arterial hypertension. Also, based on logical biological rationale, the effects of sildenafil may only have major impact in HFpEF and pulmonary hypertension
patients, who also have significant pre-capillary component of pulmonary hypertension. This may also explain why sildenafil is successful in the treatment of pulmonary
arterial hypertension, as the NO pathway (in addition to the prostacyclin pathway and
endothelin-1 pathway) is significantly activated.47 However, our study population had
predominantly post-capillary pulmonary hypertension and only a minority had postand pre-capillary pulmonary hypertension. As we screened from a broad population
of HFpEF patients with high likelihood of pulmonary hypertension8, this observation
suggest that the incidence of HFpEF patients with pulmonary hypertension with
significant pre-capillary component of pulmonary hypertension among already severe
symptomatic HFpEF patients is low.
In addition to the limitations of post-hoc analyses, the present study has several limitations. This was a small study with limited power and the study was not primarily
designed to study these specific effects. In addition, we did not correct p values for
multiple comparisons. According to different methods of correction (i.e. bonferroni
method, binomial test), our results may therefore have been found by chance.
In summary, in this randomized placebo controlled study we can conclude that treatment with sildenafil did not improve cardiac structure and function, cardiopulmonary
exercise testing and health-related quality-of-life measures. These data do not support
the use of sildenafil in patients with HFpEF and concomitant predominantly isolated
post-capillary pulmonary hypertension.
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Appendix

Table S1 ○ Number of missing values echocardiographic parameters
Baseline

Week 12

Treatment effect

Sildenafil

Placebo

Sildenafil

Placebo

Sildenafil

Placebo

6

6

12

7

14

11

Interventricular Septum (mm)

1

0

7

3

7

3

Left Ventricular Posterior Wall (mm)

1

0

7

3

7

3

Structural changes
Left Atria
Left Atrial Systolic Volume (ml)
Left Ventricle

Left Ventricular End Diastolic Diameter (mm)

1

0

7

3

7

3

Left Ventricular End Systolic Diameter (mm)

2

0

7

3

7

3

Right Ventricular Apical End Diastolic Diameter (mm)

5

0

9

3

13

3

Right Ventricular Wall Thickness (mm)

5

3

6

7

11

8

0

0

5

3

5

3

Right ventricle

Systolic function
Left ventricle
LVEF Eyeballing (%)
Right ventricle
TAPSE (mm)

1

1

5

3

6

4

S RV (cm/sec)

3

3

6

5

9

7

E/A Ratio

12

14

17

16

17

17
6

Diastolic function
Left ventricle
Isovolumetric Relaxation Time (msec)

2

3

5

3

6

Deceleration Time (msec)

1

0

6

3

6

3

e’ Maximal Velocity Mean (cm/sec)

3

1

6

3

9

4

E/e’

0

0

6

3

6

3
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Table S2 ○ Number of missing values cardiopulmonary exercise test measurements all patients
Baseline

Heart Rate Start (bmp)

Week 12

Sildenafil

Placebo

Sildenafil

Placebo

2

1

9

4

Treatment effect
Sildenafil

Placebo

9

4

Heart Rate Peak (bmp)

2

1

9

4

9

4

Systolic Blood Pressure Start (mm Hg)

2

1

9

4

9

4

Diastolic Blood Pressure Start (mm Hg)

2

1

10

4

10

4

Systolic Blood Pressure Peak (mm Hg)

3

2

9

4

10

5

Diastolic Blood Pressure Peak (mm Hg)

3

2

10

4

11

5

Workload (Watt)

3

2

10

5

11

6

O2/HR (ml)

2

1

9

4

9

4

VE/VCO2 Slope

2

5

9

8

9

12

Anaerobic Threshold (ml/min/kg)

8

16

14

10

15

18

Table S3 ○ Number of missing values laboratory parameters
Baseline

Week 12

Treatment effect

Sildenafil

Placebo

Sildenafil

Placebo

Sildenafil

Placebo

Hemoglobin (mmol/L)

1

0

5

2

6

2

CRP (mg/L)

9

11

10

13

12

14

AST (U/L)

2

3

5

3

7

6

ALT (U/L)

2

2

5

3

6

5

LDH (U/L)

5

2

5

4

9

6

Creatinine (umol/L)

0

0

6

2

6

2

Urea (mmol/L)

0

0

5

2

5

2

NT-proBNP (ng/L)

0

1

5

2

5

3

Glucose (mmol/L)

1

1

6

3

6

4

HBA1C (%)

8

6

7

7

12

12
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Table S4 ○ Number of missing values Kansas City Cardiomyopathy Questionnaire domains
Baseline
Sildenafil

Week 12

Placebo

Sildenafil

Placebo

Treatment effect
Sildenafil

Placebo

Physical Limitation

0

0

5

3

5

3

Symptom Stability

0

0

5

2

5

2

Symptom Frequency

0

0

5

2

5

2

Symptom Burden

0

0

5

2

5

2

Total Symptom Score

0

0

5

2

5

2

Self Efficacy Score

0

0

5

2

5

2

Quality of Life

0

0

5

2

5

2

Social Limitation

0

1

6

3

6

4

Overall Summary Score

0

0

5

2

5

2

6
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Abstract

Introduction	The mineralocorticoid receptor antagonists (MRAs) spironolactone
and eplerenone reduce the risk of hospitalizations and mortality in
patients with heart failure with reduced ejection fraction (HFrEF), and
attenuate progression of diabetic kidney disease. However, their use
is limited by the fear of inducing hyperkalemia, especially in patients
with renal dysfunction. Finerenone is a novel non-steroidal MRA, with
higher selectivity towards the mineralocorticoid receptor compared to
spironolactone and stronger mineralocorticoid receptor binding affinity
than eplerenone.
Areas	This paper will discuss the chemistry, pharmacokinetics, clinical efficacy
covered
and safety of finerenone.
Expert	The selectivity and greater binding affinity of finerenone to the
opinion
mineralocorticoid receptor may reduce the risk of hyperkalemia and
renal dysfunction and thereby overcome the reluctance to start and
uptitrate MRAs in patients with heart failure and diabetic kidney disease.
Studies conducted in patients with HFrEF and moderate chronic kidney
disease, and diabetic kidney disease showed promising results. Phase
III trials will have to show whether finerenone might become the third
generation mineralocorticoid receptor antagonist for the treatment of
heart failure and diabetic kidney disease.
Key words	Aldosterone, non-steroidal mineralocorticoid receptor antagonist,
heart failure, chronic kidney disease, diabetic kidney disease, diabetic
nephropathy, finerenone, BAY 94-8862
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Introduction
To date, only two steroidal compounds of mineralocortocoid receptor antagonists
(MRAs) have been developed for therapeutic use. Spironolactone represents the
first-generation MRA and was introduced in 1960.1 Spironolactone is highly potent,
but is structurally similar to progesterone, thereby allowing sex-steroid receptor
cross-reactivity. Its administration is therefore often accompanied with associated
adverse effects such as gynecomastia, impotence and menstrual irregularities.2,3 The
second-generation MRA, eplerenone, has improved selectivity, but showed a relatively
low affinity.4,5 Despite the evidence for their benefit in two common diseases in developed countries which are closely interrelated - heart failure (HF) and chronic kidney
disease (CKD),6-13 MRAs are under-used (Table 1).14-18 One would expect that these low
numbers are owed to their characteristic side effects.3,19,20 However, the aftermath of
the Eplerenone in Mild Patients Hospitalization And Survival Study in Heart Failure
(EMPHASIS-HF) study demonstrated that eplerenone was at least as beneficial in
high risk patients – including patients older than 75 years, patients with a history of
diabetes mellitus, patients with renal dysfunction and hypotensive patients – as in
the other patients, without an increase in risk of serious hyperkalemia or worsening
renal function.21 In fact, the absolute reduction in mortality by eplerenone was even
higher in high risk patients, compared to patients at low risk (4.1 vs 1.0 death per
100 patient-years).22 These results make it difficult to understand why MRAs remain
under-utilized, as the concern of developing of hyperkalemia and worsening renal
function seems unjust.
These limitations have stimulated further research to a more cardioselective MRA with
less renal side effects, resulting in the development of finerenone (BAY 94-8862).23
In this review, we discuss properties of finerenone and its possible use in HF and
diabetic kidney disease.

Aldosterone and the mineralocortical receptor
One of the well-known actions of aldosterone is Na + reabsorption and K+ excretion in
the distal nephron, in order to maintain electrolyte balance and volume homeostatis.24
Besides sodium retention, aldosterone also induces a variety of pathologic processes
leading to inflammation, remodeling and fibrosis.25,26 Activation of the mineralocorticoid receptor (MR) by aldosterone may also have a direct vasoconstrictor effect of the
vascular wall.27-29 Also, aldosterone has been shown to elicit direct renal tissue damage, resulting in increased proteinuria/albuminuria.30-33 Excessive levels of aldoste-
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Drug summary Box
Drug name

Finerenone (BAY 94-8862)

Stage of development

Phase II

Indication

heart failure with mild/moderate chronic kidney dysfunction and diabetic kidney disease

Mechanism of action

Non-steroidal mineralocorticoid receptor antagonist

Route of administration

Oral

Chemical structure

Pivotal trials

Phase II randomized controlled trial in heart failure patients with mild/moderate chronic
kidney dysfunction, consisting of two parts
Part A: safety, tolerability and renal effects of oral finerenone (2.5, 5, 10 mg once daily)
compared with placebo
Part B: change in serum potassium after treatment with oral finerenone compared with
placebo, and spironolactone (25 mg, 50 mg).
In total 457 patients received study medication (part A: 65, part B: 392). 5 and 10 mg/
day finerenone decreased levels of BNP, NT-proBNP and albuminuria to at least in the
same degree as spironolactone 25 or 50 mg/day, while the incidence of hyperkalemia and
worsening renal function was lower compared with the spironolactone treated group.50
Phase IIb randomized controlled trial in patients with type 2 diabetes mellitus and a
clinical diagnosis of DN who were receiving a RAS inhibitor
In total 823 were randomized to oral finerenone 1.25 – 20 mg or placebo once daily.
Treatment with finerenone resulted in a dose-dependent reduction of UACR at day 90,
with significant reductions in patients treated with finerenone 7.5 – 20 mg.87

rone, result in conditions as HF, hypertension and CKD,34-38 and inhibiting the activity
of the renin-angiotensin-aldosterone system (RAAS) results in improved outcomes.
However, treatment with angiotensin converting enzyme inhibitors (ACEi) or aldosterone receptor blockers (ARB) may not block the RAAS sufficiently, as several studies
demonstrated that patients treated with these agents still have high aldosterone
levels.39-43 This ‘aldosterone breakthrough’ may contribute to the progression of renal
and cardiovascular dysfunction.43-46 Patients experiencing aldosterone breakthrough
during treatment with RAAS inhibiting agents may therefore benefit from treatment
with MRAs.
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Table 1 ○ Use of mineralocorticoid receptor antagonist in heart failure
Author,
Publication
Date

Acronym

Period

n

Study
population

Medication use at
admission (AHF)/
baseline(CHF)

Medication use at
discharge

Ref.

Nieminen et
al., 2006

EHFS II

20042005

3580

Patients
hospitalized
for AHF

Beta-blockers: 43%
ACEi: 55%
MRA: 28%

Beta-blockers:61%
ACEi: 71%
MRA: 48%

13

Maggioni et
al., 2010

ESC-HF
Pilot

20092010

5118

Patients
admitted for
AHF, and
patients with
CHF

AHF:
Beta-blockers: 62%
ACEi/ARBs: 60%
MRA: 33%
CHF:
Beta-blockers: 86.7%
ACEi/ARBs: 88.5 %
MRA: 43.7%

AHF:
Beta-blockers: 80%
ACEi/ARBs:78 %
MRA: 55%

14

Fonarow et.
al., 2008

IMPROVEHF

20052007

15381

Patients with
CHF

CHF:
Beta-blockers: 86%
ACEi/ARBs: 80 %
MRA: 36%

Albert et al.,
2009

GWTG-HF

20052007

43625

Patients with
AHF

unknown

Beta-blockers: 89.7%
ACEi/ARBs: 89.0 %
MRA: 32.5%

16

Krantz et
al.,2011

GWTG-HF

20092010

9474

Patients with
AHF

Beta-blockers: 72.6%
ACEi/ARBs: 65.3 %
MRA: 15.6%

Beta-blockers: 94.6%
ACEi/ARBs: 92.9 %
MRA: 32.2%

17

Europe

United States
15

Abbreviations: ACEi: Angiotensin converting enzyme inhibitor; AHF: Acute heart failure; ARB: Angiotensin receptor blocker; CHF: Chronic heart failure; HF: Heart failure; MRA: Mineralocorticoid receptor antagonist.

Chemistry of finerenone
Ultra-high-throughput-screening revealed that 1.4-dihydropyridines possess MR
antagonistic activity in vitro23 – an interesting observation as dihydropyridines (DHP)
were known for their activity to antagonize L-type calcium channel (nifedipine,
nimodipine, amlodipine).23 DHP 1 was identified as a primary candidate, since the
compound demonstrated promising selectivity over the glucocorticoid receptor (>20
fold), but also over the androgen and progesterone receptor. However, DHP 1 was
associated with a low metabolic stability and a significant interaction with the L-type
calcium channel, and was therefore further explored. The first step in success of the
development of finerenone was achieved by replacement of the chromenone head
group with a 4-cyano-2-methoxyphenyl moiety in the naphthyridene series, which can
be considered as conformationally frozen bioisosteres of 1.4-DHP esters, resulting
in the dihydronaphthyridine series.23 Chiral high performance liquid chromatography
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resolution led to a more active enantiomer. Then a methyl group was introduced at
C8, followed by replacement of the C3 cyano group by a primary amide. This final step
led to a compound with greater potency and selectivity: finerenone. Finerenone is a
potent non-steroidal MRA with an half maximal inhibitory concentration (IC50) of 18 nM
(spironolactone: 24 nM, eplerenone: 990 nM) with exceptional selectivity versus the
glucocorticoid receptor, androgen receptor and progesterone receptor (> 500-fold).23
Finerenone demonstrated no L-type Ca2+ channel activity (IC50 > 10 µM).23 The specificity was demonstrated as it showed no significant effects on 65 different enzymes and
ion channels. In rats, finerenone has a low blood clearance and long half-life (0.014 L
h-1kg-1 and 8.5 h).23 Compared with eplerenone, finerenone showed more natriuretic
effects as it exhibits a three-to tenfold greater potency and higher efficacy.23

Pharmacodynamics
Similar to spironolactone and eplerenone, finerenone competitively antagonizes the
MR. In rodents, finerenone showed both cardiac and renal protection (Table 2). Compared to eplerenone, finerenone resulted in more pronounced end organ protective
activity reflected by higher dosages of eplerenone being needed to achieve similar
effects.47,48
In healthy males, finerenone reversed the diminishing effect of fludocortisone on urinary sodium/potassium ratio and resulted in dose-dependent natriuresis compared
to eplerenone 50 mg.49
In HF patients with mild-to-moderate CKD, finerenone dose-dependently increased
serum aldosterone levels, but decreased Brain Natriuretic Peptide (BNP) and Nterminal prohormone of BNP (NT-proBNP) levels, and urinary albumin creatinine
ratio. 50 Although treatment with finerenone resulted in a rise in potassium and a decrease in estimated glomerular filtration rate (eGFR), these changes were significantly
smaller than in the spironolactone group (Figure 1).50

Pharmacokinetics
Finerenone is administrated as oral, immediate-release tablet. In healthy humans,
the plasma half-life of finerenone is approximately 2 hours, which is lower than the
half-lives of the active metabolites of spironolactone, and eplerenone (respectively
>12 hours and 3-5 hours).4,49-55 Quantitative whole-body autoradiography of rodents
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Figure 1 ○ Results from the ARTS-study A) Mean change from baseline in serum potassium concentration in patients receiving finerenone, placebo, or spironolactone B) Mean change from baseline in the estimated glomerular
filtration rate in patients receiving finerenone, placebo, or spironolactone. Reprinted with permission from Oxford
University Press. ARTS: Mineralocorticoid Receptor Antagonist Tolerability Study; b.i.d.: Twice daily; eGFR: Estimated glomerular filtration rate; q.d.: Once daily; SD: Standard deviation.
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Table 2 ○ Pre-clinical finerenone studies
Author,
Publication
Date

Animal model

Treatment arms

n

Results

Kolkhof
et al.,
2012

Spontaneously
hypertensive, stroke
prone male rats on
high salt diet

Finerenone
-10 mg/kg/day
Eplerenone
-30 mg/kg/day
Spironolactone
-30mg/kg/day
Vehicle

12 per
group

Finerenone resulted in reduction in mortality,
compared to placebo.
Finerenone reduced urinary/protein ratio,
compared to vehicle group (0.4 ± 0.03 vs. 1.99
± 0.40), urinary osteopontin protein and mRNA
in kidneys, reduction of vascular, glomerular and
tubule-interstitial damage.
No mortality benefit , nor reduction in
osteopontin concentration and vascular,
glomerular and tubule-interstitial damage were
observed in eplerenone or spironolactone group.

