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Recently Approved Pharmacologic
Agents to Improve Outcomes

in Heart Failure

David C. Booth and Navin Rajagopalan

Introduction and Background

Over the past 5 years, two novel FDA-approved
agents for the treatment of heart failure have been
introduced, the angiotensin receptor-neprilysin
inhibitor (ARNi), sacubitril/valsartan (Entresto),
and the funny current (/;) inhibitor ivabradine
(Corlanor). Prior to the approval of these agents,
hemodynamic optimization — using vasodilators
including hydralazine and isosorbide [1, 4, 5] —
and neuro-humoral inhibition, combining
angiotensin-converting ~ enzyme  inhibition,
B-blockade, and mineralocorticoid-receptor
antagonism [2, 3, 6—11], have been the evidence-
based pharmaceutical approaches to improve
outcome in chronic systolic heart failure. The
majority of the agents tested in the referenced tri-
als rested on a background of proven hemody-
namic benefit. There is a relative paucity of
published hemodynamic data for sacubitril/val-
sartan and ivabradine, as randomized trials for
these agents in systolic heart failure have been
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endpoint-driven. This chapter summarizes the
outcome data, quality of life results, and avail-
able hemodynamic data for these two drugs.
Other modalities which have been shown to
improve survival in systolic heart failure include
the implantable cardioverter defibrillator, cardiac
resynchronization therapy, and left ventricular
assist device implantation, but these are not dis-
cussed here.

Rationale and Research Leading
to Sacubitril/Valsartan

Heart failure activates the sympathetic nervous
system (SNS) and the renin-angiotensin-
aldosterone system (RAAS), leading to vasocon-
striction and increased sympathetic tone, in turn
resulting in downregulation of the B-receptors.
Activation of RAAS leads to increased secretion
of angiotensin II and aldosterone, which also
results in increased ADH secretion. These neuro-
hormonal maladaptations result in fluid retention,
perpetuating the cycle of heart failure. ACE inhi-
bition, or angiotensin receptor blockade, 3-block-
ade, and mineralocorticoid antagonism modulate
the effects of the SNS and RAAS.

Since the early 1980s, the natriuretic peptide
system (NPS) began to receive attention as a
potential target in heart failure treatment. Within
the NPS are three hormones, atrial natriuretic
peptide (ANP), B-type natriuretic peptide (BNP),
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and C-type atrial natriuretic peptide (CNP). While
CNP is secreted from endothelial cells and car-
diac fibroblasts and has vasodilatory and anti-
remodeling effects, ANP and BNP are secreted,
respectively, from the atria and the ventricles, are
released in response to fiber stretch and volume
overload and promote diuresis, natriuresis, and
vasodilation, counteracting the maladaptive
effects of SNS and RAAS activation [12]. With
the development of angiotensin receptor blockers,
which exert their effects primarily at the Type 1
angiotensin II receptor, there was hope that a
more specific RAAS antagonist would result in
further survival improvement in heart failure out-
comes. However, while the Valsartan Heart
Failure Trial (Val HeFT) [13] (2001) demon-
strated reduced heart failure hospitalizations,
leading to an FDA-approved indication in heart
failure, overall mortality in the valsartan and pla-
cebo groups was similar. The demonstration of
the beneficial effects of the natriuretic peptides
led to the development of human recombinant
BNP, namely nesiritide, which was FDA-approved
for use in 2001 on the basis of improvement in
dyspnea in decompensated heart failure. However,
a larger randomized trial released in 2011, the
Acute Study of Clinical Effectiveness of Nesiritide
in Decompensated Heart Failure (ASCEND-HF)
[14], demonstrated no improvement in dyspnea,
30-day mortality, or readmission rates in the
nesiritide group. Hypotension was significant in
the nesiritide group. As a result, nesiritide is used
rarely in practice today, but natriuretic peptide
levels remain well established as biomarkers.
Research efforts have been directed at toward
identifying agents that could inhibit the enzyme
that breaks down endogenous natriuretic pep-
tides, namely, neprilysin. Neprilysin (NEP) is a
neutral endopeptidase, and its inhibition increases
bioavailability of natriuretic peptides, bradyki-
nin, and substance P, resulting in natriuretic,
vasodilatatory, and anti-proliferative effects. The
natural hypothesis was that combined inhibition
of the RAAS and NEP would result in a better
heart failure treatment (Fig. 8.1). This led to the
development of omapatrilat, a combined ACEi/
NEPi. Several trials of the agent were conducted
in heart failure, culminating in the Omapatrilat
Versus Enalapril Randomized Trial of Utility in

Reducing Events (OVERTURE) Trial [15] in
patients with NYHA Functional Class II-IV
heart failure. While post hoc analyses appeared to
demonstrate potential benefit, there was an
increased incidence of life-threatening angio-
edema, which was substantiated in a subsequent
study of the agent in hypertension. These results
effectively thwarted ACEi-NPi as a treatment in
heart failure.

An important advantage of ARBs over ACE is
is that ARBs do not block the degradation of bra-
dykinin, the principal instigator of cough, a side
effect noted in at least 10% of patients on an
ACE, and do not cause angioedema which can
occur in about 0.1% of patients on an ACE [16].
Omapatrilat was subsequently demonstrated to
inhibit an enzyme responsible for bradykinin
metabolism. A logical solution to the adverse
effects of omapatrilat was to combine an ARB
with an NEPi, termed ARNI or angiotensin
receptor-neprilysin  inhibitor -  LCZ696,
Sacubitril/Valsartan. Sacubitril is a prodrug
which is converted in the body to sacubitrilat,
which inhibits neprilysin and thereby the degra-
dation of NPs. A Phase III trial [17] published in
2010 comparing sacubitril/valsartan to valsartan
showed greater reduction in systolic, diastolic,
and pulse pressures with sacubitril/valsartan. The
Prospective Comparison of ARNI with ARB on
Management of Heart Failure with Preserved
Ejection Fraction (PARAMOUNT) Trial [18],
published in 2012 was a Phase II randomized
trial that assessed NT-proBNP after 12 weeks of
sacubitril/valsartan compared to valsartan in
patients with heart failure with preserved left
ventricular ejection fraction (HFpEF). At
12 weeks, NT-proBNP was significantly lower in
the sacubitril/valsartan group, and an echocardio-
graphic reduction in left atrial volume and size
was also demonstrated. The NT-proBNP lower-
ing effect appeared to be independent of a blood
pressure lowering effect of the drug.

Publishedin 2014, the Prospective Comparison
of ARNI with ACEI to Determine Impact on
Global Mortality and Morbidity in Heart Failure
(PARADIGM-HF) trial randomized 8399
patients with HFrEF (LVEF <40%) and NYHA
Class II-IV symptoms to sacubitril/valsartan
200 mg PO BID or enalapril 10 mg PO BID (the
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Fig. 8.1 Angiotensin receptor-neprilysin inhibitors have
the potential to modulate two counter-regulatory neuro-
hormonal systems in HF: the renin-angiotensin-
aldosterone system and natriuretic peptide system. ANG

goal dose from CONSENSUS and SOLVD), in
addition to standard therapy for chronic systolic
heart failure. The majority of the study popula-
tion was receiving B-blockers and mineralocorti-
coid antagonists. The primary end point of the
trial was the combination of death from cardio-
vascular causes and heart failure hospitalization.
There being insufficient Phase II safety data for
sacubitril/valsartan, the PARADIGM protocol
stipulated safety and tolerability run-ins for all
participants in the trial. If participants tolerated
both sacubitril/valsartan and enalapril, they were
randomly assigned to the two study arms. This
approach allowed assessment not only of the end
point of the trial but also provided safety and tol-
erability data. The study was stopped early, after
median follow-up of 27 months, when the study

angiotensin, AT1 angiotensin type 1, HF heart failure, NP
natriuretic peptide, RAAS renin-angiotensin-aldosterone
system. (Indian Heart Journal Volume 70, Supplement 1,
July 2018, Pages S102-S110)

met the prespecified cutoff for significant benefit.
The ARNI combination resulted in a 20%
decrease in the primary end point, HR = 0.80,
P < 0.001, giving a Number Needed to Treat of
21. The study drug also reduced the individual
components of the combined end point, death
from cardiovascular cause by 20% and heart fail-
ure hospitalizations by 21%, both p < 0.001. All-
cause mortality in the sacubitril/valsartan arm
was reduced by 16%, HR = 0.84, p < 0.001.
While sacubitril/valsartanb resulted in 14% expe-
riencing hypotension as compared to 9% in the
enalapril arm, the discontinuation rate was not
significantly different (sacubitril/valsartan 0.9%,
enalapril 0.7%). No significant difference was
noted in the occurrence of non-serious angio-
edema between the two groups.
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In secondary analyses, sacubitril/valsartan dem-
onstrated clinical benefits in other indices of heart
failure progression, including improved NYHA
class, reduced need for intensification of medical
treatment, and reduction in the need for emergency
department visits, intensive care, and inotropic sup-
port. Other findings from PARADIGM-HF include
significantly lower NT-proBNP and troponin levels
in the sacubitril/valsartan group, significant reduc-
tion in the incidence of sudden cardiac death and
death from worsening heart failure independent of
cardioverter defibrillation implantation, and a non-
significant reduction in the need for left ventricular
assist device implantation and cardiac transplanta-
tion. The PARADIGM-HF investigators also car-
ried out a comparison of the sacubitril/valsartan
arm with the treatment arms of the SOLVD Trial
(enalapril) and the CHARM-Alternative Trial [19]
(candesartan) and found substantial relative risk
reductions for both the composite end point and for
cardiovascular death. Using the Kansas City
Cardiomyopathy Questionnaire, the
PARADIGM-HF investigators [20] demonstrated
remarkable improvement in physical and social
activity limitations with sacubitril/valsartan com-
pared to enalapril. The largest improvements were
reported in household chores (p < 0.001) and sex-
ual relationships (p = 0.002); these benefits per-
sisted through 36 months of assessment. In another
secondary analysis [21], the PARADIGM-HF
investigators found the frequency of episodes of
hyperkalemia to be significantly greater in the enal-
april arm compared to ARNI, (3.1 versus 2.2 inci-
dents per 100 patient-years, HR = 1.37, CI
1.06-1.76, p = 0.02) for patients already taking a
mineralocorticoid antagonist.

Criticisms of the PARADIGM-HF Trial include
that the study was predominantly white (66%),
male (78%), and enrolled predominantly NYHA
Functional Class II (70%) patients. Only 5% of the
study population was black, perhaps limiting the
ability of the study to accurately detect the inci-
dence of angioedema. It has also been suggested
that the enalapril dose in PARADIGM-HF was too
low [22]. Narrowly defined, only patients with
systolic heart failure and an ejection fraction of
<35% would be candidates for the drug, based on
PARADIGM-HF entry criteria. An additional crit-

icism is that neprilysin has been shown to have a
role in maintaining homeostasis of amyloid-f pep-
tide, raising the issue that a neprilysin inhibitor
might lead to increased deposits of this protein in
brain [11]. However, in a randomized, double-
blind trial measuring sacubitril/valsartan levels in
cerebrospinal fluid in healthy human subjects [23],
sacubitril/valsartan did not cause changes in aggre-
gable amyloid f isoforms compared with placebo,
despite achieving CSF concentrations of a metab-
olite of sacubitril/valsartan sufficient to inhibit
neprilysin.

The Prospective Comparison of ARNI with
ARB Global Outcomes in HF With Preserved
Ejection Fraction (PARAGON-HF Trial) [24], a
prospective randomized trial of the impact of
sacubitril/valsartan in HFpEF, has completed
enrollment and has an estimated study comple-
tion date of March 15, 2019 (clinicaltrials.gov).
Serial cognitive testing is being carried out in
PARAGON-HF in an effort to assess the impact
of sacubitril/valsartan on cognition.

In summary, in prespecified measures of nonfatal
clinical deterioration of heart failure, the
PARADIGM-HF investigators demonstrated that
the combination of sacubitril/valsartan prevented the
clinical progression of surviving heart failure
patients more effectively than did enalapril alone
[25]. On the basis of the PARADIGM-HF Trial,
sacubitril/valsartan was FDA-approved in July 2015
to reduce the risk of death and hospitalization for
heart failure in patients with chronic heart failure
(NYHA Class II-1V) and reduced ejection fraction.

The comParlson Of sacubitril/valsartaN ver-
sus Enalapril on Effect on nt-pRo-bnp in patients
stabilized from an acute Heart Failure
(PIONEER-HF) trial (PMID:30415601) enrolled
881 patients with heart failure with reduced ejec-
tion fraction who were hospitalized for acute
decompensated heart failure at 129 sites in the
United States. After hemodynamic stabilization,
patients were randomly assigned to receive either
sacubitril-valsartan (target dose, 97 mg of sacu-
bitril with 103 mg of valsartan twice daily) or
enalapril (target dose, 10 mg twice daily). The
primary efficacy outcome was the time-averaged
proportional change in the N-terminal pro-B--
type natriuretic peptide (NT-proBNP) concentra-



Recently Approved Pharmacologic Agents to Improve Outcomes in Heart Failure

tion from baseline through weeks 4 and 8. Key
safety outcomes were the rates of worsening
renal function, hyperkalemia, symptomatic hypo-
tension, and angioedema.

The investigators noted that time-averaged
reduction in the NT-proBNP concentration was
significantly greater in the sacubitril-valsartan
group than in the enalapril group. In addition, the
two drugs appeared to be equally safe; the rates
of worsening renal function, hyperkalemia,
symptomatic hypotension, and angioedema did
not differ significantly. In an analysis of explor-
atory clinical outcomes, the in-hospital initiation
of sacubitril-valsartan therapy was associated
with a lower rate of rehospitalization for heart
failure at 8 weeks than enalapril therapy.

Pharmacokinetics of Sacubitril/
Valsartan

Absorption of sacubitril/valsartan is rapid, with
maximum levels of sacubitril, sacubitrilat, and
valsartan all achieved by 2-3 h [26]. With twice-
daily dosing, steady-state concentrations are
reached within 3 days. Sacubitril is eliminated as
predominantly sacubitrilat by the kidney, while
valsartan is eliminated by the biliary route. In
heart failure patients, areaunder the concentration-
time curves for sacubitril, sacubitrilat, and valsar-
tan was higher. Renal impairment had no impact
on sacubitril or valsartan, but increased the area
under the concentration-time curve for sacubi-
trilat. Moderate hepatic impairment increased the
area under the concentration-time curve of val-
sartan and sacubitrilat approximately two-fold.
Regarding drug-drug interactions, sacubitril/val-
sartan increased plasma concentrations of atorv-
astatin. Pharmacokinetics of the drug were not
affected by age, sex, or ethnicity.

Hemodynamic Impact of Sacubitril/
Valsartan

Surprisingly little specific functional and hemody-
namic data are available regarding sacubitril/val-
sartan. A post hoc analysis of the PARAGIGM-HF

demonstrated that the drug was effective at reduc-
ing cardiovascular death and heart failure hospital-
ization across the spectrum of left ventricular
ejection fraction (LVEF), when assessed in step-
wise 5-point reductions in LVEF [27]. Addition of
sacubitril/valsartan in patients with advanced sys-
tolic heart failure may be a useful strategy to
improve hemodynamics and to potentially facili-
tate the transitioning from intravenous HF
therapies.

Ivabradine

Background and Pharmacology

The search for a direct sinoatrial node inhibitor
began four decades ago. Ivabradine was the first
drug specifically developed as a heart rate lowering
agent, and in Europe was initially considered for
the treatment of angina pectoris. Sinoatrial myo-
cytes have the capacity to develop slow diastolic
depolarizations, driving membrane voltage toward
the threshold for initiating an action potential
(Fig. 8.2). Sinoatrial node activity involves several
ionic currents flowing through channels, including
the funny or hyperpolarization-activated cyclic
nucleotide-gated channel that regulates the /; cur-
rent, so-called for its unusual properties compared
with other channels at the time of its discovery. The
I; current is carried across the sarcolemma by both
sodium and potassium ions, is directly activated by
cyclic adenosine monophosphate (cAMP), and is
related to 1, neuronal channels. Ivabradine has sub-
stantial selectivity for inhibiting the I; channel at
doses that allow heart rate slowing [28]. Studies in
experimental models have demonstrated that
ivabradine has a pure heart rate lowering effect,
does not affect LV contractile state [29], and does
not have negative lusitropic properties. In healthy
volunteers, equipotent doses of ivabradine (30 mg)
and propranolol (40 mg) had similar effects on
heart rate and heart rate variability, whereas pro-
pranolol was associated with significant systolic
and mean blood pressure lowering, and a greater
decrease in cardiac output measured noninvasively,
compared to ivabradine, placebo, or both [30].
Under fasting conditions, peak plasma ivabradine
concentrations are reached in approximately
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Fig. 8.2 Ivabradine’s primary mechanism of action on
cardiac tissue is on the sinoatrial (SA) node, which occu-
pies a predominantly subepicardial position at the junc-
tion of the superior vena cava (SVC) and the right atrium
(RA). (a) Heart with position of the Sinoatrial (SA) node.
(b) In the sinoatrial node, ivabradine blocks the intracel-
lular aspect of the hyperpolarization-activated cyclic
nucleotide-gated (HCN) transmembrane channel, which
is responsible for the transport of sodium (Na*) and potas-
sium (K*) ions across the cell membrane, in the open state.

1 hour. Food delays absorption by approximately
1 hour but appears to increase plasma levels of the
drug. Ivabradine is extensively metabolized in the
liver. The excretion of ivabradine and its metabo-
lites is both renal and hepatic. The half-life of
ivabradine and its metabolites requires twice-daily
dosing. There is no direct effect of ivabradine on
the QT interval. Phosphenes, the off-target effect of
ivabradine, are bright sensations not mediated by
retinal stimuli, due to effects on hyperpolarization-
activated channels in the retina.

While ivabradine was initially targeted as a
drug for heart rate control, randomized data
failed to demonstrate a significant advantage in
patents with stable coronary artery disease with-
out clinical heart failure [31]. Similarly,
ivabradine compared to placebo did not signifi-

This results in the inhibition of the inward funny current
(Iy), which is specifically activated at hyperpolarized
membrane potentials. (¢) By selectively inhibiting Iy, there
is a reduction in the slope of diastolic depolarization of the
pacemaker action potential (shaded region) and an
increase in the duration of diastole, without altering other
phases of the action potential. This results in heart rate
reduction. Ao aorta, IVC inferior vena cava, PA pulmo-
nary artery, RV right ventricle. (PMID:28958335)

cantly improve the change in physical limitation
score at 1 year in patients with anginas pectoris
[32], although ivabradine patients had better
angina scores compared to placebo on the Seattle
Angina Questionnaire on every visit to 36 months.
Ivabradine did not result in significant exercise
tolerance testing benefit, compared to low-dose
atenolol, and no advantage was noted when
added to full-dose amlodipine [33, 34].

Because of the documented beneficial effect of
heart rate lowering in heart failure with reduced
ejection fraction, ivabradine was tested in this set-
ting, beginning with the Morbidity-Mortality
Evaluation of the I; Inhibitor Ivabradine in Patients
With Coronary Artery Disease and Left Ventricular
Dysfunction (BEAUTIFUL) Trial [35], a random-
ized double-blind, placebo-controlled trial of



Recently Approved Pharmacologic Agents to Improve Outcomes in Heart Failure

10,917 patients. Enrollment characteristics
included LVEF <40%, 85% NYHA Class II and
III, 83% male, and 87% were taking B-blockers. At
a median of 19 months of follow-up, no difference
was found between the ivabradine and placebo
groups for the composite end point of cardiovascu-
lar death, hospitalization for myocardial infarction
(MI), or hospitalization for worsening heart fail-
ure. A subgroup analysis of 14% of patients with
activity-limiting angina had reduction in hospital-
ization for MI and borderline reduction in the
composite end point (p = 0.05); the difference was
statistically significant for patients in this sub-
group with baseline heart rate > 70 [36].

To investigate the potential benefits on isch-
emia seen in this subgroup, the SIGNIFY [37]
Trial was undertaken, enrolling 19,102 patients
with stable coronary artery disease who did not
have clinical heart failure. This study again
enrolled predominantly male patients; 75% had
angina pectoris, and the mean LV ejection frac-
tion was 56%. While heart rate was significantly
reduced by ivabradine, there was no significant
benefit of ivabradine on the primary composite
end point of cardiovascular death or nonfatal MI
after median follow-up of 28 months. When the
prespecified subgroup with activity-limiting
angina was analyzed for the composite outcome,
there was in fact evidence of harm with ivabradine
therapy; an absolute increase in the composite
end point of 1.1% (p = 0.02). The reason or rea-
sons for this adverse outcome remain unclear, but
the conclusion to be drawn from trials of
ivabradine in angina pectoris without LV systolic
dysfunction is that no benefit occurs, and even
though there may be symptomatic improvement,
those patients appear to be at greater risk of an
adverse effect of the drug.

The Systolic Heart Failure Treatment with the
I-inhibitor Ivabradine (SHIFT) Trial [38] ran-
domized 6505 patients with ischemic and non-
ischemic heart failure, NYHA Class II-IV but
predominantly Class II-III, LVEF <35%, to
ivabradine or placebo. The trial randomized no
patients from the United States; most patients
were male, 89% taking B-blockers, 91% ACEi or
ARB, 60% aldosterone antagonists, 22% a digi-
talis preparation. More than two-thirds achieved

the target dose of 7.5 mg ivabradine twice daily.
Compared to placebo, the composite end point of
cardiovascular death or first hospitalization for
heart failure was significantly reduced (hazard
ratio 0.82, p < 0.0001, driven primarily by reduc-
tion in HF hospitalization) (Fig. 8.3) Trends were
detected for less benefit in patients also receiving
B-blockers and greater benefit for nonischemic
patients. There were significant improvements in
the NYHA Class and Kansas City Cardiomyopathy
Questionnaire summary scores [39]. When
patients with baseline heart rate >70 from
BEAUTIFUL and SHIFT were pooled, no sig-
nificant impact on mortality could be demon-
strated. An echo substudy [40] from SHIFT of
275 patients demonstrated a small but significant
increase on LVEF after 8 months of ivabradine
therapy (4 £ 10%, p = 0.004).

Shortcomings of the SHIFT Trial include that
25% of trial participants were not taking a
B-blocker for HRrEF and that ivabradine did not
significantly reduce any end point in patients
with baseline HR < 75 bpm. Whereas trials of
carvedilol, metoprolol succinate, and bisoprolol
demonstrated consistent survival benefit, a simi-
lar heart rate reduction by ivabradine resulted in
no all-cause survival benefit. Another SHIFT
subgroup analysis demonstrated that a statisti-
cally significant improvement for the primary
end point occurred only for patients <50% of tar-
get B-blocker doses [41]. Thus, ivabradine
appeared to exert a beneficial effect only in
patients who were also being treated with
B-blockers in whom a heart rate goal of <75 bpm
had not been achieved. Regarding adverse effects,
ivabradine increased the frequency of bradycar-
dia, both asymptomatic and symptomatic, was
associated with an increased incidence of atrial
fibrillation, and resulted in some ivabradine with-
drawals due to phosphenes, which resolved upon
discontinuation of drug. The 1.7% increase in the
risk of atrial fibrillation noted in pooled
BEAUTIFUL and SHIFT data underscore the
importance of observing patients on ivabradine
for this rhythm disturbance, especially in view of
the negative prognostic impact of atrial fibrilla-
tion on systolic heart failure. The FDA approved
ivabradine in April 2015 for patients with HFrEF
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BEAUTIFUL (2008):.
CAD, LVEF <40%

« No improvement in primary
outcome (CV death, admission
to hospital for Ml or HF)

« Significant reduction in coronary
events in patients with HR > 70
bpm

SHIFT (2011).
LVEF <35%, HR >70 bpm,
NYHA Functional Class II-lll
« Improvement in primary
outcome (CV death, HF
hospitalization) - driven by
I HF hospitalizations

Fig. 8.3 Approval timeline of ivabradine across Europe
and the United States. The indications for the use of
ivabradine have evolved over time and differ based on
region. Since it was first approved for use in angina by the
European Medicines Agency (EMA) in 2005, the findings
of several randomized controlled trials have resulted in
expanded indications to include select heart failure patients
and only recent approval by the US Food and Drug
Administration (FDA) for this indication. BEAUTIFUL
Morbidity-Mortality ~Evaluation of the [-Inhibitor

with LVEF <35% on a B-blocker at the maxi-
mum tolerated dose, with HR > 70 bpm (Fig. 8.4).
The drug is contraindicated in patients with sinus
node dysfunction or atrioventricular block. The
FDA approval underscores the prerequisite for
guideline-based treatment with maximally toler-
ated B-blockers proven effective in HFrEF. In
such patients in whom HR remains >70-75 beats
per minute, the addition of ivabradine is reason-
able. For patients with HFrEF who are proven
intolerant of B-blockers, treatment with ivabradine
appears reasonable, keeping in mind that while
ivabradine results in decreased heart rate, the
exact mechanism of benefit remains uncertain.
Questions remain regarding the efficacy of
ivabradine. From a recent meta-analysis of the

2012
Approval by EMA
Systolic HFrEF

2015
Approval by US FDA

—

Ivabradine in Patients With Coronary Disease and Left
Ventricular Dysfunction, CAD coronary artery disease,
CV cardiovascular, HFrEF heart failure with reduced ejec-
tion fraction, LVEF left ventricular ejection fraction, MI
myocardial infarction, NYHA New York Heart
Association, NSR normal sinus rhythm, SHIFT Systolic
Heart Failure Treatment with the I-Inhibitor Ivabradine
Trial, SIGNIFY Study Assessing the Morbidity-Mortality
Benefits of the I-Inhibitor Ivabradine in Patients With
Coronary Artery Disease. (PMID:28958335)

ivabradine trials [42], the authors concluded that
while use of ivabradine in patients with HFrEF in
sinus rhythm with HR > 70 to reduce HF hospi-
talization was supported by the literature, the
strength of the evidence was such that more
widespread adoption of ivabradine in HF would
require additional randomized trials. Recent
guideline updates [43] emphasize adherence to
the ivabradine FDA package indication.

On the other hand, the guidelines advise that
for any patient in NYHA Class II-IV HFrEF not
on an ARNI, the threshold to consider discontinu-
ing an ACEi or ARB in favor of sacubitril/valsar-
tan should be low [44]. The number of women
and ethnicities different from white in many of the
foregoing trials is low enough that one might
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Primary composite end point (CV death or
hospital admission for worsening HF)
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Fig. 8.4 Kaplan-Meier cumulative event curves for dif-
ferent end points in SHIFT. Primary composite outcome
(Panel A); cardiovascular mortality or heart failure hospi-
talization and its two components cardiovascular mortal-
ity (Panel B); heart failure hospitalizations (Panel C) and

question scientific efficacy of these agents in these
populations. For further guidance on the use of
sacubitril/valsartan and ivabradine, the reader is
referred to the 2017 ACC/AHA/HFSA focused
update of the 2013 ACCF/AHA Guideline for the
Management of Heart Failure [43] and the 2017
ACC Expert Consensus Decision Pathway for
Optimization of Heart Failure Treatment [44].
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Abstract

The management of heart failure has changed significantly over the last 30 years, leading to improvements in the quality of life
and outcomes, at least for patients with a substantially reduced left ventricular ejection fraction (HFrEF). This has been made
possible by the identification of various pathways leading to the development and progression of heart failure, which have been
successfully targeted with effective therapies. Meanwhile, many other potential targets of treatment have been identified, and the
list is constantly expanding. In this review, we summarise planned and ongoing trials exploring the potential benefit, or harm, of
old and new pharmacological interventions that might offer further improvements in treatment for those with HFrEF and extend
success to the treatment of patients with heart failure with preserved left ventricular ejection fraction (HFpEF) and other heart

failure phenotypes.

Keywords Heart failure - Treatment - Trials - HFpEF - HFrEF

Introduction

Heart failure and its management have changed dramatically
over the last 30 years. In the 1980s, patients were included in
clinical trials of heart failure based purely on the clinical opin-
ion of the investigator with no objective criteria to confirm the
diagnosis. The patients were younger and had fewer comor-
bidities but a broad range of left ventricular ejection fraction
(LVEF) compared with contemporary trials; quality of life was
often poor and mortality rate high. Fluid retention, causing
peripheral oedema and breathlessness, was the main therapeu-
tic target. Digoxin and diuretics were the only available med-
ical treatments, sometimes accompanied with bed rest and
fluid restriction.
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Subsequently, objective criteria such as LVEF and, more
recently, natriuretic peptides were required to select patients
for trials. Initially, trials targeted vasoconstriction, using ni-
trates and hydralazine [1], and pathologically activated
neuro-hormonal systems, using angiotensin-converting en-
zyme (ACE) inhibitors, angiotensin II receptor blockers
(ARBs), beta-blockers and mineralocorticoid antagonists
(MRAs). These trials provided evidence that, for heart failure
with reduced LVEF (HFrEF), treatment could improve ven-
tricular function, symptoms and signs, as well as morbidity
and mortality [2-5]. More recently, other targets and novel
treatments have been identified for HFrEF. Ivabradine, an
agent that slows the rate of sinus node discharge and therefore
heart rate, improved ventricular function, symptoms and mor-
bidity for patients who do not achieve a heart rate < 70 bpm on
a beta-blocker; for those with a heart rate > 75 bpm or who
were not treated with a beta-blocker, mortality was also re-
duced [6, 7]. Patients with HFrEF in sinus rhythm with a QRS
duration > 130 msec benefitted from cardiac
resynchronization therapy (CRT) [8, 9] with improvements
in cardiac function, symptoms, morbidity and mortality.
Patients who were at low risk of dying for any reason other
than an arrhythmia benefitted from an implantable
cardioverter-defibrillator (ICD) although its utility is currently
being called into question [10, 11]. The development of ded-
icated specialist HF teams has also been of great importance to
inform patients of their diagnosis, prognosis and need for
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therapy, to improve the implementation of and adherence to
treatment and to facilitate titration of medications to target
doses, all of which leads to greater patient-satisfaction and
better long-term outcomes [12].

Despite these successes, the ‘war’ on heart failure is far
from won. For patients hospitalised with worsening heart fail-
ure aged less than 75 years, mortality at 1 year may be as high
as 20% and up to 40% in those aged > 85 years [13]. For
patients with stable HFrEF who survive the initial 6 months
after diagnosis and are enrolled in contemporary clinical trials,
the annual risk of the composite of hospitalisation for heart
failure or mortality is about 10% [14]. Outcome amongst pa-
tients who do not participate in clinical trials is much worse
[15]. Older patients and those with a recent episode of decom-
pensation despite guideline-recommended therapy who re-
quire intensification of therapy have a much worse prognosis.
Disappointingly, many patients do not receive, and therefore
cannot benefit from, guideline-recommended therapy [16,
17].

More appropriate use of investigations and less complex
diagnostic algorithms are likely to reveal that there are many
undiagnosed cases of heart failure in the community, particu-
larly with preserved left ventricular (LV) ejection fraction
(HFpEF) [18], a condition for which some insist no effective
therapy exists as yet, although treatment with a thiazide di-
uretic and ACE inhibitor exerted remarkable benefits in the
HYVET trial in a group of patients many of whom undoubt-
edly had undeclared HFpEF [19]. Of note, the European
Society of Cardiology (ESC) heart failure registry suggested
little difference in the therapies applied to patients with HFrEF
and HFpEF in clinical practice; perhaps clinicians are some-
times wiser than the guidelines they are asked to follow [20].

The age-adjusted incidence of heart failure may be fairly
stable but the total number of patients who will develop heart
failure will rise substantially in the next few decades as the
proportion of people aged > 60 years increases [21].
Nowadays, many people survive the onset of cardiovascular
disease for long periods. Treatment of hypertension, diabetes,
chronic kidney disease, atrial fibrillation and ischaemic heart
disease might delay the onset of heart failure, but procrastina-
tion is not the same as prevention. It is likely that most people
with cardiovascular disease will develop heart failure before
they die [22, 23]. Strategies to diagnose and treat heart failure
before it becomes clinically overt require much more research
investment [24]. An increased awareness of what is important
to older people may identify novel outcomes and treatments
and define the future role of palliative care and euthanasia.

Enormous amounts of routinely collected personal health
records, biochemical and imaging data are now available for
novel analytical approaches such as machine-learning and ar-
tificial intelligence that will identify novel pathways leading to
heart failure and redefine its epidemiology in the next decade
(Fig. 1). The definition as well as management of heart failure

might be transformed, with care and services personalised to
the individual patient’s needs.

Currently, there are many ongoing trials exploring the po-
tential for benefit, or harm, of old and new treatments that
might improve the management of HF: summarising novel
pharmacological interventions is the purpose of this review;
space precludes an in-depth review of devices (electrical, me-
chanical or valve) or biological interventions (other than in-
fluenza vaccination) although key trials are shown in the
Table 1 (and in supplementary Table 1, if they aim to enrol
fewer than 200 patients).

Neuro-endocrine interventions

Augmentation of natriuretic and other peptides:
sacubitril/valsartan

One of the key therapeutic successes for heart failure has been
the inhibition of neuro-endocrine pathways with ACE-Is,
ARBs, MRAs and beta-blockers. Recently, a new class of
agents, angiotensin receptor neprilysin inhibitors (ARNI),
has proved superior to ACE-Is for the treatment of HFrEF
[14]. Neprilysin inhibitors retard the degradation of many pep-
tides, including atrial (ANP) and B-type natriuretic peptides
(BNP) and vasoactive intestinal polypeptide, which have di-
uretic, vasodilator and inotropic properties [25, 26]. In the
Comparison of Sacubitril-Valsartan versus Enalapril on
Effect on NT-proBNP in Patients Stabilized from an Acute
Heart Failure Episode (PIONEER-HF) trial, initiation of
sacubitril/valsartan for patients with either new-onset or
chronic HFrEF (n=881) during the in-hospital recovery
phase after an acute decompensation was as safe as initiating
enalapril, but led to a greater, and earlier (within 1 week),
reduction in plasma concentrations of NT-proBNP, which
was sustained until the end of 8 weeks follow-up [27]. A
reduction in a composite of serious HF-related adverse clinical
events was also observed [28]. However, about 20% of sur-
viving patients discontinued treatment with either ACEi or
ARNI and only 55% achieved guideline-recommended doses
of the ARNI [27]. In the PRIME trial (n = 118), patients with
HEF, an LVEF < 50% and functional mitral regurgitation (MR)
who were randomised to sacubitril/valsartan had a greater re-
duction in the effective regurgitant orifice area (EROA) com-
pared with valsartan alone at 12 months follow-up [29]. Other
trials are currently ongoing in specific populations with
HFrEF, including those with symptoms at rest
(NCT02816736), or an elevated pulmonary artery pressure
(NCTO02788656) or in Japan (NCT02468232).

The Prospective Comparison of ARNI with ARB Global
Outcomes in HF With Preserved Ejection Fraction
(PARAGON; NCT01920711) is a randomised, double-blind,
event-driven trial comparing the efficacy and safety of

@ Springer
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Fig. 1 The present and future of heart failure. Conventionally, the
prevalence of heart failure is thought to be about 1.5% in the adult
population. However, it might be substantially greater than that, as
many cases remain undiagnosed, particularly amongst older people, and
are usually only identified when symptoms are severe enough to require
hospital admission. Several ongoing trials target different pathways that
might contribute to disease progression. Success provides tentative
insights into the likely mechanisms of progression, although off-target
effects may lead to serendipitous effects (this is probably true of most
effective treatments for heart failure). There may be many reasons for
failure other than the lack of importance of the targeted mechanism.
This may include a smaller than anticipated benefit with consequent lack

valsartan vs sacubitril/valsartan in patients with HFpEF that
has enrolled 4822 patients (mean age 73 +8 years, median
NT-proBNP 911 (interquartile range 464-1610) pg/mL, >2/
3 in sinus rhythm) [30]. The results should be reported later in
2019. PARALLAX (NCT03066804) is another large (> 2,000
patients) randomised, double-blind trial of patients with
HFpEF, comparing sacubitril/valsartan with a control group
(the investigator can chose whether this is an ACE-I, an ARB
or neither, in which case patients assigned to the control group
receive placebo); the effect on plasma NT-proBNP and exer-
cise capacity after 24 weeks of treatment and safety are the
main outcomes of interest.