Kolkhof et
al., 2014

Sprague-Dawley rat
hypertensive-driven
heart failure model
(deoxycorticosterone
acetate/salt model)

Finerenone
- 0.1mg/kg/day
-1 mg/kg/day
-10 mg/kg/day
Eplerenone
-30 mg/kg/day
-100 mg/kg/day
Vehicle

7-12
per
group

Finerenone reduced systolic blood pressure and
heart weight-to-body weight ratio, proBNP levels
and resulted in a dose-dependent protection from
structural heart injury.
Also, finerenone resulted in functional as well as
structural protection from kidney injury. Relative
kidney weights were decreased and proteinuria
was dose-dependently reduced by treatment with
finerenone. In addition, treatment with finerenone
dose-dependently protected from glomerular,
tubular and vascular damage, and reduced
expression of remodeling marker genes PAI-1,
MCP-1, OPN, MMP-2.
More pronounced end organ protective activity
was observed in finerenone treated rats compared
to eplerenone treated rats.

46, 47

Male Wistar rats with
heart failure induced
by left anterior
descending coronary
artery ligation

Finerenone
-0.1 mg/kg/day
-0.3mg/kg/day
-1 mg/kg/day
Eplerenone
-100 mg/kg/day
Vehicle

10-14
per
group

Finerenone improved left ventricular systolic
dysfunction in heart failure – terms of contractility
(dp/dtmax) and relaxation (dp/dtmin).
Finerenone reduced plasma pro-BNP levels.
Osteopontin levels dose-dependently decreased
by finerenone.

47, 98

Delbeck et
al., 201
(abstract)

Kolkhof et
al., 2014
AlbrechtKuepper
et al., 2012
(abstract)

Ref.

97

Abbreviations: MCP-1: Monocyte chemoattractant protein; MMP-2: Matrix metalloproteinase; OPN: Osteopontin; PAI-1: Plasminogen activator inhibitor-1; proBNP: Pro-brain natriuretic peptide.

revealed that finerenone is distributed equally into cardiac (4409 ug-eq/L) and renal
tissue (3782 ug-eq/L). This is in contrast to spironolactone and eplerenone, which have
respectively, a six-fold and three-fold higher renal drug concentration in comparison
to cardiac concentrations.48,52,54 This unequal distribution may explain the pronounced
pharmacologic effects of all steroidal MRAs in the kidneys in relation to the effects in
the heart. Indeed, the doses of a steroidal MRA needed to induce natriuresis or renal
electrolyte handling in rats, are actually lower than the doses needed to achieve cardiac
protective effects – in terms of relative heart weight reduction and BNP reduction.56-59

Finerenone in Heart Failure and Diabetic Kidney Disease ○

187

Clinical efficacy

Heart failure
In current HF guidelines, MRAs are recommended in all patients with HFrEF who
are still symptomatic (New York Heart Association (NYHA) II-IV) despite treatment
with diuretics, ACEi and beta-blockers.60 The Randomized Aldactone Evaluation Study
(RALES) evaluated the effect of spironolactone versus placebo in severe symptomatic
(NYHA III-IV) patients with chronic HF with reduced ejection fraction. RALES was the
first trial to demonstrate mortality benefit of a MRA in HF patients.8 The Eplerenone
Post-Acute Myocardial Infarction Heart Failure Efficacy and Survival Study (EPHESUS)
demonstrated that treatment with eplerenone also resulted in improved outcomes in
patients with acute myocardial infarction complicated by HF due to left ventricular
dysfunction.13 This study was followed by EMPHASIS-HF.6 During EMPHASIS-HF, patients with NYHA II heart failure were randomly assigned to eplerenone (up to 50 mg
daily) or placebo. The trial was terminated early due to distinct benefit of treatment
with eplerenone after a median follow-up of 21 months. Despite recommendations of
current guidelines, widespread prescription of these steroidal MRAs is limited. Several
observational studies illustrate the under-use of MRA among HF patients (Table 1).14-18
In the largest observational study, only 32.5% of eligible patients received a MRA at
hospital discharge, while 89.7% and 89.0% patients received beta-blockers and ACEi
and ARB respectively. One would expect that the concern of hyperkalemia and renal
dysfunction was the main reason of the modestly use of MRAs. However, inappropriate use was rare: 3.1% had at least a documented contraindication, serum creatinine
level ≥ 3.0 mg/dL or greater, or a serum potassium level ≥ 6.0 mEq/L.
The safety and tolerability of finerenone was recently investigated during the minerAlocorticoid-Receptor Antagonist Tolerability Study (ARTS) in patients with chronic HF and
mild/moderate CKD.50,61 A total of 457 patients were randomized to finerenone, placebo
or spironolactone and received study drug for 4 weeks. Treatment with 5 and 10 mg
finerenone per day was associated with less increase of serum potassium and slower
renal function decline, compared to spironolactone 25 or 50 mg per day, while the reduction in BNP, NT-proBNP levels and albuminuria were at least similar50 (Figure 2). Following these positive outcomes, the MinerAlocorticoid Receptor antagonist Tolerability
Study-Heart Failure (ARTS-HF) was initiated (NCT01807221), investigating the effects
of finerenone in patients with worsening chronic systolic HF and type 2 diabetes and/
or chronic kidney disease. In this phase IIb trial, the treatment effect of finerenone on
NT-proBNP levels will be compared to eplerenone in patients with worsening chronic
HF and either type II diabetes with or without CKD or chronic kidney disease alone.
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Figure 2 ○ Change from baseline in serum BNP (A: median change), NT-proBNP (B: median change),
UACR (C: geometric mean change), and serum aldosterone in the ARTS-study. BNP, Brain natriuretic peptide;
IQR, inter-quartile range; NT-proBNP, N-terminal prohormone of brain natriuretic peptide; UACR, urinary
albumin:creatinine ratio. Reprinted with permission from Oxford University Press.b.i.d.: Twice daily; BNP: Brain
natriuretic peptide; IQR: Interquartile range; NT-proBNP: N-terminal prohormone of brain natriuretic peptide;
q.d.: Once daily; UACR: Urinary albumin:creatinine ratio.
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Diabetic kidney disease
With the growing worldwide prevalence of diabetes mellitus, diabetic kidney disease
is one of the common causes of CKD.62-64 RAAS activation, hypertension, hyperglycemia, dyslipidemia and proteinuria are established risk factors for progression of
diabetic kidney disease. There is accumulating evidence that aldosterone/MR signaling is involved in the development of renal injury, leading to glomerular and tubular
sclerosis independent of angiotensin II.30,31 The precise mechanism is yet unknown.
Aldosterone/MR signaling may have harmful effects on non-aldosterone-sensitive
kidney cells, such as mesangial cells and renal fibroblast31-33, and may induce apoptosis or alteration of adhesive capacity of podocytes, enhancing protein leakage.65-68 In
addition, animal studies revealed that aldosterone is involved in renal inflammation,
oxidative stress, fibrosis, and mesangial cell proliferation.69-72 ACEi, ARBs, and more
recently renin inhibitors, are frequently used in these patients. However, full doses
of these drugs slow down but do not stop renal function decline. MRAs have been
recognized as a novel approach to slow down residual CKD progression.73-78
Several studies have investigated the additional renal protective effects of MRA on top
of ACEi and/or ARB treatment in patients with diabetic kidney disease (Table 3). In
both type 1 and 2 diabetes patients with diabetic kidney disease receiving either ACEi
or an ARB, additive treatment with MRAs lowered urinary albumin/protein excretion
by 30 to 60%.11,79-87 (e)GFR declined significantly in most studies shortly after start
MRA treatment.11,82,83,85,86 Two of the longer term studies reported that eGFR stabilized
after the first months of treatment,11,83 which may indicate that the initial fall in eGFR
found in short term studies may be an acute and reversible hemodynamic effect on the
kidney, similar to the effects known from ACEi and ARBs.88,89 It should be noted that
there was substantial heterogeneity among the studies, not only in the type and dose
of the MRA that was used, but also with respect to the choice for control treatment
(placebo or ACEi or ACEi and ARB combination therapy). Furthermore, the results of
these studies cannot easily be extrapolated to the treatment of the general diabetic
population, as most studies were small, included high doses of MRAs and included
patients had in general preserved renal function (mean eGFR in all studies was >60
ml/min/1.73).
Recently, preliminary results of the MinerAlocorticoid Receptor Antagonist Tolerability
Study - Diabetic Nephropathy (ARTS-DN) study were presented, a large phase IIb
trial including 823 type 2 diabetes patients with diabetic kidney disease defined as
albuminuria of at least 30 mg/g and treated with a RAS blocker prior to the screening
visit, which investigated the safety and efficacy of different oral doses of finerenone.87
Patients were randomized to receive either 90 day treatment with placebo, or 1.25
mg, 2.5 mg, 5 mg, 7.5 mg, 10 mg, 15 mg or 20 mg finerenone, on top of standard care
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Table 3 ○ Clinical trials with mineralocorticoid receptor antagonists in diabetic kidney disease
Author,
Publication
Date

n

Study
population

Treatment arms

Results

Study
duration

Ref.

Schjoedt et
al. 2005

20

Type 1 DM

Crossover trial
with ACEi or ARB +
spironolactone 25 mg
vs placebo

30% reduction in albuminuria, no
significant difference in GFR, potassium
and 24-hour ambulatory blood pressure

2 x 2 months

79

Rossing et al.
2005

20

Type 2 DM

Crossover trial
with ACEi or ARB +
spironolactone 25 mg
vs placebo

33% reduction in albuminuria, 6 mmHg
reduction in systolic blood pressure,
potassium increase of 0.3 mmol/L, no
significant difference in GFR.

2 x 2 months

80

Schjoedt et
al. 2006

20

Type 1 and
type 2 DM

Crossover trial
with ACEi or ARB +
spironolactone 25 mg
vs placebo

32% reduction in albuminuria, 6 mmHg
reduction in systolic blood pressure,
no significant difference in GFR and
potassium

2 x 2 months

81

Epstein et al.
2006

268

Type 2 DM

Enalapril + placebo
vs
enalapril +
eplerenone 50 mg
vs
enalapril +
eplerenone 100 mg

42% and 50% reduction in albuminuria
for eplerenone 50 and 100 mg
respectively, vs 9% reduction in the
placebo group. No additional BP lowering
effect of eplerenone. eGFR reduction
in eplerenone groups (-2 to -4 ml/
min/1.73m2) No difference in incidence
of hyperkalemia between the three study
groups.

3 months

82

Van den
Meiracker et
al. 2006

59

Type 2 DM

ACEi or ARB +
Spironolactone 50
mg vs placebo

41% reduction in albuminuria, 7 mmHg
reduction in SBP, more eGFR decline
in the spironolactone group compared
to placebo during the first 3 months of
treatment, 0.5 mmol/L increase in serum
potassium.

1 year

11

Saklayen et
al. 2008

30

Type 2 DM

Crossover trial,
ACEi or ARB +
spironolactone 50 mg
(first month 25 mg)
vs placebo

57% reduction in proteinuria, 12 mmHg
reduction in SBP, eGFR decreased 7 ml/
min/1.73m2 during the first 30 days of
treatment and was stable during the
remainder of the trial. Serum potassium
increased 0.4 mEq/L

7 months

83

Mehdi et al.
2009

80

Type 1 and
type 2 DM

ACEi + losartan 100
mg vs spironolactone
25 mg vs vs placebo

34% reduction in albuminuria
(spironolactone compared to placebo),
no difference in SBP and eGFR between
the treatment arms. Serum potassium
higher and more hyperkalemia in the
active treatment arms compared to
placebo

1 year

84

Nielsen et al.
2012

21

Type 1 DM

Crossover trial,
ACEi or ARB +
spironolactone 25 mg
vs placebo

60% reduction in albuminuria, GFR
decreased 6 ml/min/1.73m2 during
the first 2 months of treatment with
spironolactone, no significant difference
in SBP or increase in serum potassium,
yet 6 patients experienced hyperkalemia
on spironolactone

4 months

85
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Table 3 ○ Clinical trials with mineralocorticoid receptor antagonists in diabetic kidney disease (continued)
Author,
Publication
Date

n

Study
population

Treatment arms

Results

Study
duration

Ref.

Esteghamati
et al. 2013

136

Type 2 DM

Enalapril (30-40 mg)
and losartan (50-100
mg) vs losartan
(50-100 mg) and
spironolactone 25 mg

After 1 year: 53% reduction in albuminuria
vs 20% reduction in ACEi+ARB group,
7 mmHg decrease in SBP, eGFR decline
of 7 ml/min/1.73m2, serum potassium
increase of 0.2 mEq/L, and 3 patients
on spironolactone experiencing
hyperkalemia. No hyperkalemia in the
ACEi+ARB group

1.5 years

86

Ruilope et al.
2015

823

Type 2 DM

ACEi or ARB +
finerenone (7 doses
ranging from 1.25 to
20 mg) vs placebo

Dose-dependent reduction in albuminuria
of 21 to 38% in the dose range of
finerenone 7.5 to 20 mg. 1.8% of patients
in the 7.5 to 20mg groups developed
hyperkalemia.

3 months

87

Abbreviations: ACEi: Angiotensin converting enzyme inhibitor; ARB: Angiotensin receptor blocker; BP: Blood pressure; DM: Diabetes mellitus; eGFR: Estimated GFR; GFR: Glomerular filtration rate; SBP: Systolic blood pressure.

which included a RAS blocker. Finerenone showed a dose-dependent reduction in the
primary endpoint of UACR at day 90, with significant reductions in the finerenone
7.5 – 20 mg groups. The top of the dose response curve was reached at the dose of
20 mg, with a UACR decrease of 38%. Safety variables in this study were change in
serum potassium, and incidence of hyperkalemia. Serum potassium increased by 0.11
mmol/L to 0.46 mmol/L in the 7.5 - 20 mg groups and hyperkalemia occurred in 1.8%
in the patients treated with finerenone 7.5 – 20 mg. In conclusion, the ARTS-DN trial
showed promising results, yet it must be noted that this was a study with short duration and the long-term effects of finerenone are to be investigated in a phase III study.