Concerns exist that the inhibition of neprilysin could inter-
fere with breakdown of beta amyloid (3A) peptides, which
might accumulate in the brain and contribute to the develop-
ment of Alzheimer’s disease. The PERSPECTIVE trial
(NCTO02884206) is currently recruiting ~ 500 patients with
HF and LVEF >40%, to investigate whether chronic admin-
istration of sacubitril/valsartan for 3 years leads to a decline in
cognitive function when compared with valsartan alone.

Management of hyperkalaemia: patiromer
and sodium zirconium cyclosilicate

Currently, based on the evidence provided by clinical trials,
guidelines recommend that ACEi, ARB and MRA should not
be initiated if serum potassium is > 5.0 mmol/L (5.2 mmol/L
for ARNI) and that doses should be reduced or treatment
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of power, lack of target engagement, a mechanism that is important but
only works in a specific subgroup (e.g., heart rate reduction in sinus
rhythm) or one that is overwhelmed by competing risks (e.g., rivaroxaban
2.5 mg bd for advanced heart failure in sinus rhythm). Processing large
volumes of routinely collected electronic health records using novel an-
alytical approaches, such as artificial intelligence and machine learning,
will provide new insights into disease classification, mechanisms of pro-
gression and therapeutic targets. Epidemiology, definition and manage-
ment of heart failure are likely to be transformed in the next decade, with
care and services matched to the individual patient’s needs in a “preci-
sion-medicine” approach

stopped if serum potassium is >5.5 mmol/L. Accordingly,
many patients with HFrEF do not receive guideline-
recommended doses of these agents [16, 17, 31]. Older pa-
tients, those with type-2 diabetes mellitus and those with renal
dysfunction are more likely to develop hyperkalaemia [32].
Patients who fail to achieve guideline-recommended doses of
these medications due to hyperkalaemia have a worse prog-
nosis, but this may be because of concomitant renal dysfunc-
tion or hypotension.

Patiromer and sodium zirconium cyclosilicate are novel
oral treatments that bind potassium in the gastrointestinal
(GI) tract and rapidly normalise serum potassium concentra-
tions. Whether their use will allow doctors to prescribe and
patients to achieve guideline-recommended doses of RAASI
more often and whether this will improve outcomes are now
being investigated. Results of substantial trials are not expect-
ed before 2021.

Vasodilators: vericiguat and nitroxyl

Nitric oxide (NO) activates soluble guanylate cyclase (sGC),
causing an elevation of intracellular cyclic guanosine
monophosphate (¢cGMP) in vascular and non-vascular tissues,
such as the myocardium and kidney. In heart failure, produc-
tion of NO is reduced and its degradation is increased, leading
to an increase in systemic and pulmonary arteriolar and ve-
nous tone, thereby increasing the after-load and pre-load on
the failing myocardium [33]. Vericiguat is an oral sGC
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stimulator which increases cGMP production. Phase 2 trials
showed that vericiguat is well tolerated in patients with HFrEF
[34]. A large (~4,500 patients) phase 3 trial (VICTORIA;
NCT02861534) is currently evaluating whether vericiguat im-
proves morbidity and mortality compared with placebo in pa-
tients with chronic HFrEF [35].

Nitroxyl is a second-generation donor of nitric oxide that
causes vasodilatation and may have inotropic effects, which
are only partially mediated by an increase in cGMP [36]. A
phase 2 trial (STAND-UP; NCT03016325) is currently eval-
uating the safety and efficacy (changes in NT-proBNP and
symptoms) of 48-h infusion of nitroxyl in 310 patients admit-
ted with decompensated HFrEF. Smaller mechanistic trials are
investigating its effects on cardiac and renal function.

Inotropic agents

Omecamtiv mecarbil, levosimendan, digoxin
and recombinant human neuregulin-1

Omecamtiv mecarbil (OM) is a cardiac myosin activator that
alters the kinetics of actin/myosin cross-bridges, prolonging
the duration of the systole and, thus, stroke volume, without
increasing ATP consumption [37]. Phase I trials showed that
IV administration of OM in patients with acutely decompen-
sated HFTEF had the expected haemodynamic effects but no
clear clinical benefit [38]. In The Chronic Oral Study of
Myosin Activation to Increase Contractility in Heart Failure
(COSMIC-HF) trial, oral OM given for 20 weeks was safe and
reduced LV size and plasma concentrations of NT-proBNP
levels; the latter effect persisted for 4 weeks after treatment
withdrawal suggesting that long-term favourable structural
remodelling had occurred [39]. The Phase II trial programme
has repeatedly shown small increases in serum troponin con-
centrations, raising concerns about safety that, so far, appears
unfounded. Increases in troponin appear unrelated to any clin-
ical evidence of myocardial ischaemia or adverse outcomes. A
large (n ~ 8,000) phase I trial of patients with chronic HFrEF
(with 25% planned to be enrolled during a hospitalisation for
an episode of decompensation) is nearing completion of en-
rolment and should report in 2021 (GALACTIC-HF;
NCT02929329).

Levosimendan, a vasodilator and calcium sensitiser, has
been used to treat refractory HF in many countries despite
two large neutral trials conducted in patients with acute HF
and a large trial of an oral formulation in patients with chronic
severe HF that showed reductions in NT-proBNP and an im-
provement in QoL but did not otherwise improve outcome
[40, 41]. Recently, small trials have explored the effects of
giving levosimendan intermittently to patients with chronic
severe HFrEF and shown that this can reduce plasma concen-
trations of NT-proBNP [42]. Larger trials are now attempting

@ Springer

to determine whether this strategy can improve symptoms,
exercise capacity, morbidity and mortality in patients with
HFrEF.

Neuregulin-1 proteins are important for the development
and function of cardiac myocytes. Small phase II studies re-
ported that recombinant human neuregulin-1 improved
haemodynamics and promoted reverse LV remodelling in pa-
tients with HFTEF [43, 44]. A phase III study is currently
testing whether, compared to placebo, use of daily (for
10 days) IV infusions, followed by weekly boluses, of recom-
binant human neuregulin-1 is feasible, safe and effective in
reducing mortality in Chinese patients with mild to moderate
chronic HFrEF.

Digoxin may be the oldest medicine still prescribed for
heart failure, but controversies persist about its benefits. In
the DIG trial, conducted before many current HF treatments
were available, digoxin did not reduce mortality compared
to placebo, although it did reduce HF hospitalisations by
28%. A retrospective analysis suggested that patients with
serum concentrations of digoxin of 0.5-0.9 ng/mL were
more likely to benefit [45, 46]. A prospective, randomised,
placebo-controlled trial is testing whether lower doses of
digoxin, guided by measurements of its plasma concentra-
tions (0.5-0.9 ng/mL), will reduce HF hospitalisations and
cardiovascular death in ~ 1,000 symptomatic patients with
chronic HF and a reduced or mid-range LVEF (< 50%)
(NCT03783429).

Congestion

Congestion is an important cause of the symptoms and signs
of HF, leads to adverse atrial and ventricular remodelling,
arrthythmias and worsening renal function and is associated
with poor outcomes [47, 48]. Controlling congestion is a
key therapeutic goal in the management of heart failure.
However, clinical identification of congestion is challenging,
unless severe. Up to 50% of outpatients with HF who were
considered to be clinically dry had sub-clinical congestion on
ultrasound, either in the pulmonary interstitium (lung B-lines)
or in the intra-vascular space, as measured by a distended
inferior vena cava (IVC). Sub-clinical congestion was associ-
ated with a poor outcome [49, 50]. Whether treatment guided
by ultrasound assessments is feasible and effective for the
management of congestion in patients with HF is currently
being explored in several small- to medium-sized trials.
Biomarker-guided management of congestion has met with
mixed success, largely because treatment was similarly effec-
tive in each arm [51]. A large trial (GUIDE-HF;
NCT03387813) is currently investigating whether pulmonary
artery pressure monitoring using a small implanted device can
help guide treatment of congestion.
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Torasemide, acetazolamide and other diuretics

Loop diuretics are the most potent diuretic agents, and furo-
semide is the most widely used in patients with HF. However,
other loop diuretics, such as bumetanide and torasemide, are
either better absorbed or delivered more reliably to the renal
tubule. Meta-analysis of small randomised trials and observa-
tional studies suggests that torasemide might be superior to
furosemide, but no substantial randomised trial has yet com-
pared these two agents [52-54]. TRANSFORM-HF
(NCT03296813) is an ongoing, multi-centre, unblinded, trial
that will randomise, prior to discharge, ~ 6000 patients admit-
ted with decompensated heart failure to long-term treatment
with oral torasemide or furosemide to investigate effects on
morbidity and mortality.

Other options for treating resistant congestion in patients
HF exist, such as combining different classes of diuretics, but
their safety and efficacy have been rarely tested in clinical
trials [55]. Most of the sodium filtered by kidneys is
reabsorbed in the proximal tubule of the nephron.
Acetazolamide, a carbonic anhydrase inhibitor, should de-
crease the amount of sodium reabsorbed in the proximal neph-
ron and enhance the distal effects of loop diuretics. The
Acetazolamide in Decompensated heart failure with Volume
OveRload (ADVOR) is a randomised, double-blind, placebo-
controlled trial which will test whether combining acetazol-
amide with a loop diuretic is more successful in achieving
decongestion in ~500 patients admitted with HF and signs
of fluid overload [56].

Sodium glucose co-transporter 2 inhibitors

Although not everyone would agree that it is the principal
mechanism of action of sodium glucose co-transporter 2 in-
hibitors (SGLT21i), there is little doubt that diuresis contributes
to their effects in HF. SGLT2i reduce glucose reabsorption in
the proximal nephron, increasing delivery of glucose and so-
dium to the distal nephron and inducing an osmotic diuresis.
Whether SGLT2i have additional metabolic effects on the
heart and kidney by inhibiting carbonic anhydrase or increas-
ing the availability of ketones as a metabolic substrate for the
myocardium is uncertain [57]. Empagliflozin reduced all-
cause mortality and hospitalisation for heart failure in patients
with type 2 diabetes mellitus (T2DM) and ischaemic heart
disease (IHD) [58]. Trials of canagliflozin and dapagliflozin
also suggested a reduction in hospitalisations for HF [59-61];
although the relative risk reduction was substantial, the abso-
lute benefits were very small, creating uncertainty about
whether they are clinically meaningful. Interestingly, the pro-
gramme of phase III trials for HF has not required patients to
have T2DM and has enrolled a broad range of patients with
HFTEF and HFpEF as well as in-patients and out-patients. The
first of these trials is likely to report in 2019 (DAPA-HF) [62].

Intravenous iron

Up to 50% of patients with HF have iron deficiency (ID), with
or without anaemia. ID is associated with adverse outcomes,
even in the absence of anaemia, and is a potential target of
treatment [63]. Oral iron is widely available and cheap but
only a small amount of oral iron can be absorbed in a day
(perhaps 2—10 mg/day compared with a total deficiency of
> 1,000 mg) and many patients have GI intolerance to oral
iron. Oral iron absorption may be impaired in heart failure,
possibly due to increased secretion of hepatic hepcidin, but
even if it is not, oral supplementation would take many
months to correct iron deficiency [64]. Modern preparations
of IV iron are safe and well tolerated and improve symptoms
and exercise capacity in patients with HFrEF. An individual
patient meta-analysis from four randomised controlled trials
including 839 patients with HFTEF and ID, of whom 504 were
randomised to IV ferric carboxymaltose, suggests that short-
term (mean follow-up 31 weeks) treatment could also reduce
HF hospitalisations when compared with placebo. However,
the analysis included very few cardiovascular (n = 34) or other
(n=4) deaths and does not prove long-term safety [65]. Four
substantial (> 1000 patients) randomised trials are currently
investigating whether different formulations of IV iron (either
iron isomaltoside or ferric carboxymaltose) improve morbid-
ity and mortality in patients with chronic or acute HF. These
trials have included far more patients and recorded far more
events than the published evidence but have not yet been
stopped for benefit. Phase II trials are also investigating the
potential benefits of IV iron on symptoms, exercise tolerance
and quality of life of patients with HFpEF and ID
(NCT03074591).

Copper, selenium and co-enzyme Q10

Heart failure may be accompanied by high plasma copper
concentrations but myocardial copper depletion. There is ev-
idence from both animal models and a limited amount of
human data that copper chelation may be beneficial [66].
However, an alternative view is that low doses of the chelating
agent trientine might facilitate copper redistribution to tissues.
This concept is currently being tested in a 200-patient, dose-
ranging trial (NCT03875183).

Co-enzyme Q10 is an essential component of the mito-
chondrial electron transport chain and both co-enzyme Q10
and selenium have an important role in many metabolic pro-
cesses. Lower plasma concentrations of Q10 and selenium
have been associated with adverse outcomes in heart failure
[67—69]. Two trials showed a reduction in mortality with co-
enzyme Q10 supplements for patients with or at high-risk of
heart failure and a broad range of LVEF [70, 71]. Randomised
controlled trials are underway.
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Other trials

Pulmonary hypertension and right ventricular
dysfunction

Pulmonary hypertension (PHT) is common, especially in pa-
tients with advanced heart failure, due to a combination of left
atrial hypertension, pulmonary arteriolar hypertrophy and pul-
monary vasoconstriction. Small trials have shown that silden-
afil, a selective inhibitor of type 5 phosphodiesterase, might
improve haemodynamics and exercise performance in pa-
tients with HFrEF and PHT; other trials should report soon
[72]. In HFpEF, sildenafil was not beneficial [73]. The effects
of treprostinil, a synthetic analogue of prostacyclin with potent
vasodilator properties, on exercise capacity and NT-proBNP
are currently under investigation in a trial (n ~300) of HFpEF
and PHT. However, trials in patients with HFrEF were
stopped for harm. The safety, and effect on NT-proBNP levels
of macitentan, an antagonist/blocker of endothelin receptors,
will be also studied in 300 patients with HFpEF complicated
by PHT or right ventricular dysfunction (SERENADE,
NCTO03153111).

Amyloidosis

Accumulation of wild-type or variant transthyretin amyloid
occurs when fibrils become unstable and misfold. Recent re-
ports suggest that 15-20% of patients with HFpEF may have
TTR amyloidosis. These patients have a poor outcome and
may not respond to conventional treatments [74]. A recent
trial showed that treatment with tafamidis, which binds to
transthyretin, preventing tetramer dissociation and
amyloidogenesis, improves symptoms, quality of life and ex-
ercise capacity and reduces cardiovascular hospitalisations
and mortality in patients with transthyretin amyloid cardiomy-
opathy [75]. The costs of tafamidis are currently prohibitive,
preventing large-scale uptake. However, demonstration of the
effectiveness of treatment will lead to changes in diagnostic
pathways (at least to identify patients who may not benefit
from some treatments or for selection into clinical trial even
if treatment is unaffordable). In due course, the cost of
tafamidis will fall.

Influenza vaccination

Influenza might be an important precipitant of HF
hospitalisations [76]. A recent observational study from
Denmark suggested that influenza vaccination might be asso-
ciated with better outcomes in patients with heart failure, but it
also reported that a large proportion (>40%) of patients with
heart failure do not receive influenza vaccination, which might
reflect lack of evidence arising from trials and therefore weak
recommendations from guidelines [77]. Two large trials

@ Springer

investigating the ability of influenza vaccinations to reduce
morbidity and mortality should report in the next few years.
The Influenza Vaccine To Prevent Adverse Vascular Events
(RCT-IVVE) will randomise ~ 5,000 patients with HF global-
ly. The INfluenza Vaccine to Effectively Stop Cardio Thoracic
Events and Decompensated Heart Failure INVESTED) will
compare high-dose trivalent influenza vaccine vs standard-
dose quadrivalent influenza vaccine in almost 10,000 patients
with a recent myocardial infarction or hospitalisation for HF.

Conclusions

Over the last 30 years, various pathways leading to the devel-
opment and progression of heart failure have been identified
and successfully targeted with effective therapies. This has
improved the quality of life and survival for millions of indi-
viduals with HFrEF, globally. Hopefully, new treatments will
offer further improvements and extend these successes to the
treatment of HFpEF and other specific causes and phenotypes
of HF. New concepts of how HF should be defined combined
with new analytical approaches using large data-sets will re-
shape its epidemiology and offer new therapeutic targets.
However, old age rather than cardiac dysfunction may be the
next great barrier to overcome.
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In recent years, several studies have shown the usefulness and clinical relevance of left ventricular global longitudinal systolic strain (GLS)
in different cardiovascular diseases. In line with this, the role of GLS in patients with heart failure with preserved ejection fraction
(HFpEF) has achieved great importance in this predominant form of heart failure in the last years. In this regard, GLS has shown to be not
only a sensitive parameter to detect subtle myocardial abnormalities but also a parameter of clinical and prognostic relevance in patients
with HFpEEF. In this review, we analyze the current evidence concerning the clinical relevance of GLS in patients with HFpEF and we
discuss the potential usefulness of GLS in this complex and heterogeneous condition for which so far no effective therapy exists.

Keywords Global longitudinal strain - Heart failure - Echocardiography

Pathophysiological basis of LV longitudinal
systolic dysfunction in HFpEF-comorbidities

It is well known that comorbid conditions such as type 2
diabetes, obesity, hypertension, history of coronary artery
disease (CAD), and severe LV hypertrophy are character-
ized by causing interstitial fibrosis of the LV [1-7] affecting
primarily the subendocardial layer of the LV [3—6]. In addi-
tion, several studies have evidenced the pivotal role of the
subendocardial LV function (i.e., the longitudinal function
of the LV) on the performance of the LV [8-11].
Accordingly, fibrotic processes of the LV, as a consequence
of elevated rates of the abovementioned comorbidities,
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affect primarily the subendocardial fibers of the LV (i.e.,
the longitudinal systolic function of the LV) with minimal
alterations of the midmyocardial and subepicardial LV fi-
bers (i.e., LV circumferential, radial, and transverse systolic
and diastolic functions), because the subendocardial cardiac
fibers are particularly sensitive to the deleterious effects of
fibrosis [3—6, 12, 13]. In line with this, several studies have
also demonstrated a significant alteration of the longitudinal
systolic and diastolic function of the LV in hypertensive,
diabetic, obese, and CAD patients, despite a preserved
LVEF [14-21]. In effect, Morris et al. in a HFpEF cohort
characterized by high rates of these comorbid conditions
found that 76% of these patients had LV longitudinal sys-
tolic dysfunction (i.e., LV subendocardial dysfunction),
whereas almost 100% presented preserved LV circumferen-
tial, radial, transverse, and rotational systolic function (i.e.,
LV midmyocardial and subepicardial functions) [22]. In
agreement with these findings, several studies have also
evidenced a significant alteration of the longitudinal con-
tractile function of the LV in subjects with HFpEF [23-30].