Safety and tolerability
Homeostasis of potassium is regulated by potassium excretion according to dietary
intake and potassium distribution between intracellular and extracellular fluid compartments.90 Under normal conditions, excessive intake of potassium does not lead
to hyperkalemia, as the kidney, the primary organ of potassium excretion, is able to
excrete a large amount of potassium.91 However, chronic kidney dysfunction can lead
to impaired renal potassium secretion and patients suffering from CKD thus have
a predisposition to a positive potassium balance, and are susceptible to develop
hyperkalemia.92,93 Aldosterone stimulates the activity of both Na,K-ATPase and H,K-
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ATPase, thereby promoting Na+ absorption and K+ secretion in the distal nephron.92,93
Hyperkalemia is therefore considered as one of the most important adverse effects
of MRA therapy.94 Although the risk of serious hyperkalemia can be minimized by
routine monitoring of potassium and renal function, with timely dose adjustment,
physicians are not eager to prescribe these drugs in patients with renal dysfunction.
Diabetic patients are considered to be even at higher risk for the development hyperkalemia due to insulin deficiency, hypertonity, and hyporeninemic hypoaldosteronism.95,96 In a proof-of-concept study and phase I study, finerenone was safe and well
tolerated.49,61 In the ARTS study, HF patients with mild/moderate CKD treated with
finerenone treated patients experienced a lower incidence of hyperkalemia (serum K+
≥ 5.8 mmol/L measured by central laboratory or serum K+ ≥ 5.2 mmol/L measured by
local laboratory) compared with spironolactone (5.3% vs. 12.7%, P = 0.048) after day
29 ± 2 days of treatment.50 Figure 1 summarizes the increases in serum potassium
between finerenone and spironolactone during the ARTS trial. To date, there are no
direct comparisons on the incidence of hyperkalemia between finerenone and eplerenone in HF patients. Nevertheless, the numbers of incidence of increased potassium
levels reported in previous studies may be used for observational comparison. In
the RALES trial, serious hyperkalemia (serum K+ ≥ 6.0 mmol/L) occurred in 3.9%
patients and hyperkalemia (serum K+ ≥ 5.5 mmol/L) occurred in 19% patients treated
with spironolactone during a mean follow-up period of 24 month (versus 1.2% and
5.6% respectively in the placebo group).97 In the EPHESUS trial, serious hyperkalemia
(serum K+ ≥ 6.0 mmol/L) occurred in 5.5% of patients after one year of treatment
with eplerenone group (versus 3.9% in the placebo group).13 In the EMPHASIS trial,
serious hyperkalemia (serum K+ > 6.0 mmol/L) occurred in 2.5% of patients and a
serum potassium level > 5.5 mmol/L occurred in 11.8% patients treated with eplerenone after a median follow-up period of 21 months (versus 1.9% and 7.2% respectively
in the placebo group).6 Thus, based on the numbers of the ARTS, EPHESUS and
EMPHASIS trials, the incidence numbers of hyperkalemia were 5.3% for finerenone,
12.7% for spironolactone and 11.8% for eplerenone. These numbers may indicate that
the incidence of hyperkalemia are lower with finerenone. It should be noted however,
that the treatment duration was different between these studies. Furthermore, the
incidence of hyperkalemia (serum potassium ≥5.6 mmol/L) in the ARTS-DN study
was only 1.5%, and only one case of serum potassium ≥6.0 mmol/L was observed.87
These observations underscore the safety profile of finerenone.
Previous studies describe that treatment with a MRA may induce worsening of renal function.6,98,98 In the ARTS trial, the incidence of renal failure was higher in the
finerenone group compared with placebo (1.5% vs. 0%), while the incidence of renal
impairment was lower (3.8% vs. 9.2%). Compared to spironolactone, the incidences
of renal failure and renal impairment were lower in the finerenone group (1.5% vs.
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7.9%, and 3.8% vs. 28.6% respectively). Mean change in eGFR in finerenone and
placebo treated patients in the ARTS-HF study are presented in Figure 1. Again, there
are no direct comparisons between finerenone and eplerenone with respect to the risk
of worsening renal function published. In the EPHESUS trial, eGFR declined gradually
by 4.6 ± 0.9 mL/min/1.73m2 and 2.7 ± 0.9 mL/min/1.73m2 in the eplerenone and
placebo groups.98 In the EMPHASIS trial, eGFR was reduced annually by 0.288 (95%
CI -0.395 to -0.182) mL/min per 1.73 m2 in the eplerenone group and was reduced by
0.066 (95% CI -0.174 to -0.042) mL/min per 1.73 m2 in the placebo group.99 A >20%
reduction of eGFR occurred in 30.1% of patients treated with eplerenone and in 24.4%
of patients treated with placebo.99 A >30% reduction of eGFR occurred in 14.0% of
patients treated with eplerenone and 16.1% of patients treated with placebo.99 At least
in comparison with spironolactone, the incidence of worsening renal function is lower
in patients treated with finerenone.

Conclusions
Finerenone, a non-steroidal MRA, could become the third generation MRA for the
treatment of HF and diabetic kidney disease. The first results with finerenone are
encouraging. MRAs improve prognosis in HF patients and attenuate progression of
renal impairment in patients with CKD, but the risk of hyperkalemia and worsening
renal function may limit prescriptions. Finerenone seems to exert the same beneficial
effects, with lower risks of renal dysfunction and hyperkalemia, compared with spironolactone and eplerenone. The first large phase IIb study of finerenone in patients
with diabetic kidney disease showed promising results with significant reduction of
albuminuria and a low rate of hyperkalemia, and the results of a large phase IIb study
in patients with HF are pending.

7
Expert opinion
The time-span of development of first to third generation MRA is remarkable. Since
the introduction of first MRA in 1960, it took half a century to develop a MRA with
improved potency and higher selectivity for the MR receptor. Compared to spironolactone and eplerenone, finerenone has a lower IC50 for the MR, indicating that finerenone
is a stronger MR antagonist. Further, the magnitude of selectivity of finerenone versus
other members of the oxo-steroid receptor family is higher compared to spironolac-
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tone, suggesting that the risk of developing progestogenic and antiandrogenic related
side effects during finerenone administration would be minimal. In addition, lower
doses of finerenone were needed to achieve similar cardiorenal protective effects compared to both spironolactone and eplerenone. Although these observations illustrate
improved potency, greater affinity and selectivity to the mineralocorticoid receptor
of finerenone, it needs to be established whether these differences will translate into
meaningful improvements in clinical outcome. Only a few animal studies have investigated the effects of finerenone. Interestingly, these pre-clinical studies demonstrated
that finerenone is equally distributed in cardiac and renal tissues in animals, in contrast to spironolactone and eplerenone, which have higher renal concentrations than
in the cardiac tissue.48 The lower concentration of finerenone in the kidney may be
an explanation for the lower incidence of hyperkalemia in patients. To date, there are
three clinical studies that have investigated the effects of finerenone in patients. The
first two studies included patients with chronic HF and mild or moderate CKD (with/
without diabetes). One of these two studies, was published in 2013, and included
457 HF patients. The other study, including approximately 1060 HF patients, was
recently completed, and results are now pending. The first results with finerenone are
promising. However, it should be noted that both studies were phase II studies, and
the primary endpoints were ‘soft’ endpoints (serum potassium, eGFR, albuminuria
and NT-proBNP levels). The third study was the ARTS-DN trial including 823 type 2
diabetes patients with diabetic kidney disease. The primary endpoint was also a ‘soft’
endpoint (UACR). Although MRAs have been proven to be lifesaving, these drugs
are under prescribed due to their adverse effects. The novel selective non-steroidal
MRA finerenone may be an answer to the known disadvantages of current MRAs.
The results in preclinical studies and phase I/II studies are positive, but need to be
confirmed by further studies (phase III) investigating whether the beneficial effects
of finerenone translate into improved clinical outcomes (e.g. death, hospitalizations,
incidence of end-stage renal disease) in these patients.
Hyperkalemia appears to be a feared adverse effect of MRA therapy. In addition to the
relatively low incidence of hyperkalemia during treatment with finerenone compared
to other MRAs, other therapies to avoid and/or treat hyperkalemia in patient with HF
are currently being developed. Until recently, treatment of hyperkalemia with MRAs
was limited to stopping or decreasing the dose of the MRA, or co-prescription of
potassium loosing diuretics or potassium binding polymer resins. These resins in
general have poor tolerability. Two novel potassium-binding medications (Patiromer
and ZS-9) are currently being investigated and the first results are promising, with
respect to potassium lowering as well as tolerability.100,101 It is therefore reassuring
that in the near future the benefits of RAAS-blockage may become available to patients
with a high risk of hyperkalemia, with on the one hand the availability of novel MRAs
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with a lower risk of hyperkalemia and on the other hand better treatment options for
incident hyperkalemia.
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Abstract

Introduction	Current available inotropic agents increase cardiac contractility, but
are associated with myocardial ischemia, arrhythmias, and mortality.
A novel selective cardiac myosin activator, omecamtiv mecarbil (CK1827452/ AMG-423) is a small molecule that activates the sarcomere
proteins directly, resulting in prolonged systolic ejection time and
increased cardiac contractility.
Areas	This paper will discuss the chemistry, pharmacokinetics, clinical efficacy
covered
and safety of omecamtiv mecarbil. Omecamtiv mecarbil represents a
novel therapeutic approach to directly improve cardiac function and
is therefore proposed as a potential new treatment of patients with
systolic heart failure. We review results of previous studies investigating
the effect of omecamtiv mecarbil in heart failure animal models, healthy
volunteers, and patients with acute and chronic systolic heart failure.
Expert	Results of phase I and phase II studies demonstrate that omecamtiv
opinion
mecarbil is safe and well tolerated, both as an intravenous and
oral formulation. In healthy volunteers and chronic systolic heart
failure patients, administration of omecamtiv mecarbil resulted in a
concentration-dependent increase of left ventricular ejection time,
ejection fraction, fractional shortening, and stroke volume. The first
results of a double-blind, randomized, placebo-controlled phase IIb
dose-finding study with the oral formulation of omecamtiv mecarbil
demonstrated beneficial effects on cardiac function and N-terminal probrain natriuretic peptide levels. This study will provide essential dosing
information for the requisite phase III trials which will investigate
whether the beneficial effects of omecamtiv mecarbil translate into
improved clinical outcomes.
Key words

 eart failure with reduced ejection fraction, omecamtiv mecarbil, CKH
1827452, cardiac myosin activator
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Introduction
Despite advances in current therapeutic approaches, heart failure with reduced
ejection fraction remains a major cause of morbidity and mortality.1,2 Decreased contractility plays a central pathophysiological role in heart failure with reduced ejection
fraction, and as a result, several compensatory mechanisms are activated to preserve
cardiac output.3 However, these compensatory mechanisms, particularly activation of
the sympathetic and renin-angiotensin-aldosterone systems, can become maladaptive
and may accelerate left ventricular systolic dysfunction.3 Current therapies, including
β-blockers, angiotensin-converting-enzyme (ACE) inhibitors, angiotensin receptor
blockers (ARBs), and mineralocorticoid receptor antagonists (MRAs)4, are focused
on the interruption of left ventricular remodeling and blockade of the maladaptive
compensatory systemic responses, but their capacity to restore or improve cardiac
function is limited. Currently available cardiac function improving agents (inotropic
drugs), such as adrenergic receptor agonists (i.e., dobutamine) and phosphodiesterase inhibitors (i.e., milrinone, levosimendan) increase cardiac contractility through
cyclic adenosine monophosphate and intracellular calcium-handling mechanisms,
but these compounds are associated with increased oxygen consumption, intracellular calcium, increased heart rate, hypotension, arrhythmias, and mortality.5-11 These
limitations have stimulated further research to design new drugs that increase myocardial contractility without these adverse effects. In this review, we discuss properties
of omecamtiv mecarbil, a small-molecule, selective, cardiac myosin activator, and its
potential to become a new therapeutic approach for the treatment of heart failure with
reduced ejection fraction.

Cardiac contractility and omecamtiv mecarbil
The cardiac sarcomere, the fundamental unit of cardiac muscle contractility, is
an elegantly organized cellular structure made up of interdigitating thin and thick
filaments. The force generating enzyme, cardiac myosin, is the main component
of the thick filament. The thin filaments are composed of cardiac isoforms of actin
and the troponin-tropomyosin regulatory complex. During each cardiac cycle, the
sarcoplasmic reticulum is triggered by depolarization of the myocyte to release transiently calcium ions (Ca2+) into the cytoplasm.12,13 In the sarcomere, these calcium
ions activate the thin filament by binding to troponin, shifting tropomyosin to uncover
the myosin binding sites of the actin filaments. Upon binding to the actin filament,
cardiac myosin undergoes a power stroke, pulling on the thin filaments and shorten-
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ing the sarcomere. Cardiac myosin powers contraction of the myocardium by cyclically converting the chemical energy of ATP into the mechanical force. This cycle may
be viewed as starting with the hydrolysis of ATP by myosin into ADP and inorganic
phosphate (Pi) that provides the potential energy for myosin. The cleavage of this ATP
enables myosin to weakly bind to the actin filaments; this ATP ultimately is consumed
by myosin regardless of whether it generates any force. Once fully engaged with its

Drug summary Box
Drug name

Omecamtiv mecarbil (CK-1827452/CK-452)

Stage of development

Phase II

Indication

Chronic heart failure with reduced ejection fraction
Acute heart failure with reduced ejection fraction

Mechanism of action

Small-molecule, selective, cardiac myosin activator

Route of administration

Intravenous, oral

Chemical structure

Methyl 4-[(2-fluoro-3-{[N-(6-methylpyridin-3-yl)carbamoyl]amino}phenyl)methyl]
piperazine-1-carboxylate

Pivotal trials

Phase II double-blind, placebo-controlled, cross-over, dose-escalation study in patients
with chronic heart failure with reduced ejection fraction (LVEF < 40%, in cohort 4 ≤ 30%)
to investigate safety, tolerability and range of pharmacodynamically active, target plasma
concentrations of intravenously administered omecamtive mecarbil.
In total, 45 stable heart failure patients were studied in five sequential cohorts.
A concentration-dependent increase in systolic ejection time, ejection fraction, stroke
volume, and fractional shortening was observed24
Phase II double-blind, randomized, placebo-controlled study in heart failure patients with
ischemic cardiomyopathy and angina (LVEF ≤ 35%, NYHA II-III) to investigate the effect
of omecamtiv mecarbil on symptom-limited exercise tolerance.
In total, 94 patients underwent a Modified Naughton exercise tolerance test at baseline
and during an infusion with omecamtive mecarbil.
Doses of omecamtiv mecarbil were well tolerated. Omecamtiv mecarbil did not show to
adversely affect this high-risk population.25
Phase II double-blind, randomized, placebo-controlled, multicenter, dose escalation
study to investigate the pharmacokinetics, pharmacodynamics, safety and tolerability of
oral omecamtiv mecarbil in 448 patients with chronic heart failure and left ventricular
systolic dysfunction (COSMIC-HF, NCT01786512). Twenty weeks treatment with
omecamtiv mecarbil resulted in improvements of systolic ejection time, stroke volume
and N-terminal-pro-brain natriuretic peptide levels.31
Phase II double-blind, randomized, placebo-controlled study, to study safety,
pharmacokinetics, pharmacodynamics, and potential efficacy of intravenously
administration of omecamtiv mecarbil in patients with acute heart failure (ATOMIC-AHF,
NCT 01300013).
Overall, no significant difference was found in the primary endpoint (p = 0.33). However,
a greater dyspnea relief was observed in cohort 3 (37 % in the placebo group vs. 51%
in the study treatment group, p = 0.03). In addition, trends towards reductions of
worsening heart failure and incidence of supraventricular arrhythmias, and no increase in
ventricular arrhythmias were observed.32
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actin binding site, myosin transitions to a strongly-bound state, releasing Pi from the
myosin head and bending its head in a force-generating power stroke, pulling on the
actin filament. Subsequently, ADP is released and ATP binds rapidly to myosin, resulting in the detachment of myosin from actin. This cycle, which takes approximately
100 msec to complete, is then again ready to repeat. Only a minority of myosin heads
produce a power stroke during a cardiac cycle, potentially representing some degree
of energetic inefficiency.13,14 When calcium is removed from the cytoplasm, cardiac
muscle relaxes.13
Omecamtiv mecarbil increases cardiac contractility by accelerating the transition rate
of the myosin from the weakly bound to the strongly bound, force-generating state
(Figure 1).15 The cycle time of myosin is similar to the duration of systole; thus, enabling more myosin heads to enter the force-generating state results in “more hands
pulling on the rope” and greater force production. There is no effect on the rate of
ADP release, which governs the exit of myosin from the strongly bound state and thus
no effect on the duration of the strongly bound state nor the rate of myosin release
from the actin filament. With more myosin heads bound to the actin filament, the thin
filament remains activated longer as calcium levels fall, resulting in a prolongation of
the myocyte contraction, a pharmacodynamic signature of omecamtiv mecarbil.

Development of omecamtiv mecarbil
Adverse effects associated with the administration of current inotropic agents have
stimulated research and development of new drugs that would directly target the
cardiac sarcomere. It was hypothesized that direct activation of the cardiac sarcomere
could be achieved in two ways: sensitizing proteins to calcium or activating cardiac
myosin directly.15 High throughput screening of a library of ~400,000 diverse small
molecules using a kinetic readout of myosin ATPase activity was performed to look
for small molecule activators that could directly activate the cardiac sarcomere.16
Only selective cardiac myosin activators were chosen for further investigation.15 The
functional activity of these cardiac myosin activators was tested in muscle fibers
derived from cardiac trabeculae and isolated hearts (unpublished results).16 Also, the
biochemical potency was evaluated in cardiac myocytes and drug-like properties were
studies by in vitro assays. In vivo pharmacokinetics and pharmacodynamics of the
most promising compounds were investigated in rodents. Compounds associated
with changes in the calcium transient and cellular hypertrophy were excluded from
further analysis.17 Candidate compounds were selected based on their lack of effect on
the calcium transient, the effect on echocardiographic parameters in rats, and the ef-
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6.

Omecam.v mecarbil
accelerates the
transi.on from the
weakly bound to the
strongly bound state

1.

5.

2.

4.

3.
Figure 1 ○ The actin-myosin engine and omecamtiv mecarbil: Step 1 and 2) Rapid binding of ATP to the myosin
complex allows the myosin to unbind from actin. Step 3) ATP is hydrolyzed into ADP and inorganic phosphate
(Pi). This energy allows the myosin head to stretch. Step 4) The myosin-ADP-Pi complex bounds to actin in a
weakly state as it scans for a proper binding site. Step 5) Once fully attached, the myosin-ADP-Pi strongly bounds
to actin, and the release of Pi from the complex causes myosin head to bend and actin filament to move. Step 6)
ADP is released and rapidly exchanged by ATP, and the cycle is then ready to repeat. Omecamtiv mecarbil accelerates the transition from the weakly bound state to the strongly bound state.

fect on cardiac function and hemodynamics in a heart failure model in dogs.15,16 These
developments led to the discovery of omecamtiv mecarbil (CK-1827452/ AMG-423).
Table 1 summarizes pre-clinical studies of heart failure animal models investigating
the effects of omecamtiv mecarbil.
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Table 1 ○ Overview of heart failure model animal studies with omecamtiv mecarbil
Author and Aims
Publication
Date

Model

Treatment

Main Results

References

Shen et al.
2010

To study the
effects of
omecamtiv
mecarbil
on cardiac
contractile
parameters

Conscious dogs with
systolic heart failure
- Rapid pacing after
myocardial infarction
(post MI-HF)
- Rapid pacing
after prolonged
supravalvular aortic
stenosis induced
LV hypertrophy
(LVH-HF)

Bolus injection
of omecamtiv
mecarbil (0.25
mg/kg IV)
followed by
continuous
administration
(0.25 mg/kg/
hr) for 24 hours

Omecamtiv mecarbil increased cardiac
output, LV systolic ejection time, stroke
volume during time of infusion and
decreased heart rate, mean left atrial
pressure, LV end-diastolic pressure. No
effect on coronary blood flow, arterial
O2, myocardial O2 consumption and
coronary sinus O2.

20

Malik et
al. 2011

To understand
the
mechanistic
basic of
omecamtiv
mecarbil

1) Isolated adult
rat cardiac left
ventricular myocytes
2) Conscious
dogs with heart
failure induced by
rapid pacing after
myocardial infarction

1) Omecamtiv
mecarbil
solution (200
uM)
2) Bolus
injection of
0.5 mg/kg,
followed by
continuous
infusion at 0.5
mg/kg/hr

1) Omecamtiv mecarbil significantly
increased cardiac contractility without
changes in calcium transient
2)Compared with normal dogs,
treatment with omecamtiv mecarbil
in heart failure dogs resulted in
increased stroke volume (10.2±3.6%
vs. 60.8±12.5%) and cardiac output
(0.8±2.0% vs. 29.1±6.2%), while
a lower heart rate was observed
(-16.7±4.0%)

15

Bakkehaug
et a. 2015

To investigate
the cardiac
energetic and
metabolic
profile of
omecamtiv
mecarbil

Healthy pigs and pigs
with post ischemic LV
dysfunction

Solution of
omecamtiv
mecarbil of 1
mg/mL with 50
mmol/L citrate
in sterile water,
targeting 20%
increase in
systolic ejection
time

Omecamtiv mecarbil increased systolic
ejection time and coronary blood flow,
without alterations in heart rate, and
systemic and pulmonary perfusion
pressures. A reduction in diastolic
filling time (11%) was also observed.
Omecamtiv mecarbil had increased
MVO2 in both healthy pigs as pigs with
postischemic LV dysfunction, although
differences compared with baseline
were not statistically significant and no
placebo group was considered.

21

Utter et al.
2015

To test the
effect of
omecamtiv
mecarbil
on calcium
sensitivity

Myofilaments
of a dilated
cardiomyopathy
mutant α-TM
Glu54Lys transgenic
mouse model vs. non
transgenic controls

Solution of
omecamtiv
mecarbil of
316 nM

ATPase activity: Omecamtiv mecarbil
increased calcium responsiveness
(from 5.73±0.06 s-1 to 6.07±0.04 s-1
Skinned fiber tension: Omecamtiv
mecarbil increased pCa2+ in TM54 fibers
compared with vehicle treated TM54
fibers (5.70±0.02 vs. 5.82±0.02).
Proteomic analysis demonstrated
no changes in the phosphorylation
of sarcomeric proteins (myosinbinding protein C, troponin T and I,
tropomyosin, regulatory light chain)

33

Abbreviation: MI-HF, myocardial infarction-heart failure; LVH-HF, left ventricular hypertrophy-heart failure; LV,
left ventricular
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Chemistry
The systematic name of omecamtiv mecarbil (CK-1827452/AMG-423) is methyl
4-[(2-fluoro-3-{[N-(6-methylpyridin-3-yl)carbamoyl]amino}phenyl)methyl]piperazine1-carboxylate. The multistepsynthesis pathway of omecamtiv mecarbil has been
described by Morgan et al.17

Pharmacodynamics
Omecamtiv mecarbil has been shown to increase systolic ejection time, stroke volume and fractional shortening and to improve hemodynamics.18 In contrast to the
currently available agents that improve cardiac function (i.e. inotropes), omecamtiv
mecarbil does not increase intracellular cAMP and calcium15. As a result, it was
hypothesized that omecamtiv mecarbil would not result in increased myocardial
oxygen consumption, and heart rate, decreasing the risk of myocardial arrhythmias
compared with these inotropic compounds.18 In vitro studies have confirmed that
omecamtiv mecarbil actually inhibits non-actin-dependent cardiac myosin ATPase15,19,
which would decrease myocardial oxygen consumption and improve cardiac efficiency. In fact, this effect was confirmed in a heart failure dog model where treatment
with omecamtiv mecarbil decreased myocardial oxygen consumption and improved
cardiac efficiency.20 However, in another pre-clinical study including a heart failure
pig model, administration of omecamtiv mecarbil resulted in increases of myocardial
oxygen consumption,21 but methodological limitations significantly undermine this
study.22 In humans, omecamtiv mecarbil administration showed dose and plasma
level related positive effects on systolic ejection time, stroke volume, ejection fraction
and fractional shortening.23-25 Heart rate remained unaffected23 or was reduced in a
dose-dependent manner.24 Omecamtiv mecarbil plasma levels above 1200 ng/mL
resulted in dose limiting myocardial ischemic signs and symptoms.18,24 Omecamtiv
mecarbil did not show an increased risk of myocardial ischemia during exercise in a
high risk population of patients with ischemic cardiomyopathy and exertional angina
at doses which resulted in pharmacologically effective plasma concentrations.25
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Pharmacokinetics and metabolism
Omecamtiv mecarbil pharmacokinetics have been clinically investigated in healthy
volunteers23 and in patients with heart failure24 and with ischemic cardiomyopathy
and angina.25 In these studies, omecamtiv mecarbil was dosed through intravenous
infusion. Vu et al. describe results of a second study in healthy volunteers, in which
omecamtiv mecarbil was dosed orally.26
Vu et al.27 aggregated the results from the studies by Teerlink et al.23, Cleland et
al.24 and the above mentioned study with oral dosing, and analyzed the population
pharmacokinetics of omecamtiv mecarbil and the relationship between omecamtiv
mecarbil plasma levels and systolic ejection time and left ventricular outflow tract
stroke volume. The absolute bioavailability of the oral formulation was 90% with Cmax
being reached after approximately 1 h. Elimination half-life was approximately 18.5
hours and systemic clearance was 11.9 L/h with an apparent volume of distribution
of 298 L. These findings were consistent with the data from the individual studies.23,24
The first-in-human study (CY 1111) of omecamtiv mecarbil was a randomized, doubleblind, placebo-controlled, dose-escalating, four-way crossover study.23 Omecamtiv
mecarbil was administrated intravenously to 34 healthy men to study the maximum
tolerated dose, plasma concentrations, safety, tolerability and pharmacodynamic and
pharmacokinetic profile of omecamtiv mecarbil. Subjects were stratified into four
cohorts, and each participant received three active treatments of omecamtiv mecarbil
at doses ranging from 0.005 to 1.0 mg/kg per hour for up to 6 hours with matching
placebo. Intravenous pharmacokinetic characteristics were dose-proportional with a
linear dose dependency of Cmax and a slightly higher than linear dose dependency of
AUClast and AUCinf. Plasma protein binding of omecamtiv mecarbil was approximately
81.5%. Omecamtiv mecarbil proved to be metabolized extensively, mainly through
decarbamylation without a major role for CYP3A4 and CYP2D6. Only 8% of the parent
compound was recovered unchanged in urine, collected for up to 336 hours.23
The bioavailability of an oral liquid and capsule formation in both fasted and fed situations was compared with intravenous infusion was examined in healthy subjects (CY
1011).28 All formulations were well tolerated. The absolute bioavailability of omecamtiv
mecarbil was 100% for all administration forms, suggesting that there is little or no
first-pass metabolism of omecamtiv mecarbil. Also, food had no significant effect on
bioavailability, but resulted in a delayed drug absorption in some subjects.28
In an open-label, sequential, parallel group phase I clinical trial, drug-drug interactions with omecamtiv mecarbil were investigated in healthy males (CY 1013).29 This
study investigated the effect of ketoconazole (a potent inhibitor of CYP3A4) on the
pharmacokinetics of a single oral dose of omecamtiv mecarbil in volunteers who
were either extensive metabolizers or poor metabolizers with respect to their defined
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genotype for CYP2D6. In male extensive metabolizers, ketoconazole resulted in a
mild reduction in the clearance of omecamtiv mecarbil and an increase from 22 to
27 hours in the elimination half-life of omecamtiv mecarbil (P < 0.01), resulting in an
approximate 50% increase in the area under the plasma concentration versus time
curve. In addition, ketoconazole had no effect on the maximum plasma concentration. In addition, the CYP3A4 inhibitor diltiazem had no effect on the Cmax or AUC of
omecamtiv mecarbil in extensive metabolizers, despite a slight increase in the half-life
(from 18 to 20 hours). This study demonstrated that there were no clinically meaningful drug-drug interactions.29
In another phase I clinical trial, the tolerability, safety, and pharmacokinetics of an
oral formulation of omecamtiv mecarbil was investigated (CY 1015).29 Single and
multiple oral doses of 10 mg and 30 mg were evaluated in healthy men and women.
Omecamtiv mecarbil, when administered in the oral formulation, was well-tolerated
and no differences were observed in dose proportionally between men and women.29
The pharmacokinetics, relative bioavailability and the effect of food of three different
oral modified release formulations of omecamtiv mecarbil were investigated in CY
1016 as compared to the immediate release formulation in up to twelve healthy male
subjects.29 One formulation decreased Cmax as compared to the immediate release
formulation without a significant effect on overall bioavailability.29

Clinical efficacy

Healthy Volunteers
The first-in-human study of 34 volunteers was reported in 2011 (Table 2).23 This study
confirmed the biological signature of omecamtiv mecarbil’s pharmacodynamic effect
that had been previously observed in animal models: an extraordinarily predictable
concentration-dependent prolongation of systolic ejection time. This prolongation of
the systolic ejection time during a 6-hour double-blind infusion of omecamtiv mecarbil
was directly related to increases in stroke volume, fractional shortening and ejection
fraction, as well as increases in left atrial contractile function, without clinically relevant
changes in diastolic function. These effects were evident with plasma concentrations
from 100-200 ng/mL and above. This study also established the maximally tolerated
intravenous dose as 0.5 mg/kg per hour and defined the dose-limiting effect of a
syndrome of intolerance that resulted from excessive prolongation of systolic ejection
time such that it impinged upon diastole resulting in myocardial ischemia and angina
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symptoms. This effect occurred in some patients exposed to plasma concentrations
above 1200 ng/mL (see below).

Chronic systolic heart failure
In 2011, the first study of omecamtiv mecarbil in patients with systolic heart failure
(left ventricular ejection fraction (LVEF) < 40%, in cohort 4 ≤ 30%) was reported (CY
1121; Table 2).24 In a double-blind, placebo-controlled, cross-over, dose-escalation
study safety, tolerability and range of pharmacodynamically active, target plasma
concentrations of intravenously administered omecamtiv mecarbil (2h – 72h) on top
of stable heart failure background therapy were investigated. Forty-five patients with
stable heart failure were studied in five sequential cohorts. In the first four cohorts,
patients received double-blind three escalating doses of omecamtiv mecarbil and
one placebo treatment, interrupted by at least 1 week between the start of each treatment. In the last cohort, patients received either omecamtiv mecarbil or placebo, in
a double-blind cross-over design. For safety monitoring, plasma drug concentrations
were assessed after each treatment period and troponin I or troponin T were closely
monitored. Echocardiograms were performed at 1.5 hours and 24 hours and additionally at 48 hours (cohort 4), or 72 hours and 96 hours (cohort 5) to primarily study
left ventricular ejection time, left ventricular stroke volume, left ventricular fractional
shortening, and left ventricular ejection fraction. A concentration-dependent increase
in systolic ejection time, stroke volume, and fractional shortening was observed: systolic ejection time and fractional shortening increased at plasma concentrations > 100
ng/mL. Stroke volume increased by 5-10 mL at plasma concentrations > 200 ng/mL.
LVEF improved at plasma concentrations > 300 ng/mL. A plateau phase of increases
in stroke volume was reached at plasma concentrations > 400 ng/mL. Left ventricular
end-systolic and end-diastolic volume decreased at plasma concentrations > 500 ng/
mL.24 In comparison, low-dose administration of dobutamine in heart failure patients
increased the velocity of left ventricular systolic shortening, suggesting an increased
stroke volume, which was closely associated with an increase in cardiac output.30
To investigate the effect on exercise, safety and tolerability of omecamtiv mecarbil,
a phase II double-blind, randomized, placebo-controlled study was designed (CY
1221; Table 2).25 Ninety-four patients with ischemic heart failure and angina (history
of ischemic heart disease and ≥ 1 episode of exercise-induced angina, LVEF ≤ 35%
and left ventricular end-diastolic diameter ≥ 55 mm or left ventricular end-diastolic
diameter index ≥ 32 mm/m2, New York Heart Association functional class II-III) were
subjected to a Modified Naughton exercise tolerance test at baseline and during study

8

Double-blind, randomized,
placebo-controlled,
multicenter, dose
escalation phase II study

Double-blind, randomized,
placebo-controlled study

Greenberg
et al. 2015

COSMICHF

Double-blind, placebocontrolled, cross-over,
dose-escalating phase II
study

Cleland et
al. 2011

Study Design

Double-blind, placebocontrolled, dose-escalating,
four-way cross over first-inman phase I study

Acronym

Teerlink et
al. 2011

Author and
Publication
Date

Patients with
ischemic
cardiomyopathy
and angina

Patients with
stable chronic
systolic heart
failure (LVEF
≤40%, or ≤30%
in cohort 4)

Healthy males

Study
population

448 Patients with
heart failure
and left
ventricular
systolic
dysfunction

94

45

34

n

Primary objectives: safety, tolerability, and
pharmacokinetics of oral omecamtiv mecarbil
during 20 weeks of treatment. Secondary objectives:
changes in systolic ejection time, stroke volume, left
ventricular end-systolic diameter, left ventricular enddiastolic diameter, heart rate and NT-pro BNP levels.

To assess the effects of exercise on the safety and
tolerability of omecamtiv mecarbil in patients
vulnerable to increases in systolic ejection time

To assess safety and tolerability of
omecamtiv mecarbil. To establish a range of
pharmacodynamically active, well tolerated target
plasma concentration

To establish maximum tolerated dose
(highest infusion rate tolerated in minimal 8
subjects)

Endpoints

Table 2 ○ Overview phase I and II clinical studies of omecamtiv mecarbil

Treatment with omecamtiv mecarbil resulted
in significant improvement of systolic ejection
time and stroke volume, and NT-proBNP
levels. The incidence of adverse events were
comparable between the groups

No patients treated with omecamtiv mecarbil
stopped at an earlier stage than baseline due
to angina, compared with one patient treated
with placebo. Omecamtiv mecarbil related
AEs: asymptomatic elevation in CK-MB;
asymptomatic increases in troponin levels

Concentration-dependent increases in systolic
ejection time, stroke volume, and fractional
shortening, and reduction in systolic blood
pressure, standing diastolic blood pressure,
and heart rate

Maximum tolerated dose was determined at
0.5 mg/kg/h.
Dose-dependent increase in systolic ejection
time, systolic ejection fraction, fractional
shortening, and stroke volume

Main Results

NCT
01786512

31

25

24

23

References
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n

613

Study Design

Double-blind, randomized,
placebo-controlled phase
II study

Acronym

ATOMICAHF

Patients with
acute systolic
heart failure

Study
population
Primary endpoint: dyspnea relief on the 7-point Likert
scale assessed at 6, 24 and 48 hours.
Secondary endpoints: safety and tolerability of
three doses of omecamtiv mecarbil and effects of
omecamtiv mecarbil on dyspnea , patients’ global
assessment response, change in NT-pro BNP, and
short-term clinical outcome.