Pathophysiological mechanisms linked to an
impaired LV longitudinal systolic function
in HFpEF

While patients with HFpEF have principally impaired lon-
gitudinal contractile function of the LV with consequent
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low myocardial systolic performance, these patients are
characterized by having normal LVEF. Accordingly, com-
pensatory mechanisms to counteract this myocardial sys-
tolic dysfunction of the LV are activated. In this respect,
Wang et al. [31] demonstrated that a preserved LV twist is
the main compensatory mechanism that allows
counteracting the longitudinal systolic dysfunction of the
LV in HFpEF patients and thus maintaining a normal
LVEF [31]. According to these findings, Morris et al.
found that 100% of subjects with HFpEF had a normal
LV rotational systolic function, which could act as a reg-
ulatory mechanism in order to balance a longitudinal LV
systolic dysfunction in these patients [22].
Notwithstanding, in patients with HFpEF, this compensa-
tory mechanism would not be enough to maintain a nor-
mal stroke volume or cardiac output during exercise. In
this regard, a number of studies have demonstrated that
patients with HFpEF have a significant decrease of the
stroke volume or cardiac output during exercise as com-
pared with healthy subjects [32-38], as a result of con-
centric LV remodeling, chronotropic incompetence, im-
paired arterial vasodilation, and/or reduced cardiac ener-
getic reserve [32-39]. Accordingly, one of the mecha-
nisms by which HFpEF patients could present an ineffi-
cient rise at exercise of the stroke volume and/or cardiac
output could be in part due to an impaired LV longitudinal
systolic function. Moreover, it is important to note that
Wang et al. [40] found that an abnormal GLS during ex-
ercise was an independent predictor of the occurrence of
all-cause death and HF hospitalization in patients with
HFpEF [40].

Potential mechanisms linking an impaired LV
longitudinal systolic function
with the exertional dyspnea in HFpEF patients

Several investigations have highlighted the central role
of LV diastolic dysfunction in the pathophysiology of
HFpEF [41, 42]. In addition, several studies have shown
that the symptomatology of patients with HFpEF is as-
sociated not only with LV diastolic dysfunction but also
with an impaired LV longitudinal systolic function
[22-25, 43]. The systolic and diastolic longitudinal func-
tions of the LV cannot be interpreted as independent
functions, since they are part of the same myocardial
functional process [44]. Accordingly, both the diastolic
and systolic longitudinal dysfunctions of the LV could
contribute to the symptomatology of patients with
HFpEF, i.e., elevation of LV filling pressures with sub-
sequent dyspnea. In this respect, several studies, using
strain imaging measurements demonstrated that both the
diastolic and systolic LV longitudinal dysfunctions, even
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with normal LVEF, are significantly linked to elevated
LV filling pressures [45—47].

Although elevated LV filling pressures have been im-
plicated as one of the major mechanisms underlying
HFpEF [48, 49], other studies have shown that additional
pathophysiological processes, such as an impaired cardiac
output reserve, could be involved in the development of
the symptoms of patients with HFpEF [32-38]. In this
regard, Borlaug et al. and Haykowsky et al. demonstrated
that a diminished response of the cardiac output to the
exercise is strongly associated with the reduced functional
capacity during the effort in patients with HFpEF [32, 38].
Accordingly, as it happens in patients with HF and re-
duced LVEF [50], in patients with HFpEF, the perfusion
of peripheral and respiratory muscles could decrease be-
cause of a low cardiac output (as a result in part of an
impaired LV longitudinal systolic function), with conse-
quent fatigue, breathlessness, and reduced functional ca-
pacity during exercise.

Usefulness and clinical relevance of LV global
longitudinal systolic strain in HFpEF

Unlike systolic heart failure, HFpEF is characterized by a
normal LV systolic function measured by Simpson’s bi-
plane method [51-54]. While it is correct, recent studies
using GLS have suggested that the longitudinal systolic
function of the LV is altered in HFpEF [23, 24, 29-31,
55-72]. In effect, a recent meta-analysis based on twenty-
one studies (2100 HFpEF patients and 1974 controls) has
confirmed that patients with HFpEF have significantly
lower LV longitudinal systolic function than asymptomat-
ic controls and that a longitudinal systolic dysfunction of
the LV is common among HFpEF patients [28].
Accordingly, based on the findings of this meta-analysis,
it is possible to confirm that the longitudinal systolic
function of the LV as measured by GLS is altered in high
proportion of patients with HFpEF.

While several studies have analyzed the association of GLS
with cardiovascular outcomes in patients with HFpEF [28, 40,
55, 65, 66, 73-79], only 2 studies were multicentric, enrolled
large number of patients, and had a high number of events
(Table 1) [66, 73]. Accordingly, we consider that further large
multicenter studies with the aim to confirm the prognostic role
of abnormal GLS in HFpEF are warranted.

Clinical perspectives

Several clinical trials in HFpEF have been conducted with the
aim of restoring LV diastolic dysfunction in subjects with
HFpEF and thereby improving the prognosis of these patients
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Table 1 Association of LV global longitudinal systolic strain (GLS) with outcomes in HFpEF
Study Primary endpoint Events Dichotomous Dichotomous Continuous analysis GLS Continuous analysis GLS
(n) analysis abnormal analysis abnormal 1SD or 1% decrease HR  1SD or 1% decrease HR
GLS HR (95%CI) GLS HR (95%CTI) (95%CTI) (95%CI)
Univariate Multivariate Univariate Multivariate

Shah etal. CV death or HF 115 2.26 (1.53-3.34) 2.14 (1.26-3.66) 1.13 (1.08-1.19) 1.14 (1.04-1.24)

[66] hospitalization or
aborted cardiac arrest

Donal et al. Total death or HF 177 Not reported 1.94 (1.22-3.07) Not reported Not reported
[73, 807* hospitalization

Pellicori CV death or HF 62 Not reported Not reported 1.09 (1.00-1.19) 0.99 (0.90-1.11)
etal. hospitalization
[81]

Freed et al. CV hospitalization or 115 Not reported Not reported 1.25 (1.03-1.52) 1.17 (0.95-1.43)
[82] death

Obokata CV death, nonfatal MI, 29 Not reported Not reported 0.99 (0.87-1.13) Not reported
et al. and HF exacerbation
[83]

Stampehl ~ CV death or HF 17 Not reported Not reported Not reported Not reported
et al. hospitalization
[65]*

Wang et al. Total death or HF 43 Not reported Not reported Not reported Not reported
[4o1* hospitalization

DeVore Total death or all-cause 35 Not reported Not reported Not reported Not reported
etal. of hospitalization
(551"

Buggey Total death or all-cause 164 Not reported Not reported 1.03 (0.99-1.08) 1.03 (0.98-1.08)
etal. of hospitalization
[84]**

GLS indicates global LV longitudinal systolic strain (i.e., average longitudinal peak systolic strain from > 12 LV segments). CV indicates cardiovascular.
MI indicates myocardial infarction

¥ Donal et al. did not find any link between GLS and cardiovascular outcomes at 28 months in a continuous Cox proportional hazards regression analysis
in 356 patients (univariate analysis: p value 0.1406; multivariate analysis: p value 0.1192; the HR of this analysis was not reported) [73]. However, in a
post hoc analysis of this data in 348 patients [80], an abnormal GLS (< 16% in absolute values) was significantly linked to the combined endpoint total
mortality or HF hospitalization at 18 months (HR 1.94 [1.22-3.07]), but an abnormal GLS was not linked to mortality-only at 18 months (HR 1.56 [0.84—
2.89])

*Stampehl et al. found in a dichotomous univariate Cox proportional hazards regression analysis that an abnormal GLS (> — 15%) was linked to worse
cardiovascular outcomes (chi-square 4.0, p 0.04; the HR of this analysis was not reported). In addition, patients with events had significantly lower GLS
than those without events (— 11.6 £0.4% vs. — 16.5£0.5%, p 0.03) [65]

#Wang et al. did not find any link in a continuous logistic regression analysis between GLS at rest and cardiovascular outcomes (the HR of this analysis
was not reported). In line with this, patients with events had similar values of GLS at rest than those without events (—17.5+3.7% vs. — 18.8 £2.9%,
p>0.05). However, GLS during exercise was significantly linked to cardiovascular outcomes (univariate analysis: HR 0.81 [0.72-0.92], p <0.01;
multivariate analysis: HR 0.79 [0.67-0.91], p < 0.01) in a continuous logistic regression analysis. In addition, patients with events had significantly lower
GLS during exercise than those without events (— 18.2£3.9% vs. —21.4 +3.9%; p 0.001) [40]

#DeVore et al. did not find any link between the tertiles of GLS and a composite endpoint of time to death or all-cause hospitalization (p value 0.952) [55]
**Buggey et al. did not find any link between GLS and a composite endpoint of death or hospitalization at 1 year [84]

[80-86]. However, so far, no therapy has reduced the mortal-
ity in patients with HFpEF [80-86]. For this reason, new or
additional pathophysiological processes should be also
targeted in the treatment of this complex and heterogeneous
disease [81, 87].

In the present review, it has been highlighted that by
using GLS, it is possible to detect a longitudinal systolic
dysfunction of the LV in patients with HFpEF. Thus,
HFpEF should be considered not only as a pathophysio-
logic process of isolated LV diastolic dysfunction but also
as a disorder with LV longitudinal systolic abnormalities.

Hence, we consider that treatments destined to improve
both the systolic and the diastolic longitudinal dysfunc-
tions of the LV in patients with HFpEF could be of po-
tential clinical and therapeutic relevance for this complex
and heterogeneous cardiovascular disease for which so far
no effective therapy exists.
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Abstract

Heart failure with preserved ejection fraction (HFpEF) is an increasingly prevalent phenotype affecting over half of today’s heart
failure patients. With no proven therapy and no universally accepted diagnostic guideline, many HFpEF patients continue to be
misdiagnosed or underdiagnosed at the early stages until the disease has progressed much further along. It is extremely difficult to
diagnose the HFpEF patient, because they have a normal ejection fraction and present with non-specific symptoms such as
dyspnea or exercise intolerance. To provide greater specificity, the current diagnostic criteria mandate the presence of diastolic
dysfunction, where myocardial relaxation is impaired and ventricular filling pressure is elevated as a result of a hypertrophic and
stiff heart. Unfortunately, diastolic dysfunction reflects late-stage structural and functional changes and offers a very narrow
window, if at all, for successful intervention. In this article, we review the imaging modalities used in the current diagnostic
workflow for assessing HFpEF. We also describe the most up-to-date insight into its pathophysiological basis, which attributes
systemic inflammation driven by comorbidities as the initiator of disease. With this extramyocardial perspective, we provide our
recommendation on new imaging targets that extend beyond the heart to enable early, accurate diagnosis of HFpEF and allow an
opportunity for treating this fatal condition.

Keywords Heart failure - Preserved ejection fraction - Diastolic dysfunction - Cardiac magnetic resonance imaging -

Echocardiography

Introduction

Heart failure (HF) is a clinical syndrome characterized by
structural and/or functional abnormalities that impair ventric-
ular filling and/or ejection of blood in accordance with the
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metabolic demands of the body [1]. Our understanding of
the pathophysiology of HF continues to evolve, with the cur-
rent definition recognizing two distinct HF phenotypes: “HF
with reduced ejection fraction” (HFrEF) and “HF with pre-
served ejection fraction” (HFpEF). The latter nomenclature
nods to the fact that over the past 30 years, the incidence of
HF patients with a near normal, or preserved, left ventricular
(LV) ejection fraction (LVEF > 50%) has increased to a stag-
gering > 50% of all HF cases [2]. Continuing to rise in prev-
alence at 1% a year, HFpEF is projected to be the dominant
HF phenotype in a decade [3]. The mortality rate is similar to
that of HFrEF, as are signs and symptoms (e.g., dyspnea,
exercise intolerance, congestion) [4]. Nonetheless, HFpEF is
a distinct disease and has a heterogeneous etiology that re-
mains poorly understood [5]. Treatments that have proven
effective in HFTEF fail to provide a survival benefit for
HFpEF patients [6]. Our incomplete understanding of the dis-
ease presents a barrier not only to treatment but also to accu-
rate and early diagnosis. To date, there is still no universal
consensus on a clear diagnostic guideline [7, 8, 5]. In fact, a
third category, HFmEF (mid-range ejection fraction 41-49%),
was introduced in 2017 in heart failure management guide-
lines [9]. The physiological significance of HFmEF and
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whether it should be classified as part of the HFTEF or HFpEF
spectrum remain to be determined. Despite all this, what is
clear is that patients of the HFpEF phenotype are often
misdiagnosed and the severity of disease underestimated [7].

The current diagnosis of HFpEF requires three levels of
evidence: (i) clinical symptoms of HF (e.g., dyspnea on exer-
tion, fatigue, exercise intolerance), (ii) LVEF > 50% with nor-
mal LV dimensions, and (iii) diastolic dysfunction, defined as
impaired myocardial relaxation and passive stiffness (i.e., de-
creased LV compliance) [10]. It should be noted that the third
criterion, diastolic dysfunction, once believed to be the main
driver of HFpEF [11], is actually not unique to HFpEF [12]
and that extramyocardial factors from comorbidities—hyper-
tension, obesity, diabetes, and kidney disease—have since
been uncovered as contributors to the syndrome independent
of diastolic dysfunction [4]. According to a 2016 recommen-
dation from the European Society of Cardiology, the current
diagnostic criteria need to be reappraised to incorporate new
pathophysiological insights in order to diagnose HFpEF pa-
tients correctly [13]. At present, HFpEF is commonly missed
in the early stages, with the majority of patients diagnosed
initially not for HF but for hypertension or type II diabetes
[14]. In this review article, we frame our current understand-
ing of the pathophysiology of HFpEF as a backdrop for ap-
preciating what diagnostics are currently used and why, and
for evaluating what new diagnostics are needed to diagnose
HFpEF patients early and accurately. We focus on non-
invasive imaging diagnostics and recommend new applica-
tions of advanced imaging techniques to improve the diagno-
sis of an increasingly prevalent form of HF.

Comorbidities

To shed light on the pathophysiology of HFpEEF, it is worth
noting that HFpEF patients tend to be older (~75 years), fe-
male (55-73%), and have multiple comorbidities such as hy-
pertension (~75%), obesity/overweight (> 80%), diabetes (~
40%), and renal disease (25-50%) [15-17, 8, 14]. These co-
morbidities are major risk factors for HFpEF [18, 19]. It is
important also to emphasize that they all share a common
link—systemic inflammation—which has been hypothesized
to introduce an extramyocardial origin in the progression of
HFpEF that does not exist in HFrEF [20]. With this hypothe-
sis, inflammation is believed to damage the myocardium by
inducing structural and functional abnormalities, including
hypertrophy, interstitial fibrosis, impaired myocardial relaxa-
tion, and coronary microvascular dysfunction [20, 21]. The
insult from systemic inflammation extends beyond the heart,
which would explain the symptoms, such as exertional dys-
pnea and exercise intolerance, with which many HFpEF pa-
tients present. Figure 1 illustrates these pathophysiological
changes together with HFpEF comorbidities and symptoms.

Despite the known associations with HFpEEF, patients with
the aforementioned comorbid conditions are not screened for
heart disease until overt symptoms manifest, which is often
too late in disease progression. Diabetic patients, for example,
have a 10-fold increase in mortality and a 5-year survival of
15.5% by the time they exhibit HF symptoms [22-24].
Obesity is another common comorbidity, and again, patients
are not screened for heart disease until HF symptoms appear.
The association between obesity and HFpEF is not as well
understood, but it is known that in and of itself, obesity can
increase aortic stiffness and myocardial load that leads to the
hypertrophy seen in HFpEF. A recent clinical trial assessed the
outcome of HFpEF patients with abdominal obesity and con-
cluded that the risk of all-cause mortality was significantly
higher for obese patients compared to the non-obese cohort
[25].

Pathophysiology

The current diagnostic guidelines for HFpEF were developed
over a decade ago, when our understanding of the phenotype
lagged far behind what we know today. In fact, as recently as
the turn of the millennium, the term HFpEF did not exist and
the condition was called “diastolic HF” to distinguish it from
“systolic HF,” or what we currently refer to as HFrEF [26].
Today, however, we know that depressed systolic function is
common in HFpEF. Similarly, HFTEF involves not only sys-
tolic dysfunction but, in many patients, diastolic dysfunction
also. Given the significant overlap in diastolic and systolic
dysfunction between the two HF phenotypes, the more accu-
rate terminology of HFpEF versus HFrEF emerged.