Endpoints

Abbreviations: LVEF, Left ventricular ejection fraction; NT-proBNP, N-terminal pro-brain natriuretic peptide

Author and
Publication
Date

Table 2 ○ Overview phase I and II clinical studies of omecamtiv mecarbil (continued)

Overall, there was no significant difference in
the primary endpoint. When each cohort was
compared to its corresponding placebo group,
difference in dyspnea relief was observed in
the high dose cohort compared with placebo
(51% vs. 37%). The overall incidence of adverse
events was comparable between the study
arms.

Main Results

NCT
01300013

32

References
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drug infusion to investigate the effect of omecamtiv mecarbil on symptom-limited
exercise tolerance. Patients were randomized in a 2:1 ratio in two sequential cohorts to
receive intravenously administered omecamtiv mecarbil or placebo over 20 h. Target
plasma level was ~ 295 ng/mL in cohort 1 and ~ 550 ng/mL in cohort 2. After the
infusion, placebo or omecamtiv mecarbil (12.5 mg for cohort 1, and 25 mg for cohort
2) was administrated orally three times a day for another 7 days. The primary safety
endpoint was stopping the exercise test, due to angina at a stage earlier than the
baseline exercise test. Secondary safety endpoints included stopping due to any other
reason, duration of exercise test, angina during exercise test, ST depression on an
electrocardiogram or during exercise test, and serious adverse events. During infusion, one patient who received placebo stopped due to angina at an earlier stage than
baseline, while no patient stopped in the omecamtiv mecarbil groups. One patient
on placebo stopped due to another reason, while 4 patients on omecamtiv mecarbil
in cohort 1 and 2 patients in cohort 2 stopped due to another reason. Two patients
receiving placebo and 1 patient receiving omecamtiv mecarbil in cohort 2 had ≥1 mm
ST depression. Overall, few patients had increased levels of troponin I or creatine
kinase-MB. Two patients of cohort 1 and 2 receiving omecamtiv mecarbil had elevated
troponin I levels after the study drug infusion, without clinical signs or symptoms
of cardiac ischemia. These results demonstrated that omecamtiv mecarbil is safe
among patients who are theoretically most vulnerable to the possible adverse effects
of systolic ejection time prolongation.25
The first results of a phase II double-blind, randomized, placebo-controlled, multicenter, dose escalation study investigating the safety and efficacy of three oral modified-release formulations of omecamtiv mecarbil in patients with heart failure and left
ventricular systolic dysfunction (Chronic Oral Study of Myosin Activation to Increase
Contractility in Heart Failure, COSMIC-HF, NCT01786512) were recently presented
during a Late-Breaking Clinical Trial session at the American Heart Association (AHA)
Scientific Sessions 2015 in Orlando (Table 2).31 The dose escalation phase studied the
pharmacokinetics and tolerability of three oral formulations of omecamtiv mecarbil.
In this first phase, 96 patients were randomized in a 1:1:1:1 ratio to one of the three
formulations or placebo in two cohorts. In the first dose escalation cohort, omecamtiv
mecarbil was administrated 25 mg twice daily. In the second dose escalation cohort,
omecamtiv mecarbil was administrated 50 mg twice daily. Follow-up time was 35 days.
In the next, dose expansion phase, 448 chronic heart failure patients with reduced
ejection fraction were randomized in a 1:1:1 ratio to receive to omecamtiv mecarbil
25 mg twice daily, omecamtiv mecarbil with pharmacokinetic-based titration up to 50
mg twice daily or placebo. Patients were treated for 20 weeks and followed up on 24
weeks. Dose dependent pharmacodynamic effects of omecamtiv mecarbil were gener-
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ally observed. Treatment with omecamtiv mecarbil for 20 weeks resulted in significant
improvement of cardiac function, including systolic ejection time and stroke volume,
and N-terminal pro-brain natriuretic peptide (NT-pro BNP) levels.31

Acute heart failure
At the Scientific Sessions of the 2013 European Society of Cardiology, the results of
the Acute Treatment with Omecamtiv Mecarbil to Increase Contractility in Acute Heart
Failure (ATOMIC-AHF) study were presented (NCT 01300013; Table 2).32 In this phase
II double-blind, randomized, placebo-controlled study, safety, pharmacokinetics, pharmacodynamics, and potential efficacy of intravenously administration of omecamtiv
mecarbil in patients with acute heart failure were evaluated. During this study, 613
patients hospitalized with acute heart failure were randomized 1:1 in 3 sequential
cohorts of increasing doses to either treatment with omecamtiv mecarbil for 48 hours
or placebo. Median target plasma concentrations of omecamtiv mecarbil of these
cohorts were 115, 230, 310 ng/mL, and study treatment had to be initiated within 24
hours of intravenously diuretic treatment. Eligible patients had a LVEF ≤40%, history
of heart failure, with persisting dyspnea at rest or minimal exertion requiring IV diuretic treatment and elevated natriuretic peptides. The primary endpoint was dyspnea
relief on the 7-point Likert scale assessed at 6, 24 and 48 hours. Secondary endpoints
included safety and tolerability of three doses of omecamtiv mecarbil and effects of
omecamtiv mecarbil on dyspnea under the curve (AUC) through day 5, dyspnea by
7-point Likert scale at any timepoint, patients’ global assessment response through
48 hours, change in NT-pro BNP levels, and short-term clinical outcome. Overall, no
significant difference was found in the primary endpoint when the cohorts were compared to the pooled placebo (p = 0.33). The response rates were 41% in the pooled
placebo group, 42% in cohort 1 (Response Rate Ratio 1.03, 95% CI 0.79 – 1.35), 47%
in cohort 2 (1.15, 95% CI 0.90 – 1.47), and 51% in cohort 3 (1.23, 95% CI 0.97 – 1.55).
However, it was noted that the cohorts had been enrolled over different times and
geographic regions, resulting in substantial differences in patient populations. When
each cohort was compared to its corresponding placebo group, nominally significant
improvement in dyspnea relief was evident in the high dose cohort (placebo response
rate, 37%, omecamtiv mecarbil 51%; 1.41, 95% CI 1.02-1.93). These findings were supported by exploratory analyses that revealed dose and plasma concentration improvements in dyspnea relief. In addition, trends towards reductions of worsening heart
failure and incidence of supraventricular arrhythmias, and no increase in ventricular
arrhythmias were observed in patients treated with omecamtiv mecarbil.32
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Safety and tolerability
Patients with chronic heart failure generally have decreased systolic ejection time
and omecamtiv mecarbil improves cardiac contractility and increases the systolic
ejection time toward normal, thereby prolonging the contraction time. However, as
the systolic ejection time markedly increases, the diastolic period shortens. This may
have a potential negative impact on diastolic function. Since the coronary arteries
gradually submerge into the myocardium, the cardiac cycle impacts the perfusion
and compression of these vessels. Coronary blood flow is obstructed during cardiac
contraction and thus the duration of the diastolic period is an important determinant
of myocardial perfusion. Therefore, at very high doses, administration of omecamtiv
mecarbil may be associated with impaired coronary and myocardial perfusion.
In the first-in-man study of omecamtiv mecarbil, including healthy volunteers, no
clinically meaningful differences were observed in measurements of diastolic function.23 The incidence of overall adverse events between study groups was comparable
for infusion to the maximum tolerated dose. Five patients withdrawn from the study
due to the following adverse effects: postural dizziness (placebo); non-specific ST
and T wave abnormalities (omecamtiv mecarbil 0.005 mg/kg/h); ST segment depression (omecamtiv mecarbil 0.75 mg/kg/h for 3 h 58 min); chest pain (omecamtiv
mecarbil 1.0 mg/kg/h for 3 h 22 min); chest pain with ST segment depression, and
mild transient increased troponin levels, without evidence for myocardial infarction
(omecamtiv mecarbil 1.0 mg/kg/h for 4 h 12 min). Omecamtiv mecarbil plasma concentrations in these last three patients were 1346 ng/mL, 1338 ng/mL, and 1333 ng/
mL, respectively.23 Based on these results, it was suggested that these adverse effects
would occur at plasma concentrations exceeding 1200 ng/mL. In the phase II study
including patients with chronic systolic heart failure,24 three serious adverse events
were reported: septicemia associated with a diabetic foot ulcer, pneumonia, and
non-ST elevation myocardial infarction in a patient who received an unintended drug
overdose of the study treatment.24 After receiving omecamtiv mecarbil 2.2 mg/kg/h
for 45 minutes, the overdosed patient developed chest pain, sweating, hypotension,
electrocardiogram changes, and rises in troponin I, which resolved after termination
of the study drug.24 In this patient, the plasma concentration of omecamtiv mecarbil
was indeed greater than 1200 ng/mL: 1750 ng/mL. Another patient with also a plasma
concentration higher than 1200 ng/mL (1350 ng/mL) reported similar adverse effects.
The investigators suggested that this may have been related to patient’s obesity and
low drug clearance.24 In a hypertensive (182/116 mm Hg), renally impaired (serum
creatinine 248 umol/L) patient, an asymptomatic increase in cardiac troponin was
observed at a plasma concentration of 730 ng/mL.24
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When omecamtiv mecarbil was administered to patients vulnerable to prolongation
of systolic ejection time, i.e. patients with ischemic cardiomyopathy and angina undergoing symptom-limited treadmill exercise, no patients had significantly elevated
troponins attributable to omecamtiv mecarbil. Two patients in cohort 1 (target Cmax
295 ng/mL) and cohort 2 (target Cmax 550 ng/mL) had asymptomatic marginal
increases in troponin (1.13 µg/L (upper limit of normal (ULN) < 0.11 µg/L) and 1.1
µg/L ( ULN 1.0 µg/L) respectively) after the third exercise treadmill test and another
patient had intolerable angina and ST-segment depression during the third exercise
treadmill test. The plasma concentration of omecamtiv mecarbil was 651 ng/mL and
subsequently the patient underwent stent implantation for a severe proximal lesion in
the left anterior descending artery after which there was an elevated troponin I noted
(2.45 ng/mL).25
The incidence of (serious) adverse events in the COSMIC-HF was comparable between groups. Increases in troponin levels were observed among patients treated with
omecamtiv mecarbil, but none were adjudicated as myocardial ischemia or infarction.31
In the ATOMIC-AHF study, small increases (approximately 0.004 ng/mL) in troponin I levels were observed with omecamtiv mecarbil.32 There was no relationship of
increases in troponin with either omecamtiv mecarbil peak plasma concentrations
nor exposure. Numerically more events of myocardial infarction or acute coronary
syndrome were reported in the pooled omecamtiv mecarbil group, compared with
placebo [7 (2.3%) vs. 3 (1.0%)]. However, of these seven events, two occurred in
cohort 1 at plasma concentrations with no-to-minimal effect (one of which occurred
in a 95 year old woman at day 11, well beyond the 48-hour infusion), two events in the
high dose cohort occurred at days 12 and 22, respectively, whereas an event in the high
dose cohort was a percutaneous coronary intervention-related increase in troponin,
and the final two events in the high dose cohort had peak troponins of 0.064 and
0.168. The overall incidence of adverse events was comparable between the study
arms.32
These previously reported adverse effects demonstrate that administration of omecamtiv mecarbil may be associated with increases in cardiac markers and increase the risk
of myocardial ischemia. In most patients, omecamtiv mecarbil was well tolerated at
lower therapeutic plasma concentrations. Thus, the adverse effect on cardiac markers
is likely to be dose related and it is suggested that such side effect will occur at plasma
concentrations > 1200 ng/mL.
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Conclusion
Omecamtiv mecarbil is a novel selective cardiac myosin activator, which might be
implicated as a novel therapeutic approach to improve cardiac function in systolic
heart failure patients, without the adverse events associated with current indirect inotropes. The first results of omecamtiv mecarbil in healthy volunteers and patients with
chronic systolic heart failure and acute systolic heart failure suggest that omecamtiv
mecarbil is safe at lower plasma concentrations. However, increases in tropinin levels
were observed in patients receiving omecamtiv mecarbil at higher doses. While the
effect on cardiac output seems promising, further studies are needed to investigate
whether omecamtiv mecarbil is safe in both chronic and acute heart failure patients
with reduced ejection fraction, and whether the beneficial effects translate into improved clinical outcomes.

Expert opinion
Decreased cardiac contractility is the central feature of systolic heart failure, but the
majority of current therapies are not inotropic agents. Instead, these agents block
the adrenergic and renin-angiotensin-aldosterone pathways that are maladaptive in
heart failure. Current available inotropic agents increase cardiac contractility in an
indirect manner (i.e. via cyclic adenosine monophosphate and intracellular calciumhandling mechanisms) and are therefore associated with serious adverse effects,
such as ischemia, arrhythmias and mortality. It is worth noting, that because of its
direct underlying mechanism, omecamtiv mecarbil cannot be classified as a typical
inotropic agent. Omecamtiv mecarbil is a unique selective cardiac myosin activator
that has been shown to improve cardiac contractility and to prolong the ejection time.
Due to this mechanism, there is no role for omecamtiv mecarbil in patients with heart
failure with preserved ejection fraction. However, omecamtiv mecarbil might become
a valuable novel therapeutic approach for those patients who suffer from systolic heart
failure, and are still symptomatic or have decreased LVEF in spite optimal background
heart failure therapy.
As omecamtiv mecarbil activates sarcomeric proteins directly, it was suggested that
it would avoid the risk of adverse effects associated with current inotropes. Indeed, in
clinical studies so far there was no evidence that omecamtiv mecarbil is proarrhythmic. Omecamtiv mecarbil thereby overcomes an important adverse effect of current
inotropic agents. The overall treatment effect of omecamtive mecarbil is an improvement of systolic function by accerelating the transition rate of the myosin from the
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weakly bound state to the strongly bound state. Although most pre-clinical studies
demonstrated that calcium homeostasis and myocardial oxygen consumption remain
unaffected, a recent study in anesthetized pigs suggested that omecamtiv mecarbil
induced oxygen wastage. Although this study had some methodological limitations,
further investigation on the possibility that omecamtiv mecarbil may contribute to
myocardial ischemia is needed. As the systolic time increases, the diastolic period
shortens, and this may compromise coronary perfusion, myocardial perfusion, and
ventricular filling. It should be noted that most systolic heart failure patients have a
decreased systolic ejection time, and that treatment with omecamtiv mecarbil would
improve such impairment in systolic ejection time in these patients. However, an
important adverse effect of omecamtiv mecarbil may be dose-related myocardial
ischemia. Clinical signs and symptoms of myocardial ischemia were indeed observed
in patients who had excessive plasma concentrations of omecamtiv mecarbil and
increases of cardiac markers have been reported in omecamtiv mecarbil treated
patients. Although an exercise study including ischemic heart failure patients with
angina did not show an increased likelihood of ischemia after infusion of omecamtiv
mecarbil within its therapeutic dose range, this dose-related myocardial ischemia may
be an potential risk for its future clinical use. Therefore, routine monitoring and timely
dose adjustments would be recommended, particularly in patients with underlying
coronary artery disease.
The first results of phase I and phase II studies of omecamtiv mecarbil show promising results. Omecamtiv mecarbil resulted in a concentration-dependent increase
of systolic ejection time, stroke volume, and fractional shortening, and decreases
in N-terminal pro-brain natriuretic peptide levels, but administration of omecamtiv
mecarbil has also been associated with increases in cardiac markers of ischemia.
Therefore, further studies (phase III trials) are needed to investigate whether the
beneficial effects of omecamtiv mecarbil translate into improved clinical outcomes
(e.g. morbidity, mortality, rehospitalizations).
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The world’s population is growing and ageing. As the age of the population continues
to rise, so will the incidence of heart failure. Heart failure is a serious syndrome that
progressively gets worse over time and carries a dismal prognosis. Early diagnosis
and treatment can however help patients to live longer and be more active. During the
last decades, development of novel drugs has resulted in tremendous improvements
of clinical outcome of patients with heart failure. However, this only applies to patients
with heart failure and reduced ejection fraction (HFrEF). Nevertheless, despite these
achievements, morbidity and mortality of patients with HFrEF remains unacceptably
high. In addition, so far no drugs have shown convincingly to improve morbidity and
mortality in both patients with heart failure and preserved ejection fraction (HFpEF),
and patients who are admitted for acute heart failure. These observations stimulate
further research on novel targets, novel therapies and novel approaches to study treatment effects.
In this thesis, we investigated novel drugs and novel approaches for the treatment of
patients with HFrEF, HFpEF and acute heart failure.