At the macroscopic level, HFpEF is distinguished from
HFrEF by virtue of concentric LV remodeling, where there
is an increase in LV wall thickness and in LV mass, leading
to hypertrophy [27]. This is in stark contrast to the eccentric
remodeling and diminished LV wall thickness seen in HFrEF.
The increased wall thickness and mass are supported by ob-
servations at the tissue level, where fat cardiomyocytes with a
higher resting tension have replaced normally long and nar-
row cardiac muscle cells [15]. What ensues is the defining
pathophysiological hallmark of HFpEF: increased LV tissue
stiffness. As a result of a stiff ventricle, LV relaxation becomes
impaired and LV filling pressure is elevated both overall and
at end-diastole [28]. In order to maintain stroke volume and
mechanical efficiency, systolic performance increases, thus
maintaining the LVEF [29]. Mechanically, the manner in
which the LV fills with blood during diastole also changes.
In the healthy heart, as the LV untwists during early diastole, a
negative pressure is created in the LV, sucking blood from the
left atrium (LA). This accounts for 70-80% of the LV filling,
while the remaining 20-30% occurs under subsequent LA
contraction. With progressive worsening of diastolic dysfunc-
tion, LV filling during early diastole is reduced and pressure
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Fig. 1 Common symptoms (orange boxes) and comorbidities (blue
boxes) associated with the HFpEF heart, which is characterized by LV
hypertrophy and LA volume increase. At the tissue level are various
physical and functional changes, including coronary endothelial

Exercise
Intolerance

Kidney
Disease

increases within the LA. The result is an enlarged LA and
entry of blood into the LV by positive rather than negative
pressure.

The structural and functional changes described above take
many years to develop, and when a patient is diagnosed with
HFpEF based on these changes, he/she is no longer in the
early stages of disease progression. Unfortunately, current di-
agnostic guidelines and the associated technologies are fo-
cused on these late-stage cardiac changes, and these guide-
lines have remained fairly static over the years. Meanwhile,
our mechanistic understanding of HFpEF has improved im-
mensely. As discussed in the section “Comorbidities,” the
current HFpEF paradigm supports the role of systemic inflam-
mation driven by comorbidities as a key initiator of disease
[20]. This paradigm begins with inflammation of the endothe-
lium, which reduces the bioavailability of nitric oxide (NO), a
key regulator of vasodilation and smooth muscle relaxation
[20]. The action of NO is mediated through the NO-soluble
guanyl cyclase (sGC)-cyclic guanosine monophosphate
(cGMP) signaling pathway, which is increasingly recognized
as a key regulator of cardiac function, exerting inotropic,
lusitropic, and chronotropic effects [30]. In heart failure, low
NO levels reduce intracellular cGMP and protein kinase G
(PKG) activity, promoting cardiomyocyte hypertrophy and
delaying myocardial relaxation. This direct impact on cardiac
function is further aggravated by NO-mediated effects on the
systemic circulation that alters preload and afterload
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conditions [31]. Another consequence of dysfunction in the
systemic circulation is seen in skeletal muscle, where endo-
thelial dysfunction translates to the exercise intolerance fre-
quently seen in HFpEF patients [32, 33]. The coronary micro-
vasculature is also affected by endothelial inflammation,
which has been verified in myocardial biopsy samples, and
explains the chest pain that results from reduced coronary
perfusion and microvascular rarefaction [20]. Beyond these
changes, cardiac inflammation will also initiate fibrosis,
which has been observed in myocardial specimens from
HFpEF patients [34]. In summary, HFpEF is increasingly rec-
ognized as a systemic syndrome rather than an isolated cardiac
disease [35], a consideration that is pivotal for designing fu-
ture diagnostic and therapeutic approaches.

Current diagnostics for HFpEF

The current guidelines recommended by the European Society
of Cardiology focus on patients at more advanced stages and
retain the diagnostic criteria described earlier: clinical symp-
toms of HF, normal LVEF, and diastolic dysfunction assessed
invasively or non-invasively. The first criterion is easily
assessed from patient reports of breathlessness, fatigue, and
exercise intolerance and from signs such as swelling in the
extremities. Many of these symptoms are not specific to
HFpEF, however, and are often misdiagnosed and attributed
to non-cardiac causes, such as chronic lung disease and
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anemia [36]. The second criterion is also easily determined,
but accuracy depends highly on the imaging approach.
Echocardiography, the undisputed workhorse of cardiac ex-
aminations, can measure the LVEF and LV end-diastolic vol-
ume index, with nominal cut-off values of > 50% and < 97 ml/
m?, respectively, as thresholds for normal systolic function
and normal ventricular volume [10]. Because these numbers
are averages only, sex- and age-dependent cut-off values are
recommended instead—for example, the normal LVEF range
for men (52-72%) differs from that for women (54-74%); see
the American Society of Echocardiography 2015 quantitative
guidelines for sex- and age-related changes in LV size and
function [37]. Traditional two-dimensional (2D) echocardiog-
raphy provides the easiest access to LVEF and LV volume
estimation, but there can be substantial variability due to de-
pendence on clear endocardial definition, which is absent in
one third of cases [38]. To address this hurdle, ultrasound
contrast agents can be administered to enhance the endocardi-
al border for more accurate estimates of LV function and size
[39]. Three-dimensional (3D) echocardiography has the po-
tential for higher accuracy and reproducibility approaching
that of cardiac MRI; the challenge with 3D echocardiography,
however, is even greater susceptibility to operator expertise
compared to 2D imaging, and both 3D ultrasound and MRI
require breath-holding, which is a challenge for patients dys-
pneic at rest [40]. Accuracy and reproducibility are crucial,
because diagnosing HFpEF is premised on correctly establish-
ing a normal LVEF.

The most discriminatory piece of information comes from
the third criterion of diastolic dysfunction, which of all three
criteria is the most difficult to establish. It should be noted that
diastolic dysfunction is a pathophysiological condition and
can present in the absence of HF [41, 13, 11]. Only when
diastolic dysfunction is present with the other two criteria is
a diagnosis of HFpEF confirmed. To diagnose diastolic dys-
function definitively, there must be evidence of elevated LV
filling pressures. Invasive catheterization of the LV remains
the gold standard technique and involves measuring the LV
end-diastolic pressure (> 16 mmHg), the time constant of LV
relaxation (> 48 ms), and the pulmonary capillary wedge pres-
sure (> 12 mmHg) [10]. However, since invasive techniques
are not viable in most patients, non-invasive imaging based on
echocardiography is used instead.

On a 2D echocardiogram, the HFpEF heart rarely appears
normal in the late stages: the LV wall is usually thickened and
the left atrial volume increased. These structural indices are
suggestive of diastolic failure but are not surrogate measures
of filling pressures, however. Functional indices based on
Doppler echocardiography of mitral flow and tissue Doppler
are used to determine if LV filling pressures are elevated,
which is recommended as the first step to diagnosing diastolic
dysfunction [42, 43]. In brief, tissue Doppler is used to mea-
sure the LV basal, longitudinal cardiac shortening, and/or

lengthening velocity; measurements are taken at the position
of the mitral annulus, and several velocities are taken, includ-
ing early diastolic mitral annular velocity (e) and late (atrial)
diastolic mitral annular velocity (a’). Flow Doppler is used to
measure the peak blood flow velocity through the mitral valve
at early filling (E) and at late filling (A) due to atrial contrac-
tion. The ratio E/¢’ is then calculated, and this index has been
shown to be highly specific for increased LV filling pressures
[44]. The ratio E/e' <8 in the normal heart but increases in
diastolic dysfunction due to a lower ¢’, or less blood entering
the LV during early filling, from impaired relaxation. The
likelihood of increased filling pressures is much higher if the
lateral E/e’> 12 (or septal E/e’ > 15) and there is no mitral
annual calcification, mitral regurgitation or valve prosthesis,
tachycardia, atrioventricular block, atrial fibrillation, constric-
tive physiology, ventricular dyssynchrony, or focal wall mo-
tion abnormalities [45]. An alternative means to measure fill-
ing pressure (e.g., invasive hemodynamic testing) is required
when these aforementioned conditions exist [45]. In addition
to E/e’, it is currently recommended for improved specificity
that the annular e’ velocity (septal e’ <7 cm/s, lateral e’ <
10 cm/s), peak tricuspid regurgitation velocity (>2.8 m/s),
and left atrial volume index (>34 mL/m?) also be considered.
Taking all four parameters together decreases the likelihood of
false positive findings; with this approach, diastolic dysfunc-
tion is diagnosed only when over half of these parameters
meet respective abnormal cut-off values [43]. Once diastolic
dysfunction is determined, disease grading is performed by
calculating the mitral valve flow velocity ratio (E/A), which
is typically > 1.5 in the normal heart. In healthy individuals,
the E-wave prevails due to efficient LV filling in early and
mid-diastole, whereas in older individuals or in mild diastolic
dysfunction, early LV filling decreases and the A-wave dom-
inates (E/A <0.8). With worsening diastolic dysfunction, the
E/A ratio increases above 0.8 back into the normal range as
left atrial pressure increases; the Valsalva maneuver is helpful
in this scenario for distinguishing normal diastolic function
from dysfunction [45]. Full details on the diagnostic tree are
found in the 2016 guidelines from the American Society of
Echocardiography and the European Association of
Cardiovascular Imaging [43]. Finally, plasma levels of brain
natriuretic peptide (BNP) and N-terminal pro brain natriuretic
peptide (NT-proBNP) should be tested to make a diagnosis for
HFpEF, since the production of biomarkers is minimal in
healthy individuals but becomes elevated (BNP >200 pg/
mL or NT-proBNP >220 pg/mL) in both HFpEF and
HFrEF [46, 47]. However, caution must be exercised with
the use of these biomarkers, since BNP levels tend to be lower
in HFpEF and even normal in some HFpEF patients [48, 49].
Figure 2 illustrates various echocardiographic techniques [37,
45, 39, 50].

Cardiac magnetic resonance imaging (MRI) is seldom
used in routine clinical practice and is not part of the
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Fig. 2 Echocardiography of LV diastolic function. a Doppler transmitral
flow demonstrating early (E) and late/atrial (A) waves on pulsed-wave
Doppler at the mitral leaflet tips in the apical 4-chamber view (left).
Pulsed-wave tissue Doppler velocities at the lateral mitral annulus (e’ =
early diastolic, a’ = late/atrial diastolic, and s’ = systolic tissue velocities)
(right). (Reprinted from Mitter et al. [45]). b Differences in end-diastolic/

current diagnostic flowcharts for HFpEF due to high costs
and limited availability. For patients who have poor qual-
ity echocardiographic findings, however, cardiac MRI is
the only other alternative able to measure cardiac structure
and function. Its inherent superior soft-tissue contrast and
high spatial resolution make cardiac MRI the gold-
standard modality for measuring LA volume, LV volume,
and LV mass [51]. In fact, cardiac MRI is preferred over
echocardiography for its reproducibility and for monitor-
ing small changes in LV mass or LV volume during dis-
ease progression. Dynamic CINE acquisitions of the
whole heart allow us to measure LVEF much more repro-
ducibly than from echocardiography [52] in addition to a
wide range of LV filling parameters identical to those

@ Springer

N

in

-y

AP4 1N
16:19:05
HR

systolic volumes observed without contrast (top) and with contrast and
low-mechanical index imaging (bottom). A marked increase in volume
size is noted post-contrast. (Reprinted from Porter et al. [39]). ¢
Myocardial perfusion via contrast. (Reprinted from Porter and Xie
[50]). d Measurement of global longitudinal strain via speckle tracking.
(Reprinted from Lang et al. [37])

from echocardiography [10]. Myocardial perfusion and
viability can also be assessed with the aid of an intravas-
cular injection of gadolinium-based MR contrast agent
[53, 54]. Perhaps the most important capability of cardiac
MRI, one for which there is no echocardiographic analog,
is myocardial tissue characterization—only cardiac MRI
can identify and delineate ischemic tissue, inflammation,
and infiltrative diseases [55]. Quantitative MRI methods
such as parametric cardiac T1, T2, and T2* mapping re-
flect intrinsic tissue magnetic properties and are increas-
ingly accessible on clinical MR scanners [56]. If imple-
mented robustly, quantitative mapping can provide infor-
mation on fibrosis (T1) [57, 58], edema and inflammation
(T2) [59, 60], and iron overload and hemorrhage (T2%)
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[61, 62]. The first multicenter randomized, controlled
clinical trial to evaluate the role of cardiac MRI in non-
ischemic heart failure or HFpEF (IMAGE-HF project 1-
B) is underway to investigate if routine cardiac MRI can
identify more specific heart failure etiologies compared to
echocardiography alone [63]. Depending on the results of
the trial, the inclusion of cardiac MRI in future strategies
for HFpEF diagnosis may be recommended. Figure 3
demonstrates the capabilities of cardiac MRI [64—-68].

The structural and functional metrics described above for
both echocardiography and cardiac MRI reflect the status of
the heart at rest. However, a stress echocardiogram or a stress
MRI may be performed to assess cardiac performance under
stress. The stress could be triggered either by exercise on a
treadmill or by dobutamine, which is injected intravenously to
raise heart rates in patients who cannot exercise. Using stress
echocardiography, myocardial viability is then assessed via
measurement of contractile reserve and biphasic response.
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3 long-axis

During rest

~3 minutes ~2 minutes =10-15 minutes

Fig. 3 Cardiac MRI. a Acquisition protocol includes assessment at rest
and during vasodilator stress. (Reproduced from Coelho-Filho et al. [64]).
b Short-axis perfusion MRI showing mid-anteroseptal and anterior wall
motion abnormality, rest (left) and stress (middle) perfusion abnormality
(black arrows), and myocardial delayed enhancement (right, white ar-
rows) consistent with infarct. (Adapted from Jenson et al. [65]). ¢
Bright-blood and dark-blood late gadolinium enhancement reveals con-
trast between the subendocardial scar and adjacent blood pool. (Adapted
from Francis et al. [66]). d Subvalvular obstruction (red arrows)

secondary to subaortic membrane seen on 3-chamber (left) and coronal
(right) views. (Reprinted from Cavalcante et al. [67]). e Color-coded
strain map of tagged MRI shows heterogeneous strain values in the left
ventricle throughout one cardiac cycle (left upper: first frame at end-
diastole; right upper: end-systole; lower row: diastole). The time-strain
curves of six myocardial segments show variations in the peak time of
each strain curve; left ventricular dyssynchrony is identified (right lower).
(Figure reproduced from Nagao and Yamasaki [68])
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Using cardiac MRI, myocardial viability is assessed via spatial
distribution of intravenously injected contrast agents. The
same injection also provides information on the perfusion sta-
tus of heart muscle. Table 1 summarizes the role of various
imaging modalities in the diagnosis of HFpEF. Table 2 high-
lights imaging modalities that are useful for assessing various
physical or functional parameters relevant to HFpEF.

Challenges of diagnosing HFpEF and future directions

One of the major limitations of existing diagnostic workup is
lack of information on heart function when the patient is under
stress (e.g., from exercise). Some patients are asymptomatic at
rest and do not exhibit cardiac structural or functional abnor-
malities, particularly those at the early stages of disease pro-
gression [69, 5]. These patients in the early stages may report
dyspnea and/or fatigue on exertion but otherwise have nega-
tive findings on routine physical and radiological examina-
tion. Hemodynamic assessment during exercise then becomes
the only approach to determine the existence of HFpEF [4].
For example, since elevated LV filling pressure is critical to
the current diagnosis of HFpEF, if echocardiography and in-
vasive hemodynamic measurements all yield inconclusive re-
sults, then one should resort to exercise stress testing and/or
manoeuvers such as leg raises and fluid challenge [11]. There
is evidence that many patients who have normal echocardiog-
raphy findings at rest have significantly altered hemodynam-
ics during exercise; increases in the E/e’ ratio and impaired
ventricular-arterial coupling have all been reported [70, 71].
Chronotropic incompetence and abnormalities outside the

heart, such as impaired vascular reserve, can also help uncover
the presence of HFpEF during exercise [70].

It is also important to recall that diastolic dysfunction is not
present in all HFpEF patients and that a diagnosis of diastolic
dysfunction alone does not constitute a diagnosis of HFpEF
[11]. In other words, heart failure with diastolic dysfunction is
only a subset of HFpEF. This distinction between a patho-
physiological state (diastolic dysfunction) and a clinical syn-
drome (HFpEF) highlights the importance of thinking broadly
about the complex etiologies of HFpEF when advancing new
technologies and approaches for earlier, more sensitive, and
more specific diagnosis. Furthermore, we must remember that
many of the current indices recommended for diagnosis (e.g.,
elevated E/e’ ratio, LV hypertrophy, left atrial enlargement) are
indirect measures of LV stiffness, the hallmark of HFpEF and
the parameter that provides the most direct evidence of disease
if it can be measured accurately [72]. In the following, we
discuss new targets and imaging-based tools for improving
diagnostic accuracy.

Myocardial stiffness

Although the E/e’ ratio is regarded as the echocardiographic
gold standard for measuring LV diastolic function, recent
studies have shown inaccuracies in its measurement when
regional wall motion is abnormal. This is problematic, as sev-
eral studies have shown that abnormalities in regional contrac-
tility are common in HFpEF patients [32]. To address this
dilemma, newer echocardiographic methods have been ap-
plied to quantify regional cardiac stiffness directly through

Table 1  Imaging modalities for diagnosing heart failure
Advantages Disadvantages
X-ray angiography Establishes coronary artery disease Invasive
Not suitable for all patients
Echocardiography — True real-time cardiac imaging Reproducibility of ejection fraction
Accessible to all patients estimation is operator dependent
Measures systolic function Lower reproducibility in anatomical
Ideal for measuring diastolic function measurements compared to MRI
Assesses anatomy (chamber size, wall thickness, valves) Poor tissue characterization
Assesses function (ventricular filling pressure, Doppler flow)
Measures myocardial perfusion
Widely available; low cost
Cardiac MRI Superb tissue/border delineation Currently not recommended for clinical
Excellent tissue characterization (viable myocardium, infarct, scar) assessment of HFpEF
Measures systolic function Contraindicated for patients with
High reproducibility in anatomical and functional measurements (ejection fraction, MRI-incompatible pacemakers
atrial volume, ventricular volume/mass, wall thickness) Non-real-time cardiac imaging
Measures myocardial perfusion Lengthy scan times
Not widely available; high cost
PET-CT Gold standard for myocardial perfusion Exposure to ionizing radiation and

Gold standard for myocardial viability

radioactive tracers
Low availability; very high cost
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Table 2 Pathological features in
HFpEF and diagnostic modalities

Diagnostic modality

for assessment

Chest X-

ray

Cardiac PET-
MRI CT

Echocardiography X-ray ECG

angiography

Hypertrophy v
Atrial fibrillation
Coronary artery disease

LA/LV volume, wall
thickness
LV ejection fraction

LV filling pressure

LV relaxation and filling
Myocardial perfusion®
Myocardial viability

LV stiffness

Diffuse fibrosis
Endothelial dysfunction
Inflammation

Stress testing

\

NN N N N NEE SR SR NEN

NN N N N N N N N N NENEN
N

ECG electrocardiogram

# Perfusion imaging is performed with intravenous injection of modality-specific tracers

an assessment of myocardial deformation [73]. This tech-
nique, known as speckle-tracking echocardiography [74], uses
frame-by-frame tracking of small myocardial regions-of-inter-
est, each with a unique speckle pattern, and calculates cardiac
strain (i.e., tissue deformation) from temporal changes in the
segment length. The calculated strain, together with its tem-
poral derivative, the strain rate, can be measured on a regional
basis or can be averaged to yield a global strain score, longi-
tudinally, radially, and circumferentially [75, 76]. A strong
linear association between the global strain score and func-
tional capacity has been reported in HFpEF patients [77].
Recent insights from the RELAX trial of sildenafil in
HFpEF patients showed that the LV global longitudinal strain
as determined by speckle-tracking was significantly impaired
in HFpEF and was associated with collagen synthesis and
diastolic dysfunction [78]. However, impaired LV global lon-
gitudinal strain was not associated with quality of life or ex-
ercise tolerance, indicating that other factors, intra- or extra-
myocardial, are at play. Another difficulty is the low repro-
ducibility of strain value, particularly circumferential and ra-
dian strain, due to variability in software algorithms for anal-
ysis [79]. Clearly, more work lies ahead to determine the
prognostic value of strain measurements.