Part I: Precision medicine in heart failure
In recent years, several clinical trials with new drugs and novel therapeutic approaches
have been conducted in heart failure, but most of them yield neutral, or even negative
results.1–12 Several explanations have been addressed: wrong drugs might have been
tested, wrong patients may have been included, or the wrong endpoints may have
been studied. Also, the law of diminishing returns might have kicked in: improving the
already significant gain by current therapy is indeed challenging. The large successes
of previous studies are difficult to overcome, and trials have to include larger study
populations to show a significant effectiveness of the study drug. This observation
calls for an alternative approach to study treatment effect. The first part of this thesis
postulates that a more personalized approach can lead to greater treatment effects
and less side-effects in selected patients.
Randomized controlled trials are considered to be the ‘golden standard’ to study
treatment effect and provide the basis of evidence based medicine, making them the
dominant paradigm of current guideline recommendations. However, their results
offer limited guidance when applied to individual patients. Trials are designed to
select and recruit a target population and a trial is considered positive when the mean
treatment effect of the study arm of the investigated drug is greater than the mean
treatment effect of the study arm of the control drug. The overall treatment effect will
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usually then be generalized to all patients having the disease. However, the individual
treatment response may vary from exceptionally beneficial in some patients to potentially hazardous in others (Figure 1).

Treatment effect

Adverse effect

Drug
beneficial,
but toxic

Drug not
beneficial,
and not
toxic

Treatment effect

Adverse effect

Treatment effect

Adverse effect

Drug not
beneficial,
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and not
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Treatment effect
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Figure 1 ○ Differential response

Subgroups of patients can be identified based on logical biological rationale on the
working mechanism of the drug. An illustrative example is the evidence showing that
angiotensin-converting-enzyme (ACE) inhibitors are more effective in patients with
higher plasma renin levels (indicating more activated Renin-Angiotensin-AldosteroneSystem (RAAS)).13 Another approach is to study treatment heterogeneity across
subgroups. Recently, subgroups of HFpEF patients enrolled in the I-PRESERVE were
identified. Overall, the I-PRESERVE showed neutral results, however in one subgroup
treatment with irbesartan was associated with a decreased risk of the primary outcome
(composite endpoint of death from any cause and cardiovascular rehospitalization).14
Chapter 1 provides an overview of approaches towards individualized treatment of
heart failure. There are many examples demonstrating that treatment effects may be
heterogeneous across subgroups. These subgroups may be based on clinical characteristics (such as men vs. female, young vs. old), biomarker levels or even genomic
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information. Chapter 1 emphasizes the potential of these approaches, as it may assist
in distinguishing responders from non-responders prior treatment, enabling physicians to provide ‘precision’ medicine to the individual patient.
Chapter 2 is a simple example of a differential response of a novel drug in acute
heart failure amongst patients with poor and better renal function. Renal impairment
is frequently found in patients with acute heart failure, and is associated with poor
outcomes. Serelaxin is a novel recombinant of the naturally occurring human relaxin-2
vasoactive peptide. Evidence from rodents, healthy humans and heart failure patients
suggest that relaxin may have direct beneficial impact on the kidney.15-24 We aimed to
investigate whether serelaxin mitigates the risk of renal impairment in acute heart
failure patients from the RELAX-AHF trial. In addition, we aimed to study the detailed
effects of serelaxin on outcomes in acute heart failure patients with renal impairment.
Renal impairment was defined as an eGFR < 60 ml/min/1.73m2. We studied the treatment effect of serelaxin in the overall study population and patients with an eGFR <
60 and ≥ 60 ml/min/1.73m2. In the overall study population, renal impairment was
associated with increased risk of cardiovascular mortality and all-cause death through
day 180. In placebo treated patients, a similar risk of mortality was observed, while in
the serelaxin group a trend towards an attenuated association was observed. Interestingly, the survival curves of patients with renal dysfunction treated with serelaxin, were
almost comparable with the survival curves of patients with normal renal function, irrespective of their study treatment. In addition, we found a greater treatment effect of
serelaxin in terms of cardiovascular mortality and all-cause death and a lower number
needed to treat to prevent one cardiovascular and all-cause death in patients with renal
impairment. These results emphasize that a treatment effect may be heterogeneous
across a study population and that a patient’s baseline risk may interact with treatment
in a clinically relevant manner. This study demonstrates that subgroup analyses are
important to study differential response and to reveal potential interactions between
underlying pathophysiology and treatment effect. However, subgroup analyses are
associated with statistical concerns. Indeed, we also hit upon these limitations in
Chapter 2: the analyses unfortunately lacked power to demonstrate any significant
interactions. In Chapter 3, we assessed treatment heterogeneity across established
and novel emerging biomarkers using a novel, more accurate, robust and reliable statistical method: Subpopulation Treatment Effect Pattern Plot (STEPP).25,26 STEPP is a
novel graphical display for exploring treatment-covariate interactions and to study the
magnitude of a treatment effect across the continuum of a variable25,26 , in our case a
biomarker. The aim of Chapter 3 was to identify subpopulations with distinct response
to treatment using plasma biomarkers in acute heart failure. Conventional subgroup
analysis based on clinical characteristics often failed to demonstrate interactions
with treatment. Plasma biomarkers however may characterize individual involved
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pathophysiological pathways related to individual drug responses. We studied the
treatment effect of rolofylline across 48 biomarkers in acute heart failure patients from
the PROTECT trial. In the overall study population, the PROTECT trial yield a neutral
overall treatment effect. We found no interactions with treatment across clinical characteristics, but we found treatment interactions with several biomarkers. To identify
subgroups with distinct response to treatment, we then developed a weighted score
model based on biomarkers only and we used STEPP to determine a clinically relevant
cut point. With this model, we identified a responding-subgroup, non-respondingsubgroups and a harmed-subgroup. This study demonstrates that biomarkers may
be useful in identifying subgroups with distinct treatment response, even in studies
with a neutral overall treatment effect. Part I shows that a treatment effect may be
heterogeneous across a study population. We showed that in positive trials or even a
neutral trial there might be a group of patients with a different response (i.e. greater
treatment effect, or even experiencing a harmful effect). Instead of the one-size-fits-all
treatment recommendation, understanding treatment interactions are thus necessary
to identify those patients who are likely to benefit from treatment and is an essential
first step towards much needed personalized treatment strategies in heart failure.
Future drug development programs could benefit from such information in order to
match the right patient to the right drug.

Part II: Novel drugs FOR the TREATMENT of heart failure with
preserved ejection fraction
Over recent decades, heart failure therapy has improved. However, this accounts
only for the treatment of HFrEF. The incidence of HFpEF is increasing and current
prevalence counts up for more than 50% of all heart failure cases.27,28 Unfortunately,
to date, no treatment has yet been shown to improve morbidity and mortality of HFpEF.29 Therefore, a high urge exists for novel effective drugs for patients with HFpEF
in particular.
When the heart fails, the RAAS becomes active to preserve cardiac output. However,
on long term, this system can become maladaptive. Inhibiting the RAAS by ACEinhibitors, angiotensin II receptor antagonists, and aldosterone receptor blockers,
is therefore the cornerstone of heart failure therapy. An alternative route to inhibit
the RAAS is by the prevention of degradation of natriuretic peptides.30 Natriuretic
peptides cause RAAS inhibition by reducing plasma renin levels and inhibiting
angiotensin II-stimulated aldosterone release. Other cardiovascular effects of natriuretic peptides are altering vascular tone and fluid balance, resulting in a reduction
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in blood pressure. Also, natriuretic peptides stimulate diuresis, natriuresis, reduce
sympathic tone to peripheral tissue and have anti mitogenic activity. Neprilysin, also
known as a neutral endopeptidase 24.11 (NEP) is a zinc-containing, membranebound extracellular metalloprotease that cleaves many vasoactive peptides, including
natriuretic peptides (atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP),
C-natriuretic peptide (CNP)), but also bradykinin, endothelin-1, adrenomedullin, and
angiotensin II.31–33 N-terminal prohormone of brain natriuretic peptide (NT-proBNP)
however, is not degraded by NEP.34 By inhibiting NEP, cleaving of natriuretic peptides
is prevented, which would result in decreased RAAS activity. Clinical trials with NEP
inhibitors have failed to show significant reduction in blood pressure, despite elevated
ANP levels.35 In fact, in one study including hypertensive patients, treatment with
a NEP inhibitor increased ANP levels which lowered blood pressure, but under an
increased renin-angiotensin and sympathetic activity condition.36 Therefore, it was
suggested that concomitant inhibition of NEP and ACE would produce a consistent
lowering of blood pressure.35 Indeed, animal studies have shown that treatment with
inhibitors of ACE and NEP combined resulted in a more pronounced reduction in
blood pressure, compared to the effect when each enzyme inhibitor was studied
separately 37,38. However, clinical trials with compounds inhibiting both ACE and NEP
reported an increased incidence of angio-oedema (0.73%), compared with ACEinhibitors (0.1-0.5%)35. The precise mechanism of this drug-induced angio-oedema
remains unknown, however it is likely that the accumulation of bradykinin secondary
to both ACE and NEP inhibition may play a role. 31,35 The relatively high incidence of
angio-oedema discontinued the development of combined ACE and NEP inhibition
in one compound.31 Thus, other approaches to inhibit RAAS and NEP dually where
explored. LCZ696 is a novel dual-acting angiotensin receptor-neprisylin inhibitor
(ARNi), and compromises the angiotensin II AT1 receptor antagonist valsartan and
the neprilysin inhibitor prodrug AHU377 in one compound.39 A large outcomes trial in
HFrEF recently showed that LCZ696 was superior to enalapril in reducing the risks of
death and of hospitalization.40 The PARAMOUNT investigated the safety and efficacy
of LCZ696, compared with valsartan in HFpEF.41 Treatment with LCZ696 resulted in
a greater reduction of NTproBNP compared with the valsartan group. Further, signs
indicating reverse atrial remodeling and improvement of NYHA functional class were
also noticed in patients on LCZ696. In Chapter 4, we studied the effects of LCZ696
on renal function in patients with HFpEF, compared with valsartan. Since LCZ696
blocks the action of angiotensin II and elevates biologically active natriuretic peptides,
bradykinin, and adrenomedullin it is expected that LCZ696 might have different effects on renal function, compared with the renal effects of RAAS inhibiting agents. In
addition, RAAS inhibiting induced worsening renal function is not necessarily related
to worse outcomes in patients with HFrEF, but in HFpEF it is shown to be associated
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with increased risk.42–44 We studied the effect of LCZ696 on serum creatinine, eGFR,
cystatin C, urine albumin creatinine ratio and worsening of renal function in 301 patients with HFpEF after 12 and 36 weeks of treatment. Worsening renal function (WRF)
was determined as a serum creatinine increase of >0.3 mg/dL and/or >25% between
two time-points. At baseline, there was no difference in mean eGFR between in the
LCZ696 group and valsartan group. We observed a more pronounced blood pressure
decrease in patients treated with LCZ696, compared with valsartan at both week 12
and 36. The eGFR declined less in the LCZ696 group than in the valsartan group.
The incidence of WRF was lower in the LCZ696 group than in the valsartan group at
any time-point, but this difference was not statistically significant. Over 36 weeks, the
geometric mean of UACR increased in the LCZ696 group, whereas it remained stable
in the valsartan group. We demonstrated that treatment with LCZ696 was associated with preservation of eGFR compared with valsartan, but an increase in albumin
creatinine ratio. This study suggest that LCZ696 may attenuate decline in renal function in patients with heart failure with preserved ejection fraction. However, further,
larger studies are needed to confirm the beneficial effect on glomerular function, but
deterioration of urine albumin creatinin ratio of LCZ696 and whether this will impact
outcomes in patients with HFpEF.
A significant portion of patients with HFpEF develop pulmonary hypertension.45 Wide
ranges of incidence and prevalence have been reported, mainly due to differences in
cut-off points, parameters used and the method of diagnosing.46 Patients with HFpEF
and concomitant pulmonary hypertension experience severe symptoms and have
worse outcomes. The complex interplay of pathophysiological mechanisms associated
with the development of HFpEF result in passive backward transmission of left sided
filling pressures.47,48 This results in longstanding pulmonary venous congestion.46,49,50
In this condition, PAP and PAWP are elevated, while the transpulmonary gradient
(TPG), diastolic pulmonary gradient (DPG) and pulmonal vascular resistance remain
normal. This stage is classified as isolated post-capillary pulmonary hypertension.46,49
For reasons yet unknown, some patients also develop pre-capillary pulmonary hypertension resulting in elevated TPG, DPG, and pulmonary vascular resistance.46,49,50
These patients have combined post-capillary and pre-capillary pulmonary hypertension.46,49,50 It should be noted however that HFpEF patients may also have a precapillary component due to other co-morbidities. Eventually, increased pulmonary
pressures may cause an increased the right ventricular (RV) afterload, resulting in
RV failure.51,52 Treating pulmonary hypertension in HFpEF has therefore become of
interest as a target of therapy. The nitric oxide (NO) system plays a central role in
the regulation of vascular tone of the systemic and pulmonary vasculature. Sildenafil,
a potent PDE-5 inhibitor, selectively reduces pulmonary vascular resistance by nitric
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oxide (NO) mediated vasodilatation.53,54 and is one of the first choice regimens for the
treatment of pulmonary arterial hypertension (PAH).49,53,55,56 Pre-clinical studies also
suggested that PDE-inhibition exerted cardiac protective, anti-hypertrophic and antiremodeling effects.57,58 It was therefore hypothesized that treatment with sildenafil
results in beneficial outcomes in patients with HFpEF and concomitant pulmonary
hypertension. Even though the evidence for this indication was limited, sildenafil is
currently often prescribed to patients with HFpEF and pulmonary hypertension. Only
two studies have investigated the effect of sildenafil in patients with HFpEF, and both
show contrary results.59,60
In Chapter 5, we studied the effects of sildenafil on invasive hemodynamics and
exercise capacity in patients with HFpEF and pulmonary hypertension. We included
52 patients with HFpEF (LVEF ≥ 45%, NYHA II-IV) and pulmonary hypertension (invasively measured mean PAP ≥ 25 mm Hg and PAWP ≥ 15 mm Hg). Eligible patients
were randomized in a 1:1 ratio to sildenafil (60 mg t.i.d.) or matching placebo and
treated for 12 weeks. After 12 weeks of treatment, sildenafil did not result in benefical
effects on mean PAP, mean PAWP, cardiac output and exercise capacity, compared
with placebo. In Chapter 6, we investigated more detailed effects of sildenafil on additional outcomes, including cardiac structure and function, biomarkers, parameters of
cardiopulmonary exercise testing and health-related quality of life measures. After 12
weeks of treatment with sildenafil, there were no beneficial effects of sildenafil on cardiac structure and function, exercise capacity, biomarkers and quality of life, compared
with placebo. Several explanations for this lack of effect have been addressed: based
on a biological pathophysiological rationale, pulmonary hypertension may be a sign
of advanced stage of HFpEF, thus it may have been difficult for any treatment to have
an impact. Also, based on logical biological rationale, the effects of sildenafil may only
have major impact in HFpEF and pulmonary hypertension patients, who have significant pre-capillary component pulmonary hypertension.61 We have however screened
patients from a broad population of HFpEF patients with high likelihood of pulmonary
hypertension throughout several years and our study population had predominantly
post-capillary pulmonary hypertension, whereas a small portion of patients had combined post- and pre-capillary pulmonary hypertension62. This observation suggest that
the incidence of HFpEF patients with pulmonary hypertension with significant precapillary pulmonary hypertension among already severe symptomatic HFpEF patients
is rather low. Our results do not support the use of sildenafil in patients with HFpEF
and pulmomary hypertension. However, as our study population were predominantly
patients with post-capillary pulmonary hypertension, the role of sildenafil in patients
with both post- and pre-capillary pulmonary hypertension remains to be evaluated.
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Part III: Drug evaluations of novel drugs FOR the TREATMENT of
heart failure with reduced ejection fraction
In the final part of this thesis, two drug evaluations are provided in Chapter 7 and
Chapter 8. Chapter 7 is a review of finerenone, a novel nonsteroidal mineralocorticoid
receptor antagonist. Mineralocorticoid receptor antagonists (MRA) have been shown
to reduce the risk of hospitalization and mortality in heart failure.63,64 To date, two
steroidal MRA are developed for the treatment of heart failure: spironolactone and
eplerenone. Despite the evidence for their treatment benefit, their use is limited due to
characteristics side effects. Spironolactone is highly potent, but is structurally similar
to progesterone, resulting to side effects such as gynecomastia and impotence.65,66
Eplerenone has improved selectivity but a relatively low affinity. Other important
adverse effects is the increased risk of elevated potassium levels or hyperkalemia and
worsening of renal function.66–68 These limitations have stimulated further development of a novel MRA without these side effects. Finerenone is a novel nonsteroidal
MRA, with higher selectivity toward the mineralocorticoid receptor (MR) compared
to spironolactone and stronger MR-binding affinity than eplerenone.69 In addition,
finerenone is equally distributed into cardiac and renal tissues, in contrast to spironolactone and eplerenone, which have 3 to 6 fold increased concentration in renal tissue
compared with cardiac tissue. It is therefore thought that administration of finerenone
is associated with lower risk of hyperkalemia and worsening renal function, as lower
doses are needed (due to increased selectivity and affinity) and because of the equal
distribution in cardiac and renal tissues. The first results of finerenone in heart failure
patients and patients with diabetic kidney disease are encouraging, but need to be
confirmed by further studies investigating whether the beneficial effects of finerenone
translate into improved clinical outcomes.
Chapter 8 is a review of omecamtiv mecarbil, a novel small-molecule, selective, cardiac myosin activator. Decreased cardiac contractility is the central feature of systolic
heart failure, but the cornerstones of current heart failure therapy are not agents that
improve cardiac contractility. Current available drugs that improve cardiac function
(i.e. inotropes) are associated with serious adverse effects such as ischemia, arrhythmias and mortality2,4,70–74, and these adverse effects stimulated further development
of a novel drug with improving cardiac contractility as a target. Omecamtiv mecarbil
accelerates the transition from the weakly bound to the strongly bound state, enabling
more myosin heads to enter the force-generating state.75 As a result, systolic ejection
time increases and cardiac contractility improves. The first results of omecamitiv
mecarbil in healthy humans, chronic systolic heart failure and acute heart failure show
promising results. Treatment with omecamtiv mecarbil increased systolic ejection
time, systolic ejection fraction, fractional shortening, stroke volume, and NT-proBNP
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levels. However, increased levels of troponin were observed in patients receiving higher
doses of omecamtiv mecarbil, thus an important adverse effect may be dose-related
myocardial ischemia. Further studies are therefore needed to investigate whether the
beneficial effects of omecamtiv mecarbil translate into improved clinical outcomes.