Cardiac MRI is also capable of providing information on
regional myocardial strain by using a method to “tag” myo-
cardial tissue with a “grid” and track movement during systole
[80]. In applying the method to diastole, however, a major
limitation is fading of grid lines over the cardiac cycle interval.
The consequence is that while the early diastolic strain rate
can be measured in 80% of segments analyzed, atrial-induced

strain could be measured in only 32% of patients [81]. More
recently, a method known as feature tracking using CINE
balanced steady-state free precession acquisitions was intro-
duced as a robust and rapid method for measuring myocardial
strain and diastolic strain rate [82]. This technique requires
considerably less data processing time than tissue tagging
and has even been applied to both obese and diabetic patients
to assess LA strain for early detection of diastolic dysfunction
[83] and to echocardiography-confirmed HFpEF patients
without co-morbidities to assess LV diastolic strain rate [84].
To advance this promising cardiac MRI technique into wide-
spread clinical implementation, more rapid image acquisition
solutions are needed.

Ventricular-arterial coupling

Hypertension is a well-known antecedent to the development
of HF. In the HFpEF population, approximately 75% of pa-
tients are hypertensive, and in these patients, there is evidence
of stiffening in the LV and arteries [4, 85]. One school of
thought has proposed arterial-ventricular stiffening as a main
contributor to increases in blood pressure, which then impairs
diastolic LV relaxation [86]. The result of this stiffening and
non-compliance in both the ventricular and arterial compart-
ments negatively alters ventricular-arterial coupling, which is
defined by the ratio of arterial elastance (afterload Ea) and
end-systolic ventricular elastance (end-systole elastance Ees)
[7]. In HFpEF patients, the coupling ratio (Ea/Ees) is de-
creased relative to control hypertensive subjects without HF
[87]. This decrease stems from a proportionally higher change
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in ventricular stiffening, or Ees. Alterations in ventricular-
arterial coupling have an especially pronounced impact on
cardiac function during exercise and variations of volume
load, and its measurement may provide valuable information
for managing patients. In a recent study of patients who had
negative results on stress echocardiography, higher rates of
mortality and hospitalization were predicted by altered
ventricular-arterial coupling [88].

Although measuring ventricular-arterial coupling remains
challenging, both echocardiography and cardiac MRI have
demonstrated the potential for non-invasive assessment. The
arterial elastance, Ea, is calculated as the ratio of end-systolic
pressure to stroke volume. The end-systolic ventricular elas-
tance, Ees, is calculated as the change in pressure for a given
change in chamber volume. From these two numbers, the
ventricular-arterial coupling (Ea/Ees) is computed.
Echocardiography provides continuous temporal monitoring
and measures ventricular-arterial coupling using a single-beat
method developed by Chen et al. [89]. This method involves
complex mathematical formulae that require computer algo-
rithms for easy calculation of the ratio Ea/Ees in the clinical
setting. More recent application of 3D echocardiography has
demonstrated higher reproducibility and sensitivity over 2D
methods [90]. In contrast, cardiac MRI does not have suffi-
cient temporal resolution to capture the beat-to-beat changes
in the LV pressure-volume relationship required to measure
Ees. Using conventional CINE acquisitions, Ees is approxi-
mated as the ratio of end-systolic pressure to end-systolic vol-
ume [91]. Improved estimation of Ees using MRI is possible
using real-time acquisition approaches to allow essentially
continuous measurement of LV volume changes [92]; howev-
er, these custom sequences are not widely accessible.
Irrespective of the relative advantage of echocardiography
over cardiac MRI in this setting, determination of
ventricular-arterial coupling is simply not in the current diag-
nostic workflow due to complexity of measurement.
Prognostic clinical trials are needed to determine its predictive
value on the outcomes of cardiovascular disease.

Myocardial fibrosis

The diffuse myocardial fibrosis observed in the hypertrophic
HFpEF heart is a result of chronic inflammation. Activated
fibroblasts (myofibroblasts), in their role of inflammatory sup-
porter cells, deposit collagen and release cytokines that drive a
vicious circle triggering further inflammation and fibrosis
[93]. Although diffuse fibrosis has not traditionally been con-
sidered as an early marker of HFpEF [94], there is recent
evidence that suggests otherwise: patients at risk for HFpEF
(elevated BNP levels) exhibited the same degree of fibrosis as
those with a confirmed HFpEF diagnosis [95]. The temporal
relationship between myocardial fibrosis and the progression
of HFpEF is not well characterized due to the scarcity of
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methods able to assess fibrosis non-invasively.
Consequently, the evaluation of myocardial fibrosis should
be considered in future investigations and explorations of ear-
ly biomarkers.

To date, most attempts to detect diffuse cardiac fibrosis
have been achieved using cardiac MRI because of its exquisite
spatial delineation [96, 97]. However, the gadolinium-
contrast-enhanced MRI method employed is sensitive to the
extracellular volume fraction and, therefore, is not specific to
fibrosis. Ambiguity is a problem, as other pathologies, includ-
ing cell death and edema, can give rise to a higher extracellular
volume fraction. In order to detect fibrosis with certainty, mo-
lecular probes with an affinity for collagen are required.
Currently, there is very little effort in the development of
targeted probes for imaging fibrosis, although there are a
few reports in animals in various anatomical regions of the
body [98-100]. An important future emphasis is to translate
these molecular probes into human patients.

Endothelial dysfunction

A potentially very powerful diagnostic approach is to look
also for extramyocardial evidence of disease, in contrast to
focusing exclusively on the heart. As described earlier, the
current paradigm on the etiology of HFpEF attributes coro-
nary microvascular dysfunction and impaired vascular re-
serve, amongst other, to endothelial dysfunction, which is a
deleterious outcome of inflammation. Given that the most
common comorbidities of HFpEF all involve inflammation,
it is reasonable, even logical, to place the occurrence of endo-
thelial dysfunction at the same time as, if not earlier than, the
earliest development of abnormalities in the heart. If our ulti-
mate goal is to achieve early detection of HFpEEF, it may very
well be that waiting until overt indications of diagnostic dys-
function appear is already too late. With this philosophy, we
would need to detect and diagnose endothelial dysfunction
directly. It is important to note that the complications of endo-
thelial dysfunction—such as impaired vasodilation,
microvessel rarefaction, and a reduced systemic vasodilatory
response [101]}—are all consistent with HFpEF symptoms
(dyspnea on exertion, exercise intolerance) that have been
observed in the absence of diastolic dysfunction [32]. While
it is true that endothelial dysfunction and inflammation may
not necessarily lead to HFpEF, they do put patients at risk for
heart disease and represent the earliest known biomarker than
can be assessed on diagnostic imaging.

The gold standard for measuring endothelial function is
angiography under injection of acetylcholine, a vasodilator
[102]. This method, however, is invasive and limited to large
blood vessels such as the coronary artery. Another large-vessel
but non-invasive method is ultrasound-measured flow-medi-
ated dilation of the brachial artery. Laser Doppler allows non-
invasive assessment of microvessel flow, but it can only be
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applied to superficial tissue [103]. PET imaging involving
radioactive tracers allows deep-tissue assessment of myocar-
dial perfusion [104] and sympathetic nerve activity [105,
106]. Importantly, HFpEF patients with compromised coro-
nary flow reserve as identified on PET stress/rest perfusion
have been shown in separate studies to have markedly greater
risk of HFpEF events [107, 108], but this capability must be
balanced against the risk of exposing patients to radioactive
tracers. A completely non-invasive alternative is MRI, which
offers superior spatial resolution to PET imaging. To probe
endothelial dysfunction, blood oxygenation level-dependent
(BOLD) MRI methods developed from neuroimaging has
been applied to the heart, but this method is inappropriate
due to inherent sensitivity to many factors unrelated to micro-
vascular tone [109]. The only MRI technique that has been
reported in the literature to date for the direct assessment of
endothelial function and dysfunction is specifically sensitized
to microvascular volume [110]. This approach was developed
for high- and low-flow organs and has been applied to ische-
mic muscle tissue to elucidate compromised microvessel di-
lation [111]. The translation of this method to humans is un-
derway and should be considered in future investigations on
the prognostic and early diagnostic value of assessing endo-
thelial dysfunction both intra- and extramyocardially.

Inflammation

In our discussion of future perspectives for earlier and more
accurate HFpEF diagnosis, we have highlighted entities
(stress testing, myocardial stiffness, ventricular-arterial cou-
pling, fibrosis, and endothelial dysfunction) that have the po-
tential to be included in a new imaging diagnostic workflow.
Of'these, endothelial dysfunction is one of the earliest changes
that manifest, possibly first extramyocardially before the heart
is even affected. Another pathophysiology that likely fore-
bodes cardiac changes is inflammation. Using radiotracer
probes on nuclear medicine imaging, immune cell migration
to the myocardium may be visualized [112] and acute and
post-inflammatory reaction may be distinguished [113]. MRI
is less useful for this purpose, because inflammation is iden-
tified indirectly through increased extravasation of intrave-
nously injected contrast agents. Since the current HFpEF par-
adigm places inflammation as the initiator of disease, it would
be worthwhile to consider the value of imaging systemic in-
flammation in the prognosis of HFpEF.

Conclusions

HFpEF is a heterogeneous disease whose pathophysiological
basis is still being uncovered. There is no uniformly accepted
set of validated diagnostic guidelines and no proven therapy.
What is certain, however, is that HFpEF patients are often

misdiagnosed at the early stages but then are far along in
disease progression when a HFpEF diagnosis is eventually
confirmed. This review article summarized our current under-
standing of the etiology of the syndrome and proposed new
approaches to diagnosis that take a systemic perspective to
enable earlier, more accurate diagnosis of a prevalent and
equally fatal phenotype of HF. We also reviewed the mainstay
of cardiac diagnostics, namely, echocardiography, cardiac
MRI, and cardiac PET. Each modality provides complemen-
tary information, but a different modality may assume a more
dominant role in diagnosis depending on the stage of disease.
In the early stages of HFpEF development, where tissue-level
changes—such as microstructural alterations, reactive fibro-
sis, and vascular changes—manifest in the absence of overt
functional and structural alterations, cardiac MRI may be ar-
guably the best modality for early detection of disease. As
disease progresses and the increasingly stiffer myocardium
begins to impair mechanics, both echocardiography and car-
diac MRI can inform on the severity of disease. One distinct
advantage that echocardiography has over the other modali-
ties, however, is its unique real-time acquisition ability, which
provides specific information on diastolic function and dys-
function. Ultimately, the relative diagnostic value of each mo-
dality at different stages of HFpEF progression can only be
determined with improved understanding of the etiology and
development of HFpEF.
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Ischemic heart disease and non-ischemic dilated cardiomyopathy are the most common causes of arrhythmic sudden cardiac
death (SCD). Implantable cardioverter defibrillator (ICD) therapy is the only strategy that proved to be effective in preventing
SCD in high-risk individuals while the role of antiarrhythmic drugs is limited to symptoms relief. Current guidelines recommend
selecting candidates to ICD implantation based on etiology, symptoms of heart failure (NYHA class), and severely depressed left
ventricular ejection fraction, but these parameters are neither sensitive nor specific. The review addresses the mechanisms of SCD
in patients with heart failure of either ischemic or non-ischemic etiology, risk stratification, and strategies for prevention of SCD
in the clinical practice (including optimization of heart failure therapy, avoidance of triggering factors, antiarrhythmic drugs, ICD

therapy, early resuscitation, and public access defibrillators).

Keywords Antiarrhythmic drugs - Heart failure - Implantable cardioverter defibrillator - Resuscitation - Ventricular arrhythmias

Introduction

Sudden cardiac death (SCD) is defined as unexpected death
from cardiovascular causes which occurs within one hour of
the beginning of symptoms in an apparently healthy subject or
in one affected by a disease not severe enough to predict such
an abrupt outcome [1]. Sudden cardiac death is an important
clinical challenge of modern cardiology considering that it has
an estimated incidence of 350,000 to 400,000 cases/year in the
adult population in the USA and that most of these individuals
have pre-existing heart disease [2].

The risk of SCD generally increases with age and is greater
in men. In the general population of middle-aged and elderly,
the estimated rate of SCD ranges from 1/1000 to 2/1000 per
year; in comparison, a significantly lower incidence of fatal
events has been reported in young people (1/100,000/year)
[2]. The most common mechanism of a cardiac arrest leading
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to SCD is abrupt sustained ventricular tachycardia (VT) or
ventricular fibrillation (VF) as a consequence of an underlying
cardiovascular disease, which provides a substrate for the
electrical instability of the heart [3]. While a broad spectrum
of cardiovascular substrates (including congenital and
inherited heart disorders) may underlie SCD in young people,
ischemic heart disease (IHD), either acute coronary syn-
dromes or chronic IHD, and non-ischemic dilated cardiomy-
opathy (NIDC) are the most common causes of SCD in adults
and elderly subjects [4].

Mechanisms of sudden cardiac death
Ischemic heart disease

Sudden cardiac death in the setting of IHD is almost invariably
arrhythmic and may be the result of either ischemia-induced
or scar-related malignant ventricular arrhythmias [3]. Cardiac
arrest may be the earliest manifestation of acute coronary syn-
dromes. Many patients who are resuscitated after a cardiac
arrest develop overt signs of myocardial infarction such as
ST-T abnormalities and serum enzyme elevations, and at cor-
onary angiography, an acute coronary thrombosis is often ev-
ident [5]. Most deaths related to acute myocardial infarction
occur within the first hour of symptoms onset out of hospital
and are the consequence of ischemia-induced electrical insta-
bility. In this setting, VF may occur even before the
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myocardial infarction lesion develops. Sudden cardiac death
may be also caused by transient myocardial ischemia in the
setting of unstable angina or coronary spasm, which may trig-
ger fatal arrhythmias in the absence of overt myocardial dam-
age [6]. The postulated arrhythmogenic mechanism consists
of ischemia-induced raise in extracellular K+, due to the de-
pression of the Na/K pumping system and fall in pH because
of lactic acid that accumulates within cells and diffuses into
the intercellular spaces. These modifications cause a
transmural heterogeneity of myocyte repolarization predispos-
ing to phase 2 reentry (“R on T” phenomenon) and VF [7].

In patients with a history of myocardial infarction, SCD
may occur late after the acute event in relation to the develop-
ment of a myocardial scar that acts as the structural arrhyth-
mogenic substrate. In this context, VT may be induced by
slowing and fragmentation of the ventricular myocardium de-
polarization wavefront that, in turn, predisposes to a macro-
reentry mechanism at the border between normal myocardium
and scar and within the fibrotic area. Adrenergic stimulation
such that occurring during sports activity may have a trigger-
ing role. Ventricular tachycardia may degenerate into VF and
cause SCD, mostly in patients with severely depressed left
ventricular (LV) systolic function and particularly during ep-
isodes of acute decompensated heart failure [8].

Non-ischemic dilated cardiomyopathy

Non-ischemic dilated cardiomyopathy is a common heart
muscle disorder that is responsible for approximately one-
third of heart failures and is the second leading cause of
SCD. Although heart failure is the cardinal clinical manifes-
tation of NIDC and the majority of these patients die for car-
diogenic shock, SCD accounts for approximately 30% of all
fatalities [9]. A variety of mechanisms may be involved in the
development of life-threatening ventricular tachyarrhythmias,
which include scar-related reentry, anisotropic interventricular
conduction, spatial dispersion of ventricular repolarization, or
functional bundle branch/interfascicular macro reentry.

Risk stratification for SCD

Implantable cardioverter defibrillator (ICD) therapy signifi-
cantly reduces mortality in both IDCM and NIDC. Since the
ICD was first introduced in the clinical practice in the 1980s,
several trials have demonstrated that it is effective in
preventing SCD not only among survivors of sudden cardiac
arrest (secondary prevention) but also among high-risk pa-
tients with IHD or NIDC (primary prevention) [10-14]. In
addition, the association between ICD and cardiac
resynchronization therapy (CRT) was demonstrated to further
improve survival rates and quality of life in patients with heart
failure [15-17].
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An important challenge is the identification of patients with
heart failure, of either ischemic or non-ischemic origin, who
most benefit from ICD implantation for primary prevention
based on an individual risk assessment. Unfortunately, the
majority of SCD victims were unaware of their underlying
disease or classified at low risk according to the current risk
stratification criteria [5, 9]. In particular, myocardial ischemia-
induced SCD is an unpredictable event that most often occurs
in the absence of a recognized IHD. According to available
estimates, about one-third of SCD occur in previously asymp-
tomatic individuals [5].