Future perspectives
The treatment of patients with heart failure has markedly improved over the past decades, but the field needs to evolve further. Failure of the development of novel effective treatments calls for better insights in important pathophysiolocial mechanisms
and identification of potential targets. However, to simply discover novel drug targets
might not be enough. It seems that the large treatment benefits that were seen in the
first trials are successes of the past. Over the last years, many trials with potential
novel drugs have yield neutral results, indicating that improving the already significant
gain is challenging. In addition, polypharmacy may also influence therapeutic compliance. As a result, future clinical trials should include larger study populations to
observe a significant difference in treatment effect. This is undesirable, expensive and
time-consuming. Alternative approaches are therefore needed to improve therapy of
heart failure.
Polypharmacy could be addressed by a polypill, combining multiple active pharmaceutical ingredients in one compound. However, to improve the already significant
gain of current treatment, we have to look at patients. Between heart failure patients
there are many differences: differences in characteristics, etiology and co-morbidity.
These inter-individual differences in heart failure hold great potential for precision
medicine. The fundamental principle behind precision medicine is to identify certain
patient profiles, characterized by clinical characteristics, biomarkers, metabolomics,
transcriptomics or even genetic information, that are associated with a distinct response to treatment. Tailoring treatment will result in the greatest treatment benefit
while reducing the risk of adverse effects. Although the cardiology field might hold
great potential for precision medicine, there are many hurdles that have to be overcome before this approach can be implemented. The first step would be retrospective
analysis of data of previous conducted phase II trials to explore potential subgroups
with specific signatures which have a distinct treatment response. However, some
datasets are lost, not available or have minimal information regarding biomarkers and
genetic information, making it impossible to study treatment heterogeneity across
these variables. Future phase II trials should therefore include broader and large study
populations, and additional biomarkers or genetic information related to underlying
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biological components should be collected and studied. Analyzing such big data is
challenging. In fact, it may not be easy: a phenotype may not reflect underlying biological mechanisms related to differential response and a single gene contributes only
to a small amount of information. One example regarding the difficulties to identify
a target subgroup based on one phenotype characteristic comes from the results of
the PRAISE trials studying the effect of amlodipine in heart failure patients. The first
PRAISE trial was a hypothesis generating trial including patients with ischemic cardiomyopathy and nonischemic dilated cardiomyopathy. Subgroups were pre-specified
and patients were allocated to amlodipine or placebo on separate strata. After a mean
follow-up of 13.8 months, there was a significant treatment interaction across the etiology of heart failure. Among patients with ischemic cardiomyopathy, treatment with
amlodipine did not result in a reduced risk of cardiovascular morbidity and all-cause
mortality (HR 1.04, 95% CI 0.83-1.29, p = ns), while among patients with nonischemic
dilated cardiomyopathy treatment with amlodipine resulted in reduction in risk of cardiovascular morbidity and all-cause mortality (HR 0.69, 95% CI 0.49-0.98, p = 0.04).77
The investigators should be complemented that they thus designed the definitive
PRAISE 2 trial, including only patients with heart failure with nonischemic dilated cardiomyopathy.78 Unfortunately, after a median follow-up time of 33 months, treatment
with amlodipine did not result in a reduced risk of all-cause mortality, cardiovascular
death and rehositalizations. These results of the PRAISE trials demonstrate the difficulties of only using a baseline characteristic to target therapy. Apparently, there are
multiple factors influencing response to treatment. Systems biology is an emerging
holistic approach that focus on complex interactions within biological systems and is
based on the concept that all systems (proteins and genes) act together in concert.
Systems biology studies the complexity of systems over time and under varying conditions, and demands a collaboration of many scientific disciplines: medical science,
biology, bioinformatics, computer science, and engineering. Because of the ability to
study everything in concert, systems biology may reveal biological elements which determine the expression and appearance of health and disease, and factors underlying
pathophysiological pathways associated with treatment response. Systems biology
may therefore overcome the limitations related to identifying a subgroup based on
one patient characteristic. In addition, as traditional subgroup analyses are often associated with statistical concerns, novel statistical methods and analytic approaches
need to be developed and implemented. Gathered information regarding differential
response should then be taken into account in the trial design of phase III trials.
Study inclusion and exclusion criteria should characterize the responder population
of the investigated drug, thereby increasing the likelihood of future trial success. The
next step is to develop an easy, simple, inexpensive tool to identify responders and
non-responders, enabling physicians to distinguish responders from non-responders
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prior treatment. For example, this could be a responder risk score based on variables
with treatment interaction, or a set of biomarkers, transcriptomics, metabolomics or
even genetic blueprint (Figure 2).

Treatment C

Treatment A

Treatment B

Treatment D

Figure 2 ○ Tailoring treatment

Taken together, precision medicine in cardiology may sound like a long shot. However,
along with increasing understanding of the basis of disease heterogeneity, development of powerful methods for characterizing patients (proteomics, metabolomics),
technological innovations in genome research, and the ability to analyze large datasets with state-of-the art statistical methods, the distance to a breakthrough may be
closer than it seems. There are already a few ongoing trials that have been designed
considering the underlying working mechanism of the drug. The ACTIVATE trial for
instance investigates tolvaptan, an arginine vasopressine antagonist (AVP) in patients
with high copeptin levels, as copeptin is the C-terminal portion of pro-AVP, mirroring
AVP levels. (ACTIVATE, NCT01733134). In addition, the RELAX-AHF trials76 included
acute heart failure patients with a systolic blood pressure of 125 mm Hg or higher. As
serelaxin is a vasodilatator it is indeed expected to be safer en probably more effective
in patients with high blood pressures (RELAX-AHF-2 NCT01870778).
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To overcome the barriers of precision medicine different stakeholders involved in precision medicine should embrace actions. Reseachers and biotechnology companies
should move R&D of biomarkers towards companion diagnostics (tests to identify
patient’s likelihood of response or risk of experiencing harmful effects). Currently, up
to 50% of drugs in development have an associated biomarker program. This number
should (and hopefully will) increase over time. Physicians should also embrace the effect of performing diagnostic tests. Some tests may be in favor of physician economics,
while other test may hurt physician economics. For example, some diagnostic tests
will reveal patients at higher risk who should be seen more often by the cardiologist,
while other diagnostic tests will identify patients who do not need therapy, resulting
in a decline in administration of the drug, thus diminishing billing fees. In addition,
pharma should face the risk that some drugs may have a decline in the market share
as these agents may not be applicable in the broader population, while embracing the
potential that other drugs will capture value through identification of responders. Together, researchers, physicians, but also the industry should have a greater willingness
to accept results and information regarding treatment heterogeneity, and important
signals should be taken into account in the design of future trials. In addition, even if
future developments overcome abovementioned key scientific and economic hurdles,
there are also challenges related to operational issues, such as issues regarding privacy concerns, that should be addressed. These challenges demand ethical and legal
frameworks that can only be established by the involvement of medical professionals,
patients, governments, and policy makers.
Segmentation of population into subgroups will not only change the dynamic of drug
development but also clinical practice. Direct selection of optimal therapy, will increase
treatment benefit, avoid adverse effects, increase patients compliance to treatment,
reduce trial-and-error-prescription, and eventually control overall health care costs.
Therapies should be tailored to specific heart failure phenotypes and/or genotypes
with distinct response to treatment. Future trials should be designed taking differences in characteristics of patients, such as genetic background, associated pathophysiological processes, plasma biomarker status or non-cardiac co-morbidities, into
account. Only if novel therapeutic concepts and future clinical trials integrate these
different aspects of patients we can improve the management of heart failure.
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Wat is hartfalen?
Bij hartfalen pompt het hart niet genoeg bloed rond. Hierdoor kunnen klachten zoals
kortademigheid, vermoeidheid en vochtophoping ontstaan. De pompfunctie van het
hart kan verminderen door verschillende oorzaken. Zo kan iemand hartfalen krijgen
na een hartinfarct. Na een hartinfarct raakt een deel van de hartspier beschadigd,
waardoor dit deel niet meer goed kan samentrekken. Ook kan hartfalen ontstaan als
iemand lang een hoge bloeddruk heeft. Doordat het hart langdurig tegen een hoge
bloeddruk moet pompen, wordt de hartspier dikker, maar uiteindelijk ook stijver.
Hartfalen kan ook ontstaan als de hartkleppen slecht werken, hierdoor raakt het hart
overbelast. Een langdurige hartritmestoornis kan ook hartfalen veroorzaken, evenals
een spierziekte van de hartspier zelf.
De pompcyclus van het hart kent twee fasen: de systole (het hart trekt samen) en de
diastole (het hart ontspant zich) en hartfalen kent dan ook twee vormen: systolisch
hartfalen en diastolisch hartfalen. Bij systolisch hartfalen is de pompfunctie van het
hart verminderd en trekt het hart zich minder krachtig samen (hartfalen met een verminderde pompfunctie: heart failure with reduced ejection fraction [HFrEF]). Bij diastolisch hartfalen ontspant het hart zich niet goed, waardoor het hart zich met minder
bloed laat vullen. De pompfunctie is hierbij behouden, maar omdat er minder bloed
in het hart komt, komt er ook minder bloed uit (hartfalen met behouden pompfunctie:
heart failure with preserved ejection fraction [HFpEF]). Bij beide vormen pompt het
hart netto uiteindelijk per slag minder bloed rond. Ook komen beide vormen van
hartfalen soms tegelijk voor. Vanwege de groei en vergrijzing van de wereldbevolking
komt hartfalen steeds vaker voor. De prognose van hartfalen is slecht en in de westerse wereld vormt hartfalen een groot probleem voor de volksgezondheid. Het op tijd
diagnosticeren en behandelen van deze ziekte is daarom belangrijk en kan patiënten
helpen langer te leven.
In de laatste decennia zijn er grote successen geweest met medicijnen die het natuurlijk beloop van hartfalen verbeteren. Echter, deze medicijnen blijken alleen effectief te
zijn bij patiënten die lijden aan HFrEF. Maar ondanks deze succesvolle ontwikkelingen, blijft de prognose van HFrEF slecht en de economische last die met deze ernstige
ziekte gepaard gaat groeien. Hierdoor nemen de kosten van de gezondheidszorg toe.
Daarnaast zijn er op dit moment weinig effectieve behandelingen voor patiënten met
HFpEF en patiënten die worden opgenomen met acuut hartfalen. De zoektocht naar
betere behandelingen gaat daarom onverminderd door. In dit proefschrift worden
de resultaten van verschillende onderzoeken beschreven. In Deel I wordt de aanpak
precision medicine in hartfalen onderzocht. Deel II beschrijft de resultaten van onder-
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zoeken in patiënten met HFpEF en Deel III beschrijft geneesmiddelen evaluaties van
medicijnen voor de behandeling van patiënten met HFrEF.

Deel 1: Precision medicine in hartfalen
In de laatste jaren zijn er verschillende klinische onderzoeken geweest die nieuwe
therapieën voor hartfalen hebben onderzocht. Helaas lieten veel van deze studies een
neutraal, of soms een negatief, effect zien. Experts gaven mogelijke verklaringen: de
verkeerde therapieën zijn onderzocht, de verkeerde patiënten zijn meegenomen in de
onderzoeken of er is gekeken naar verkeerde uitkomstmaten. Ook zou het kunnen dat
we te maken hebben met het fenomeen ‘de wet van de afnemende opbrengst’: het
overtreffen van het succes van de huidige behandelingen is nu eenmaal een uitdaging.
Dit heeft als gevolg dat in de toekomst veel meer patiënten moeten worden onderzocht in een onderzoek om uiteindelijk een significant verschil te vinden. Dit is proces
is uiteraard onwenselijk, tijdrovend en duur en vraagt om een andere, innovatieve
aanpak. Deel I van dit proefschrift beschrijft waarom een gepersonaliseerde aanpak,
dat wil zeggen een heel specifiek op het individu gerichte behandeling, kan leiden tot
een groter behandelingseffect, terwijl tegelijkertijd het risico op bijwerkingen wordt
verkleind.
Op dit moment worden ‘randomized controlled trials’ beschouwd als de gouden
standaard om een behandelingseffect te evalueren. Dat is een onderzoeksmethode
waarbij patiënten die mee doen aan onderzoek, willekeurig worden ingedeeld in één
van de onderzoeksgroepen (bijvoorbeeld: groep A [nieuw medicijn] in vergelijking
met groep B [placebo – nep medicijn]). De resultaten van dergelijke trials vormen de
basis van onze huidige richtlijnen. Echter, helaas bieden deze richtlijnen weinig steun
wanneer ze worden toegepast op de individuele patiënt. Op dit moment worden trials
namelijk dusdanig ontworpen om een bepaalde groep met patiënten te onderzoeken:
aan de hand van zogenaamde ‘in- en exclusiecriteria’ voldoen bepaalde patiënten aan
de voorwaarden van een studie. Alleen mensen die geschikt zijn worden benaderd, en
hierdoor wordt een bepaalde groep patiënten uiteindelijk onderzocht. Resultaten van
een onderzoek zijn daarom in feite alleen toepasbaar in patiënten met dezelfde eigenschappen als de groep patiënten die is meegenomen in het onderzoek. Daarnaast
wordt in een trial uiteindelijk het gemiddelde behandelingseffect van groep A (nieuw
medicijn) met het gemiddelde behandelingseffect van groep B (placebo) vergeleken.
Als het gemiddelde behandelingseffect van groep A beter is dan het gemiddelde behandelingseffect van groep B, dan wordt een trial als ‘positief’ beschouwd. Vervolgens
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wordt dan geconcludeerd dat het medicijn een gunstig effect heeft in alle patiënten:
een ‘one-size-fits-all’ behandeling. Maar, het kan natuurlijk zo zijn, dat een enkele
patiënt juist geen gunstig effect van het medicijn ervaart.
Deze subgroepen van patiënten kunnen op verschillende manieren worden onderscheiden. Hoofdstuk 1 is een overzichtsartikel waarin bestaande voorbeelden binnen
hartfalen worden genoemd die illustreren dat een behandelingseffect heel divers
kan zijn over een algehele studiepopulatie. Binnen de hele onderzochte groep kan
nader onderscheid worden gemaakt door mensen te verdelen op grond van allerlei
kenmerken: man of vrouw, jong of oud, allerlei verschillende maten of zelfs genetische
informatie.
Hoofdstuk 2 beschrijft de resultaten van een onderzoek waarin is gekeken of het
effect van het medicijn Serelaxine verschilt in patiënten met acuut hartfalen en een
verminderde nierfunctie en patiënten met acuut hartfalen en een normale nierfunctie.
Serelaxine is een nagemaakte variant van het vaatverwijdende eiwit relaxine, dat o.a.
ontspanning van de bloedvaatwand geeft en met name verhoogd is bij zwangere vrouwen. Doordat de vaatwand zich ontspant, leidt dit tot een betere bloeddoorstroming
van de organen en andere weefsels. In acuut hartfalen wordt vaak een vermindering
van de nierfunctie gezien. Het hebben van een verminderde nierfunctie in acuut hartfalen is geassocieerd met een slechtere prognose. Eerdere studies in zowel dieren, als
mensen lieten zien dat relaxine mogelijk directe effecten heeft op de nieren.
In het onderzoek wat beschreven is in Hoofdstuk 2, is het effect van Serelaxine in
patiënten met acuut hartfalen onderzocht. In de hele groep onderzochte patiënten,
was het hebben van een verminderde nierfunctie bij binnenkomst inderdaad geassocieerd met een slechtere prognose. Er is vervolgens naar deze associatie gekeken
in patiënten die waren behandeld met een placebo en patiënten die waren behandeld
met Serelaxine. In patiënten die werden behandeld met een placebo, was het hebben
van een verminderde nierfunctie ook geassocieerd met een slechtere prognose. In
patiënten die werden behandeld met Serelaxine daarentegen, was deze associatie
duidelijk in mindere mate aanwezig. Het behandelingseffect van Serelaxine was groter
in patiënten met een verminderde nierfunctie, dan in patiënten met een normale nierfunctie. Deze resultaten suggereren dat het grotere behandelingseffect van Serelaxine
in patiënten met een verminderde nierfunctie zó gunstig is, dat het bekende risico
van een verminderde nierfunctie bij binnenkomst in deze patiënten verdwijnt. Dit
onderzoek laat niet alleen zien dat er aanwijzingen zijn dat Serelaxine mogelijk een
groter behandelingseffect heeft in patiënten met een verminderde nierfunctie, maar
dat een behandelingseffect inderdaad kan verschillen in subgroepen van patiënten.
Deze studie laat zien dat een gemiddeld behandelingseffect juist niet ‘gemiddeld’
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is en voor de hele groep geldt, maar dat er juist subgroepen van patiënten zijn die
anders op een medicijn reageren.
Subgroep analyses zijn daarom belangrijk om de diversiteit van een behandelingseffect te onderzoeken. Traditionele subgroep analyses gaan echter vaak gepaard met
statistische beperkingen. Door het opdelen van de gehele studiepopulatie verliest
men namelijk statistische power (het onderscheidend vermogen van een statistische
test om een significant verschil aan te kunnen tonen). Hoofdstuk 3 beschrijft de
resultaten van een onderzoek waarbij er is gekeken naar de diversiteit van een behandelingseffect. In dit onderzoek is het behandelingseffect van het medicijn Rolofylline in
patiënten met acuut hartfalen onderzocht. Het gemiddelde behandelingseffect van de
hele onderzochte groep was neutraal: er was geen positief en geen negatief effect. De
diversiteit van het behandelingseffect van Rolofylline is in dit onderzoek onderzocht
met behulp van een grote verzameling van biomarkers en een nieuwe, accurate en
krachtiger statistische methode: subpopulation treatment effect pattern plot (STEPP).
Deze methode biedt de mogelijkheid om de heterogeniteit in een behandelingseffect
over een continue schaal te onderzoeken. Dit is nieuw t.o.v. traditionele subgroep
analyses, die soms subgroepen baseren op arbitraire, niet-altijd klinisch relevante
afkapwaarden. Biomarkers zijn biologische markers (in bloed) die gerelateerd kunnen
zijn aan onderliggende pathofysiologische mechanismen die geassocieerd zijn met
de respons op een behandeling. Met behulp van STEPP kon een biomarker-model
worden gebouwd waarmee verschillende subgroepen van patiënten kon worden
geïdentificeerd: een groep patiënten met een gunstig effect, een groep patiënten met
een neutraal effect, en een groep patiënten met een negatief effect. Dit onderzoek
toonde aan dat zelfs in een neutrale studie, er een groep patiënten kan zijn die juist
wel baat hebben van het onderzoeksmiddel en een groep patiënten die juist schade
ondervindt van het onderzoeksmiddel.

Deel II: Nieuwe therapieën voor hartfalen met een behouden
pompfunctie
In Deel II van dit proefschrift worden onderzoeken beschreven die nieuwe behandelingen voor HFpEF hebben onderzocht. HFpEF komt steeds vaker voor, maar helaas zijn
er op dit moment geen behandelingen die de prognose van deze vorm van hartfalen
verbeteren.
Hoofdstuk 4 geeft de resultaten weer van een onderzoek waarbij is gekeken de effecten van het medicijn LCZ696 in patiënten met HFpEF. Een veelvoorkomende
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bijwerking van huidige hartfalen medicijnen is een verslechtering van de nierfunctie.
Door het werkingsmechanisme van LCZ696 werd gedacht dat LCZ696 een ander
effect op de nierfunctie zou hebben. Het onderzoek beschreven in Hoofdstuk 4 laat
zien dat behandeling met LCZ696 geringere verslechtering in de nierfunctie gaf dan
wanneer er werd behandeld met een ander typisch hartfalen medicijn Valsartan. Maar
er waren ook aanwijzingen dat LCZ696 tot meer eiwit verlies in de urine zou leiden in
vergelijking met Valsartan. Op dit moment is een grotere studie (met meer patiënten)
gaande die de effecten van LCZ696 in patiënten met HFpEF onderzoekt: de PARAGON studie. In deze studie zal gekeken moeten worden of bovenstaande bevindingen
kunnen worden bevestigd en of deze effecten op de nieren invloed hebben op de
prognose van HFpEF.
Een deel van patiënten met HFpEF ontwikkelt pulmonale hypertensie. Bij pulmonale
hypertensie is de bloeddruk in de longslagader te hoog. Zodra patiënten met HFpEF
pulmonale hypertensie als gevolg van de ziekte ontwikkelen, is hun prognose slechter.
Daarnaast hebben deze patiënten vaak meer klachten, zoals kortademigheid of een
verminderde inspanningstolerantie (ze kunnen zich minder goed inspannen). Daarom
richten steeds meer nieuwe klinische trials zich op de behandeling van pulmonale
hypertensie in HFpEF. Het medicijn Sildenafil is effectief gebleken in de behandeling
van pulmonale arteriële hypertensie, een zeldzame, chronische longziekte. Hoofdstuk
5 beschrijft de resultaten van een ‘randomized controlled trial’ waarin het effect van
Sildenafil in patiënten met HFpEF met daarbij pulmonale hypertensie met een placebo
is vergeleken. In dit onderzoek zijn in totaal 52 patiënten onderzocht: 26 patiënten
werden behandeld met Sildenafil, 26 patiënten werden behandeld met een placebo.
Patiënten werden in totaal 12 weken behandeld. Uiteindelijk liet dit onderzoek zien dat
behandeling met Sildenafil geen gunstige effecten had op de drukken in de longader
en de inspanningstolerantie. Hoofdstuk 6 beschrijft het onderzoek waarbij er is gekeken naar de effecten van Sildenafil op andere uitkomstmaten: echografische hartparameters, biomarkers en kwaliteit van leven. Maar ook op deze uitkomstmaten werd
geen gunstig effect van Sildenafil gezien in vergelijking met placebo. Deze resultaten
suggereren dat Sildenafil niet effectief is in patiënten met HFpEF en pulmonale hypertensie. Wel moet daarbij vermeld worden dat de onderzochte groep patiënten met
name bestond uit patiënten met een geïsoleerde ‘postcapillaire’ vorm van pulmonale
hypertensie. Slechts een klein deel van de patiënten had een gecombineerde ‘post- en
precapillaire’ vorm van pulmonale hypertensie. Het zou kunnen dat Sildenafil alleen
effecten heeft in patiënten die deze laatste vorm van pulmonale hypertensie hebben
bij hun hartfalen. Verder onderzoek is nodig om deze conclusie te trekken.
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Deel III: Geneesmiddelen evaluaties van nieuwe medicijnen voor de
behandeling van hartfalen met een verminderde pompfunctie
In Deel III van dit proefschrift worden twee medicijnen voor de behandeling van HFrEF
geëvalueerd. Hoofdstuk 7 is een geneesmiddelen evaluatie van het medicijn Finerenone. Finerenone kan worden beschouwd als een derde generatie mineralocorticoid
receptor antagonist (MRA). Eerder onderzoek heeft aangetoond dat MRAs de prognose verbeteren van hartfalen patiënten. Daarom hebben de MRAs een belangrijke rol
in de behandeling van deze patiënten. Op dit moment zijn er slechts twee MRAs op de
markt: Spironolacton en Eplerenon. Ondanks hun bewezen effectiviteit, worden deze
twee middelen met enige terughoudendheid voorgeschreven vanwege hun karakteristieke bijwerkingen. Spironolacton is erg krachtig, maar is structureel bijna hetzelfde
als progesteron, een vrouwelijk geslachtshormoon, en heeft daarom vervelende bijwerkingen als impotentie en borstvorming bij mannen, en onregelmatige menstruatie
bij vrouwen. Eplerenon heeft daarentegen een hogere selectiviteit (het vermogen van
het medicijn op het bedoelde punt – bijvoorbeeld een receptor - aan te grijpen), maar
wel een lagere affiniteit (het vermogen om aan dit punt gebonden te blijven). Daarnaast zijn gevreesde bijwerkingen van MRAs een verhoogde kalium spiegel of een
verslechtering van de nierfunctie. Deze beperkingen hebben verder onderzoek naar
een selectievere, maar even effectieve MRA gestimuleerd. De ontwikkelingen hebben
geleid tot de ontdekking van Finerenone. Finerenone is een nieuwe non-steroidale
MRA, met een hoge selectiviteit voor de mineralocorticoid receptor in vergelijking met
Spironolacton en een sterkere affiniteit voor de mineralocorticoid receptor in vergelijking met Eplerenon. Onderzoek in ratten liet zien dat de concentratie Finerenone over
hart en nieren meer gelijkmatig is verdeeld. Dit in tegenstelling tot Spironolacton en
Eplerenon, die een 3 tot 6 meervoudige concentratie hebben in de nieren. Ook was
een lagere dosering nodig om hetzelfde effect als Eplerenon te bereiken. Er wordt
gesuggereerd dat deze verminderde concentratie van Finerenone in de nieren en de
relatief lagere dosering leidt tot minder hoge kalium spiegels en minder verslechtering
in de nierfunctie. De eerste resultaten van studies met Finerenone in patiënten met
hartfalen en patiënten met diabetische nierziekte laten veelbelovende resultaten zien.
Verder onderzoek, met grotere patiëntengroepen, zijn echter nodig die deze goede
resultaten te bevestigen en om aan te tonen dat Finerenone de prognose van deze
patiënten verbetert.
Hoofdstuk 8 is een geneesmiddelen evaluatie van Omecamtiv Mecarbil. Omecamtiv
Mecarbil is een nieuw klein-molecuul, selectieve, cardiale myosine activator. Myosine
is een eiwitmotor van de hartspier. Door myosine te activeren kan de pompfunctie van
het hart worden verbeterd. In HFrEF is de pompfunctie van het hart verminderd. De
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belangrijkste medicijnen in de behandeling van HFrEF zijn echter geen medicijnen die
direct de pompfunctie van het hart verbeteren. Sterker nog, deze medicijnen richten
zich op de neurohormonale systemen die uit balans zijn geraakt bij een conditie als
hartfalen. Beschikbare medicijnen die direct de pompfunctie van het hart verbeteren
hebben helaas ernstige bijwerkingen, zoals ischemie (zuurstof tekort van het hart),
ritmestoornissen en een verhoogde kans op overlijden. Deze bijwerkingen hebben
daarom geleid tot verder onderzoek naar een middel dat direct de pompfunctie van
het hart verbetert, zonder deze ongunstige bijwerkingen. In een hartspier cyclus trekt
de hartspier zich samen doordat het motoreiwit myosine zich bindt aan de spiervezels
actine. Myosine vormt met actine een complex, die in elkaar kunnen schuiven. Het
samentrekken van de hartspier is op cellulair niveau het in elkaar schuiven van dit
complex. Omecamtiv Mecarbil versnelt de overgang van het myosine-actine complex
van een ‘zwakke status’, naar een ‘sterke status’, zodat er uiteindelijk meer myosineactine complexen ontstaan die in een kracht-genererende-stand komen. Eerder werd
dit fenomeen beschreven als het met ‘meer handen aan een trouw trekken’. Er schuiven meer complexen in elkaar en door dit fenomeen neemt de pompfunctie van het
hart toe. De eerste resultaten van Omecamtiv Mecarbil in gezonde mannen, patiënten
met chronisch hartfalen en patiënten met acuut hartfalen laten een gunstig effect zien.
De eerste resultaten van Omecamtiv Mecarbil zijn dus veelbelovend, maar verder
onderzoek, met grotere patiëntengroepen, zijn echter nodig die deze goede resultaten
te bevestigen en om aan te tonen dat Omecamtiv Mecarbil de prognose van deze
patiënten verbetert.

Toekomstperspectieven
De behandeling van hartfalen is in de laatste jaren sterk verbeterd, maar vraagt nog
steeds om nieuwe ontwikkelingen. Teleurstellende resultaten van recente onderzoeken stimuleren verder onderzoek naar betere inzichten in de pathofysiologische
mechanismen die betrokken zijn in hartfalen en nieuwe potentiële doelen voor een
behandeling. Echter, het ontdekken van alleen nieuwe behandeldoelen is wellicht niet
voldoende. Toekomstige therapieën zouden meer specifiek gericht moeten zijn op
bepaalde hartfalen subtypes of subgroepen van patiënten die een specifieke respons
op de behandeling blijken te hebben. Het opdelen van een patiëntenpopulatie in
subgroepen zal uiteindelijk niet alleen de dynamiek van therapieontwikkeling beïnvloeden, maar ook de behandeling in de klinische praktijk. De inzet van alle betrokken
partijen is hierbij belangrijk: bedrijven zullen hun Research & Development moeten
richten op het ontwikkelen van meer/betere diagnostische testen. Dokters zullen de
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deze testen moeten toepassen in de klinische praktijk en naar de resultaten moeten
handelen: er zullen namelijk patiënten worden geïdentificeerd die specifieker moeten
worden behandeld, maar er zullen ook patiënten worden onderscheiden die geen
behandeling behoeven. Ook bedrijven moeten enkele uitdagingen onder ogen zien:
het marktaandeel van sommige producten kan afnemen, terwijl tegelijkertijd ook de
waarde van een product juist kan toenemen doordat een grotere subpopulatie wordt
geïdentificeerd of een behandelingseffect groter is in bepaalde patiënten.
Selectie van de optimale therapie, zal uiteindelijk het behandelingseffect vergroten,
ongunstige bijwerkingen voorkomen, de therapietrouw van een behandeling vergroten, de trial-en-error-aanpak verminderen en uiteindelijk leiden tot een vermindering
in kosten van de gezondheidszorg. Toekomstige trials zullen moeten worden opgezet
waarbij patiëntkarakteristieken die de respons op behandeling beïnvloeden worden
meegenomen. Alleen als innovatieve, nieuwe therapeutische concepten en toekomstige klinische studies deze verschillende aspecten in acht nemen, kan de behandeling
van hartfalen aanzienlijk worden verbeterd.
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hond altijd voor mij klaar staat. Al gaat het om het plakken van mijn lekke band tot het
aanhoren van mijn frustraties, bij jou kan ik altijd terecht en niets is jou te veel. Het is
fijn om zo’n broertje te hebben. Je bent vorig jaar met verve afgestudeerd, begonnen
aan je nieuwe baan en woont sinds kort samen met jouw Iris in jullie nieuwe huisje. Ik

Dankwoord ○

ben supertrots op je en ben stiekem soms best jaloers hoe jij in alle rust en beheersing
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