Randomized trials demonstrated that ICD therapy improves
survival in patients with LV ejection fraction (EF) <35% and
NYHA class II-1II and, as a consequence, current guidelines
recommend that these patients should receive an ICD for pri-
mary prevention provided that the expected survival is at least
1 year [18, 19]. However, risk assessment based on LV EF
alone is not accurate enough given that the majority of heart
failure patients with an ICD never experience appropriate ther-
apy while, on the other hand, a sizeable proportion of SCD
victims with IHD or NIDC did not receive an ICD because
the LV EF was >35% [5, 20]. A plausible explanation is that
EF represents a global assessment of LV systolic function and
does not necessarily correlate with myocardial lesions and elec-
trophysiological abnormalities underlying ventricular electrical
instability. This limitation of LV EF underscores the need to use
other parameters for SCD risk stratification. A more accurate
arrhythmic risk assessment offers the potential to improve both
outcomes and cost-effectiveness of ICD therapy.

Although several noninvasive risk markers other than LV
EF have been proposed, their predictive value has not been
validated by randomized studies (Table 1). One of the most
promising is the identification and quantification of myocar-
dial fibrosis by cardiac magnetic resonance (CMR). Unlike
traditional imaging techniques such as echocardiography
which discloses LV mechanical dysfunction (either regional
or global), CMR allows the demonstration of myocardial fi-
brosis using dedicated T1 sequences some minutes after the
injection of a gadolinium-based contrast medium that distrib-
utes principally in the extracellular interstitial space (late gad-
olinium enhancement, LGE). Myocardial fibrosis acts as a
substrate for life-threatening ventricular tachyarrhythmias
and this explains why the presence of LGE has been found
to be a stronger predictor of arrhythmic events than LV EF
[28]. Several studies demonstrated that the detection and
quantification of myocardial LGE by CE-CMR in patients
with NIDC are independently associated with an adverse ar-
rhythmic prognosis [20, 28, 30-32]. Risk stratification based
on the myocardial scar burden has the potential to better iden-
tify patients at risk of SCD and guide ICD implantation.
Particularly, patients not currently fulfilling the criteria for
ICD implantation because of a mild to moderate LV dysfunc-
tion, but with large myocardial scars demonstrated by CMR,
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Table 1 Main adjunctive

arrhythmic risk stratification Definition Reference
parameters in patients with
reduced left ventricular ejection Genetic variants Detection of mutations in genes encoding for [21]
fraction proteins associated with an increased risk of
ventricular arrhythmias such as lamin A/C (apply
to non-ischemic dilated cardiomyopathy only).
Markers of autonomic dysfunction

Baroreflex sensitivity Changes in heart rate in response to changes in [22]
blood pressure (spontaneous or after
phenylephrine administration).

Heart rate turbulence Reaction of heart rate in response to premature [23]
ventricular beats (turbulence onset, reflecting the
initial acceleration of heart rate following
premature beat, and turbulence slope, describing
subsequent deceleration of heart rate).

Heart rate variability Beat-to-beat variation of the RR-interval obtained [24]
during a short time period or from 24-h Holter
recordings and analyzed in the time domain and
frequency domain, or by non-linear methods.

ECG parameters

QRS duration Duration of the QRS complex or presence of left [25]
bundle branch block.

Fragmented QRS complex Presence of an R’ wave (excluding V1) or spikes
in the QRS complex.

T-peak—T-end interval Interval from the peak to the end of the T-wave,
in absolute values or relative to the
QT-interval duration.

QT dispersion Maximum difference between QT intervals in two
leads of the 12-lead ECG.

Microvolt T-wave alternans Beat-to-beat fluctuation of T-wave amplitude and [26]
morphology at the microvolt level.
Prolonged ECG monitoring
Non-sustained ventricular tachycardia >3 (or >5) consecutive premature ventricular beats.  [27]
Cardiac magnetic resonance

Presence/extent of myocardial fibrosis Presence or extent (% of the myocardium) [28]
of late gadolinium enhancement on post-contrast
T1 sequences.

Programmed ventricular stimulation
Induced sustained ventricular Induction of sustained ventricular tachycardia [29]

tachycardia

(>30 s or causing hemodynamic impairment) by
programmed ventricular stimulation. Induction of
non-sustained ventricular tachycardia or ventric-
ular fibrillation is less specific.

may be classified as at high risk of SCD and warrant prophy-
lactic ICD.

Strategies to prevent sudden death

in the clinical practice

Optimization of heart failure therapy

Acute decompensated heart failure is a well-recognized trig-

ger of sustained VT and VF in patients with dilated cardiomy-
opathy [33] (Fig. 1). In a study on 10,741 consecutive patients

admitted to the cardiology department of the University of
Padova in 2009-2014, acutely ill patients with LV systolic
dysfunction showed the highest rate of in-hospital life-threat-
ening ventricular arrthythmias, regardless of the underlying
cardiac disease (ischemic or non-ischemic). Clinical signs of
acute heart failure preceding the event were present in 62% of
patients suffering major ventricular arrhythmias [34].
Medical therapy optimization not only reduces hospitaliza-
tions for acute heart failure and prolongs survival but also
improves the arrhythmic prognosis. Beta-blockers have vari-
ous beneficial effects on arrhythmogenic mechanisms and
randomized controlled trials have consistently demonstrated
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Fig. 1 Representative example of a patient suffering from arrhythmic
storm in the context of acute decompensated heart failure. A 68-year-
old male patient with ischemic cardiomyopathy and severely reduced
ejection fraction received an implantable cardioverter defibrillator (ICD)
for primary prevention with remote monitoring in 2010. In august 2015,
at the age of 73, he suffered his first episode of acute decompensated heart
failure. As indicated by the arrows, the data stored in the ICD memory
and displayed on graphs showing trends over time (panel A) revealed an
increase in mean heart rate, decrease in patient physical activity, and
increase in intra-thoracic fluids days before the heart failure became

that they reduce the risk of SCD by =~30% in heart failure
patients [35]. Angiotensin-converting enzyme inhibitors and
mineralocorticoid-receptor antagonists have also shown to re-
duce both all-cause mortality and SCD [19]. A recent study on
ICD carriers with symptomatic LV EF <40% demonstrated
that the rate of sustained VT and appropriate ICD shocks over
a 9-month period decreased from 6.7 to 0.8% (p < 0.02) fol-
lowing the replacement of angiotensin-converting enzyme in-
hibitors or angiotensin receptor blockers with the recently de-
veloped sacubitril/valsartan association [36].

Cardiac resynchronization therapy improves the prognosis
of symptomatic heart failure patients with a left bundle branch
block. Several randomized trials demonstrated that cardiac
resynchronization therapy alone (CRT-P) reduces the risk of
SCD by inducing reverse LV remodelling [15—17]. The mag-
nitude of the effect is so high that the incremental value of
CRT-D (i.e., CRT-P plus ICD) over CRT-P has been
questioned, particularly for patients with NIDC [37, 38].

Avoidance of triggering factors

The propensity to electrical instability of patients with heart
failure is mostly related to the underlying myocardial sub-
strate. However, apart from acute decompensated heart fail-
ure, several other potentially avoidable factors may favor ven-
tricular arrhythmias.
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clinically evident. At the same time, the burden of non-sustained ventric-
ular tachycardia worsened. Few days after, he experienced a storm of
sustained ventricular tachycardia that required four ICD shocks on the
same day (a, Ist graph). The intracardiac recording of an episode of
sustained ventricular tachycardia interrupted by an ICD shock is shown
on b. The patient was hospitalized and potassium level at admission was
3.1 mmol/mol. He was treated for the acute heart failure and discharged
9 days after. No other episodes of acute decompensated heart failure or
appropriate ICD interventions were observed until the last follow-up
evaluation (March 2019)

Serum potassium disturbances (both hypokalemia and
iperkalemia) resulting from kidney failure, diuretics therapy,
or viral gastroenteritis with vomiting and diarrhea triple the
arrhythmic risk of patients with chronic heart failure [39].
Hypomagnesemia is also a well-known triggering factor of
malignant arrhythmias [40].

Infective diseases are another potential cause of worsening
heart failure and ventricular arrhythmias. In particular, respi-
ratory infections such as community-acquired pneumonia and
influenza can precipitate cardiovascular events including SCD
[41]. Of note, both pneumococcal pneumonia and influenza
may be prevented by vaccination that should be offered to
patients with heart failure [42].

Drugs may have pro-arrhythmic side effects. A well-known
example is digoxin, which is largely used for rate control in
patients with heart failure and atrial fibrillation. A recent sub-
analysis focused on the effect of digoxin in patients enrolled in
the ENGAGE AF-TIMI 48 trial, which compared the antico-
agulant edoxaban with warfarin for the prevention of systemic
embolism in patients with atrial fibrillation. Among the
12,124 patients with heart failure, one-third was treated with
digoxin. In this group, there was an adjusted 45% increase in
the rate of SCD [43]. Other noncardiovascular drugs that are
commonly used in heart failure patients, such as antidepres-
sants, are known to increase the arrhythmic risk because of
their secondary effects on the myocardial ion currents causing
QRS complex or QT-interval prolongation [44].
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Finally, although moderate-intensity physical activity is a
well-established therapy for heart failure, high-intensity com-
petitive sports may increase the risk of ventricular arrhythmias
because of the high adrenergic stimulation and increased myo-
cardial workload [45]. For this reason, the recent European
Society of Cardiology recommendations discourage competi-
tive sports activity in patients with dilated cardiomyopathy
who are symptomatic, have a LV EF <40%, show an exten-
sive myocardial scar on CMR, and/or have frequent/complex
ventricular arrhythmias on ambulatory ECG monitoring or
exercise testing [46]. Similarly, the American Heart
Association guidelines agree that symptomatic dilated cardio-
myopathy patients should not engage in competitive sports
activity [47].

Antiarrhythmic drug therapy

Antiarrhythmic drugs play a neutral or negative role in
preventing SCD because of their potential pro-arrhythmic
effects [48]. The Cardiac Arrhythmia Suppression Trial
(CAST) tested the hypothesis that in patients with previous
myocardial infarction and premature ventricular beats sup-
pressed by encainide (a class I antiarrhythmic drug), long-
term treatment with flecainide (another class I drug) would
prevent SCD. However, the study was ended early because
of an excess of deaths due to arrhythmias and cardiogenic
shock after acute recurrent myocardial infarction [49]. The
CAST I trial investigated the effects of the treatment with
another class I antiarrhythmic drug (moracizine) and was
again terminated early for increased mortality [50]. The
Survival With Oral d-Sotalol (SWORD) trial verified wheth-
er the class Il antiarrhythmic drug reduced all-cause mor-
tality in patients with previous myocardial infarction and LV
dysfunction. The trial was stopped early because of in-
creased mortality in the treatment arm due to presumed
arrhythmic deaths [51]. The Antiarrhythmic Trial with
Dronedarone in Moderate to Severe CHF Evaluating
Morbidity Decrease (ANDROMEDA) study tested whether
Dronedarone may improve the outcome of NYHA class 111
and IV heart failure patients by preventing both atrial and
ventricular arrhythmias [52]. The trial was prematurely ter-
minated for excess mortality that was predominantly due to
worsening heart failure [11]. Amiodarone showed a neutral
effect on total mortality in the SCD-HeFT trial comparing
amiodarone with placebo. A meta-analysis including 8522
patients post-myocardial infarction or with systolic heart
failure randomized to placebo or amiodarone demonstrated
a 28% reduction in SCD, again with a neutral effect on
overall mortality because of its extracardiac toxicity [53].
In summary, available evidence suggests that the role of
antiarthythmic drugs should be limited to symptomatic treat-
ment of patients with recurrent ventricular arrhythmias [48].

Atrial fibrillation can worsen heart failure throughout dif-
ferent mechanisms, including decreased cardiac output, wors-
ening the neurohormonal response, functional mitral annular
enlargement with resultant mitral regurgitation, and
tachycardia-induced cardiomyopathy [54]. Two trials which
compared a rhythm control strategy with antiarrhythmic drugs
with rate control only in heart failure did not show differences
in the mortality according to the therapeutic strategy, because
the benefits of sinus rhythm maintenance were
counterbalanced by the drugs side effects [55, 56]. However,
recent randomized studies demonstrated that catheter ablation
of atrial fibrillation was associated with a significant reduction
in mortality and heart failure—related hospitalizations as well
as an improvement in systolic function and quality of life in
patients with reduced EF [57].

Implantable cardioverter defibrillator

Implantable cardioverter defibrillation therapy is the most
effective treatment for the prevention of SCD in high-risk
patients with dilated cardiomyopathy. Patients with a his-
tory of arrhythmic cardiac arrest, sustained ventricular
tachycardia, or arrhythmic syncope have the strongest in-
dications to ICD implantation (secondary prevention). The
European Society of Cardiology guidelines recommend
ICD implantation for primary prevention in symptomatic
heart failure patients NYHA class II or III) with LV EF <
35% despite optimal medical therapy who are expected to
survive substantially longer than 1 year with good func-
tional status, irrespective of etiology (class I recommenda-
tion) [18]. The American Heart Association guidelines
confirmed and expanded these recommendations by sug-
gesting ICD implantation for primary prevention of SCD
also in NYHA I patients with severe LV dysfunction (class
I for patients with IHD) [19]. The utility of ICD implanta-
tion in NIDC has been recently questioned by the DANISH
trial [58]. The study randomized 1116 patients with LV EF
<35% and NYHA class >1I to an ICD or no. Although
ICD therapy halved the rate of SCD, it did not improve
survival. Subsequent analysis demonstrated that the benefit
of ICD therapy was age-dependent: in patients <70 years
but not in those > 70 years, ICD demonstrated to reduce
all-cause mortality [59].

The etiology of the disease (ischemic versus non-ische-
mic), the presence of symptoms, and the LV EF still remain
the only determinants of indications to ICD implantation ac-
cording to current guidelines, reflecting the enrollment criteria
of main ICD trials [10—14]. However, as previously discussed,
recent evidence indicates that other parameters may be useful
to refine the arrhythmic risk, particularly in patients with
NIDC (Table 1), although their use is not guideline-recom-
mended. Among them, the presence and extent of myocardial
fibrosis at CMR have been consistently demonstrated to
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Fig. 2 Strategies to prevent sudden cardiac death in patients with dilated cardiomyopathy

identify subgroups of patients at a higher risk of SCD [28]. A
clinical trial (CMR GUIDE, Clinical trials.gov identifier
NCTO01918215) is randomizing patients with mild to
moderate LV EF reduction and LGE on CMR to an ICD or
loop recorder and will test the superiority of a CMR-guided
risk stratification approach in patients with heart failure who
do not fulfill current ICD indications. Results are expected in
2023 [60].

Early resuscitation and public access defibrillators

As previously discussed, many patients with heart failure
do not qualify for ICD therapy but may still be at risk
for SCD. Ventricular fibrillation can also occur in sub-
jects who are unaware of their disease or in the context
of an acute event such as acute myocardial infarction. In
these cases, survival depends on early cardiopulmonary
resuscitation and defibrillation. Several studies demon-
strated that the outcome is very poor (survival <10%)
if resuscitation efforts are started only after the arrival
of the emergency medical system while chest compres-
sion by a bystander and early use of a publicly available
automated external defibrillation (AED) each increases
survival rates by 2-3 times [61]. Although AEDs are
particularly useful for out-of-hospital cardiac arrests oc-
curring in public places, 60-80% of these events take
place at home [61]. This suggests that training family
members of at-risk cardiac patients could have a signif-
icant impact on survival from sudden cardiac arrest. In
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particular, hands-only resuscitation (i.e., chest compres-
sions with no rescue breaths) is as effective as conven-
tional resuscitation and can be learned by simply
watching a short video (Fig. 2) [62, 63].
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Abstract

The prevalence of subclinical hypothyroidism (SCH) ranges from 5 to 15% of the general population. However, it remains
controversial if SCH warrants life-long thyroxine replacement therapy. Patients with a thyroid-stimulating hormone (TSH)
level > 10 mIU/L have a higher risk of developing heart failure with reduced ejection fraction as compared to subjects with
normal thyroid function. However, abnormally high TSH levels could also be connected with an overall lower metabolic rate
and better survival in elderly subjects. The potential mechanisms responsible for diastolic dysfunction of the left ventricle
(LV) in SCH are connected with endothelial dysfunction and arterial stiffness, inflammatory state and are driven by TSH
apoptosis-derived microparticles. The impact of SCH on LV systolic function is more controversial, and it is connected not
only with cardiac remodelling but also with predisposition of patients with SCH to the conditions leading to heart failure.
This review presents an overview of processes in the context of potential benefits of thyroxine supplementation therapy.

Keywords Subclinical hypothyroidism - Heart failure - Heart failure with preserved ejection fraction - L-thyroxine -

Diastolic dysfunction

The scale and significance of subclinical
hypothyroidism in the context of heart
failure events and mortality

Subclinical hypothyroidism (SCH) can be identified by the
detection of elevated thyroid-stimulating hormone (TSH)
levels in serum in the presence of free thyroxine (T,) and
triiodothyronine (T;) levels within the normal reference
range. It is usually discovered on biochemical testing [1-3].
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The presence of SCH is usually associated with few or no
definitive clinical signs or symptoms of thyroid dysfunction
[1]. Autoimmunity is the commonest cause of SCH. About
2-5% of patients with SCH progress to clinically overt hypo-
thyroidism each year; the rate of progression is higher in
patients with thyroid autoantibodies and higher TSH levels
[1, 2]. Although the prevalence of SCH may range from 5
to 15% in the general population [3], it remains controver-
sial whether this condition warrants lifelong replacement T,
therapy. In younger adults < 65 years, SCH is associated with
an increased risk of coronary heart disease (CHD), heart
failure (HF), and cerebrovascular disease [3, 4].

Subclinical hypothyroidism and incidence of heart
failure

Several studies have addressed the effects of SCH on car-
diovascular (CV) morbidity and mortality, however, a full
understanding is still lacking. For example, the Healthy
Aging and Body Composition study, a population-based
analysis of 2730 men and women aged 70-79 years old,
followed patients over 4 years investigating TSH levels and
harmful CV effects. SCH was present in 12.4% of the sub-
jects. Based on multivariate analyses, the study concluded
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that patients with TSH from 7.0 to 9.9 mIU/L {hazard ratio
(HR) 2.58 [95% confidence interval (95% CI) 1.19-5.6]}
and TSH > 10 mIU/L (HR 3.26, 95% CI 1.37-7.77) had
up to a 3.26-fold higher risk for developing HF [5]. Simi-
larly, the Cardiovascular Health Study performed echocar-
diography routinely for 6 years in a cohort of subjects to
determine patients at risk for developing HF. It was found
that patients with TSH > 10 mIU/L had higher risk of HF
with reduced ejection fraction (HFrEF) as compared to the
population with normal thyroid function [6]. Another study
conducted by Rodondi et al. in over 55,000 individuals aged
18-100 years—3450 of whom had SCH (6.2%)—demon-
strated a positive correlation between the degree of TSH
elevations, CV event rates and mortality [7].

Gencer et al. [8] performed a pooled analysis of individ-
ual participant data using all available prospective cohorts
with thyroid function tests and subsequent follow-up of HF
events in 25,390 participants with 216,248 person-years of
follow-up in the United States and Europe. A total of 2068
participants (8.1%) were found to have SCH. Risks of HF
events were increased with higher TSH levels, particularly
for TSH> 10 mIU/L (Fig. 1) [8-11].

Definitions of selected parameters of cardiac
function used in the text are presented
in Table 1

Thyroid dysfunction in patients with HF

The circumstances in patients with established HF is alto-
gether different than that from those in patients at risk of
developing HF. Chen et al. performed a prospective follow-
up study on the relationship between TSH levels and out-
comes in patients with HF. A total of 5599 patients were
followed at a health maintenance organisation and were
assessed for cardiac-related hospitalisations and mortality.
The median follow-up period was slightly over 14 months.
From their results it became apparent that both a high
TSH level and a low TSH level were associated with an
increased mortality rate. Patients were divided into quar-
tiles of TSH level, and the mortality in the highest quartile
was 36% higher than that in the second quartile. Subjects
with TSH> 10 mIU/L had a more than twofold increase in
mortality [12]. Finally, a recent meta-analysis of prospective
cohort studies has shown that SCH is associated with an
increased risk of CHD-related events, CHD mortality and
HF events, especially in individuals with TSH levels > 10.0
mlU/L [13, 14].

In contrast to the aforementioned findings, investigators
from the Leiden 85-plus study reported data from a prospec-
tive, observational population-based study in 599 individuals
aged 85 through 89 years who were followed for a mean of

HF events by TSH level Events / Participants HRs (95% CI)
186 (1.27-272) T
TSH 10.0-19.9 miU/L 407224 - 86 (1.27-2.72)
TSH 7.0-9.9 mIUIL 541422 — = 1.65(0.84-3.23) | b o1 trend < 0.01
TSH 4.5-6.9 mIUIL 156 /1422 —- 1.01 (0.81-1.26)
TSH 0.45-4.49 miU/L 1762 1 22674 |_] 1.00 (ref)
TSH 0.10-0.44 miU/L 411494 N 1,31 (0.88-1.95)
P for trend = 0.047

TSH < 0.10 miU/L 16 /154 - 1.94 (1.01-3.72)

f f | | v

0.2 0.5 1 2 5

Fig. 1 Forest plots of Heart Failure (HF) events in Subclinical Hypo-
thyroidism vs. Euthyroidism adapted from Gencer B, Collet TH, Vir-
gini V, et al. Thyroid Studies C. Subclinical thyroid dysfunction and
the risk of heart failure events: an individual participant data analysis

56 @ Springer

P value for quadratic pattern < 0.01

from 6 prospective cohorts. Circulation 2012;126:1040-1049 [8]. CI
confidence interval, HR hazard ratio age- and gender-adjusted HRs
and their 95% CI are represented by squares. Squares to the right of
the solid lines indicate increased risk of HF events
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Table 1 Definitions of selected parameters of cardiac function used in text

Parameter of cardiac function

Definition

Relevant references

Augmentation index (AI)

Pulse wave velocity (PWV)

Isovolumetric relaxation time (IVRT)

Pulsed wave tissue Doppler imaging (PWTDI)

E/A ratio

Myocardial precontraction time (PCTm)
Myocardial contraction time (CTm)

Preejectional period (PEP)

Left ventricular ejection time (LVET)
Myocardial performance index (Tei index)

Cardio-ankle vascular index (CAVI)

It is determined from either a directly measured or a derived central arte-
rial pressure waveform proposed as a measure of aortic stiffness and
wave reflection, Al is the percentage of central pulse pressure attribut-
able to the secondary systolic pressure rise produced by the overlap of
the forward and reflected pressure waves

It is the velocity at which the arterial pulse propagates through the circula-
tory system. PWV is used clinically as a measure of arterial stiffness. It
is easy to measure invasively and non-invasively in humans, it is highly
reproducible and has a strong correlation with cardiovascular events and
all-cause mortality

It is an interval in the cardiac cycle, from the aortic component of the sec-
ond heart sound, that is, closure of the aortic valve, to the onset of filling
by opening of the mitral valve

This technique uses the Doppler principle to assess the ventricular wall
motion velocity by positioning the sample volume within the myocar-
dium

The E/A ratio represents the ratio of peak velocity blood flow in early dias-
tole (the E wave) to peak velocity flow in late diastole caused by atrial
contraction (the A wave) assessed by PW Doppler

The ¢’ (e prime) represents the early diastolic filling velocity and the a’ (@
prime) the late diastolic filling velocity using tissue Doppler of the mitral
annulus

It is the time from the onset of ECG QRS complex to the beginning of the
mitral annular peak systolic velocity

It is the time from the beginning to the end of the mitral annular peak
systolic velocity

It is a delay from the Q wave of the QRS complex to the aortic valve open-
ing; PEP is the interval from the onset of ventricular depolarisation to the
beginning of aortic ejection

It represents the interval from beginning to termination of aortic flow

It is an index that incorporates both systolic and diastolic time intervals
in expressing global systolic and diastolic ventricular function. Systolic
dysfunction prolongs preejection (isovolumetric contraction time) and
shortens the LVET. Both systolic and diastolic dysfunction result in
abnormality in myocardial relaxation which prolongs the IVRT

CAVI reflects the stiffness of the aorta, femoral artery, tibial artery and
involves measurement of brachial, ankle PWV and blood pressure. It is
obtained by recording the distance from the level of the aortic valve to
the measuring point (for example the ankle) and the time delay between
the closing of the aortic valve to the detected change in arterial pressure
wave at the set point

[32, 36]

(32, 34]

[20, 21, 28, 29]

(20, 21]

[17]

[17,35]

[20]

[20]

[20, 55]

[20]
[54, 55, 58]

[35]

3.7 years. Controversially, increasing levels of TSH were
associated with a lower mortality rate that remained after
adjustments were made for baseline disability and health
status. The abnormally high TSH levels could be linked to a
lower metabolic rate and perhaps to caloric restriction as a
result of this state [15]. However, such observational results
should be interpreted with caution as other alterations in the
oldest age group are also—and counterintuitively—associ-
ated with better survival, such as high blood pressure and
high cholesterol.

In patients admitted for acute HF, Hayashi et al. [14]
have recently shown that SCH is an independent predictor
of adverse CV outcomes, suggesting a possible interac-
tion between thyroid dysfunction and the pathophysiology
of this state [14]. In light of the foregoing findings, it is
somewhat disappointing to learn that the 2016 European
Society of Cardiology (ESC) guidelines for the manage-
ment of HF mention only that both hypothyroidism and
hyperthyroidism may precipitate acute HF. Accordingly,
TSH should be assessed in all newly diagnosed patients
with acute HF. The impact of different TSH levels is not
discussed in the HF guideline [16].
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Subclinical hypothyroidism and diastolic
dysfunction

Previous studies have documented the role of diastolic dys-
function in the development and progression of HF with
preserved ejection fraction (HFpEF) [17-19]. Although
there is no clear evidence that SCH causes clinical heart
disease [16], changes in thyroid status in SCH are asso-
ciated with changes in several cardiac parameters mani-
fested by left ventricular dysfunction at rest and systolic
dysfunction on effort. Vitale et al. [20] conducted a study
with 40 women: 20 healthy and 20 with established SCH
(mean TSH > 10 mIU/L over 6 months). They underwent
standard Doppler and pulsed wave tissue Doppler imaging
(PWTDI). Standard Doppler showed an increase in LV
preejection period (PEP), preejection period/LV ejection
time ratio (PEP/LVET) and isovolumetric relaxation time
(IVRT) in SCH (r=0.35; p <0.05; Table 1). By PWTDI
analysis, the adjusted myocardial precontraction time/
myocardial contraction time ratio (PCTm/CTm) was posi-
tively associated with TSH (r=0.32; p <0.05), as well
as the adjusted myocardial relaxation time (RTm) at the
level of the posterior septum (r=0.40; p <0.01). In the
whole population, IVRT, PCTm, and RTm were nega-
tively related to FT4 (Table 1) [20]. Similarly Zoncu et al.
demonstrated in a study with 32 subjects with classical
Hashimoto’s thyroiditis (69% with TSH >3 mU/mL) that
PWTDI indices were delayed in diastolic relaxation and
decreased in the compliance to the ventricular filling [21].

Case—control studies found patients with SCH to have
prolonged IVRT, increased peak atrial filling velocity (A
wave), and a diminished ratio of peak velocity flow in early
diastole (E wave) to peak velocity flow in late diastole
caused by atrial contraction (E/A ratio) [17]. In the afore-
mentioned Cardiovascular Health Study [6] 3044 adults
with > 65 years underwent a mean 12-year-follow-up and
changes in the cardiac function over 5 years. Participants
with TSH > 10.0-19.9 mIU/L who were untreated by thy-
roxine replacement had a greater incidence of HF events
compared to euthyroid participants (41.7 vs. 22.9/1000
person-years, p=0.01), but rates were similar for those
with TSH between 4.5 and 9.9 mIU/L. Echocardiography
was obtained on 70.6% of participants after 5 years; In the
more pronounced SCH subgroup (TSH > 10 mIU/L) there
was a larger increase in LV mass (+ 21 vs. +4 g, p=0.04).
Peak E velocity decreased more than in euthyroid partici-
pants (—0.10 vs. —0.01 m/s, p =0.005), which might be
related to the gain in LV mass over time and progressive
impairment of LV relaxation [22, 23]. The higher early
diastolic filling velocity reflects increased left atrial pres-
sure (LAP) and diastolic dysfunction. Nonetheless CV
abnormalities have been shown to regress with L-thyroxine
therapy [24-26]. Other studies have controversially shown
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that cardiac structure and function remain overall normal
in SCH [26].

Pathogenical mechanisms linking subclinical
hypothyroidism to diastolic dysfunction

Endothelial dysfunction and arterial stiffness

Central aortic stiffness is augmented in many patients with
HF and some researchers have assumed a relationship of
arterial stiffness and early diastolic dysfunction in middle-
aged and elderly populations [27, 28]. Differences in cen-
tral aortic stiffness are also present in HFpEF patients in
the absence of other parameters of diastolic function, as
assessed by PWTDI, and correlate with LV mass and B-type
natriuretic (BNP) levels, highlighting the potential contribu-
tion of abnormal pulsatile load and arterio-ventricular cou-
pling (interaction of arterial stiffness, systolic and diastolic
function) to the development of HF. However, this mecha-
nism is not yet completely understood [28, 29]. Increased
arterial stiffness is involved in the development of diastolic
dysfunction via impairment of coronary blood supply as a
consequence of a reduced diastolic blood pressure, induction
of cardiac hypertrophy or, incremented cardiac stiffening
[29]. Moreover, aortic stiffness leads to an increase in after-
load, which itself strengthens the pulse pressure, resulting in
higher oxygen consumption. A reduction in diastolic blood
pressure leads as well to diminished myocardial perfusion.
In summary, diastolic relaxation is deranged in case of ele-
vated afterload [30, 31].

The decline in global endothelial function is associated
with parameters of arterial stiffness—increased aortic stiff-
ness assessed via pulsed wave velocity (PWV) and augmen-
tation index (AI) (Table 1) [32]. Stiffness of large arteries
and central haemodynamics, on the other hand, are influ-
enced by endothelial function and support findings describ-
ing the importance of nitric oxide (NO) in the regulation
of large artery stiffness in vivo [32]. SCH may be directly
associated with endothelial dysfunction and impaired coro-
nary flow reserve through specific molecular pathways in
endothelial cells, by affecting NO production and by facili-
tating increased degradation of vasodepressor intermediates
[33]. Several studies have demonstrated cellular, subcellular
and intercellular transformation in patients with HFpEF, for
instance, cytokine-mediated dysfunction of myocyte strain
and defects of myofibroblasts with resulting left ventricular
fibrosis. However, the disturbed arterio-ventricular coupling
is one of the main factors for developing left ventricular
failure in patients with HFpEF [31]. In addition, reduced car-
diac preload has been shown via cardiac magnetic resonance
imaging (MRI) in patients with SCH together with increased
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afterload [2]. After a period of T, therapy in these patients,
the haemodynamic alterations were well reversible.

Another parameter for the assessment of arterial stiffen-
ing and a predictor for the presence of CHD is brachial-
ankle PWV. Significantly elevated values of brachial-ankle
PWYV have interestingly been reported in patients with SCH
[34]. Masaki et al. conducted a cross-sectional study of 83
patients with untreated SCH and compared them with 83
randomly selected controls from health check-ups to assess
the relationship of thyroid hormone level to cardio-ankle
vascular index (CAVI) (Table 1) and left ventricular diastolic
function. When compared with the control group, patients
with SCH had significantly higher values of N-terminal pro-
BNP (NT-proBNP), C-reactive protein (CRP), and CAVI
as well as lower e’ values. In the SCH group, CAVI was
significantly associated with NT-proBNP, CRP and e'. These
findings suggest that SCH may be a risk factor for CV events
related to arterial stiffening and left ventricular diastolic dys-
function [35]. Owen et al. revealed that arterial stiffness is
increased in SCH and improves with L-thyroxine therapy,
which may be beneficial, whereas myocardial functional
reserve was similar to controls and remained unaltered after
treatment (Fig. 2) [36].

Apoptotic-derived extracellular microparticles

The pathogenesis of diastolic dysfunction might be influ-
enced by TSH stimuli for apoptotic-derived microparticles.
In this context, it is important to understand extracellular

35

30

O Pre L-thyroxine
W6 Weeks L-T4
|12 Weeks L-T4
@ 6 months L-T4
@ Controls

mmHg or %

Fig.2 Indices of central arterial stiffness in SCH patients before and
after 6 months of L-thyroxine [36]. AG augmentation gradient (mm
Hg), Al augmentation index (percent), Alc corrected augmentation
index (percent). Significance levels: *p <0.0001, before treatment,
compared with post treatment for Al; ep <0.05, pre-treatment, com-
pared with post treatment for AG; Ap<0.001, pre-treatment, com-
pared with controls, for Al; Op<0.001, pre-treatment, compared
with post treatment for Alc; Mp<0.002, pre-treatment, compared
with controls for Alc

microparticles (EMPs). EMPs are microvesicles with sizes
ranging between 50 and 1000 nm released from plasma
membranes of different cell types, such as endothelial
cells, mononuclear cells or platelets. Such EMPs are
released upon specific (e.g. cytokine stimulation, apop-
totic agents, mononuclear cooperation, coagulation) and
non-specific (shear stress) stimuli [39]. EMPs transport
microribonucleic acid (miRNA), active molecules, hor-
mones, peptides, regulator proteins and other substances,
thereby mediating cell-to-cell cross-talk [37]. Their role is
not entirely clear, but they seem to take part in endothelial
reparation, tissue injury, and vascular remodelling [38].
The different patterns of circulating EMPs in CV diseases
including HF suggest that impaired EMP phenotypes are
potentially available for risk stratification in patients with
CV and metabolic disease [39, 40]. In this context, circu-
lating EMPs may function as novel biological markers for
endothelial injury, vascular tone disorders, and vascular
aging, which may demonstrate the impact of SCH in CV
disease progression. However, it remains controversial
whether or not a causal role of EMP patterns in patients
with HF with SCH exists [41]. An example of this contro-
versy is that it is still unknown if circulating EMPs found
in peripheral blood cause injury to the endothelium and
worsening HF and whether they are the result of disease
progression in response to endothelial dysfunction and
vascular disintegrity [42]. The results of the study of Bere-
zin et al. suggest that SCH in patients with HF might be
associated with an impaired release pattern of circulating
EMPs with a predominantly increased number of apop-
totic-derived microparticles [43]. In cohort of 388 patients
with HF, 53 of whom had SCH, the presence of SCH was
associated with an impaired pattern of circulating EMPs
with predominantly increased number of apoptotic-derived
microparticles [44].

Systemic inflammation

Apart from EMPs, some evidence points towards a strong
involvement of systemic inflammation associated with
diastolic dysfunction, which may also impact the remod-
elling process [45, 46]. Gupta et al. found TSH levels to be
positively correlated with inflammatory markers such as
CRP, interleukin-6 (IL-6), and erythrocyte sedimentation
rate (ESR) in patients with SCH. They were significantly
higher in SCH, subsequently increasing with disease pro-
gression and in the absence of treatment [47]. These find-
ings (elevated levels of CRP and IL-6) are in line with
those reported by Vaya et al. and Taddai et al. [48, 49].
The interaction between SCH and LV diastolic dysfunction
are presented in Fig. 3.
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Fig.3 The interaction between
subclinical hypothyroidism and
left ventricular diastolic dys-
function. TNF-a tumour necro-
sis factor a, /L-6 interleukin 6,
CRP C-reactive protein, ESR
erythrocyte sedimentation rate

Increase in
inflammation markers

e
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il
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Endothelial dysfunction
leading to arterial stiffness

TSH stimulates apoptotic
derived microparticles

The impact of subclinical hypothyroidism
on systolic function

The impact of SCH on left ventricular systolic function is
more contentious than that on diastolic function. As dis-
cussed earlier, SCH can represent a risk factor for the pro-
gression of chronic HF. SCH may induce cardiac remod-
elling by influencing the expression of genes involved in
calcium handling and contractile properties of myocardio-
cytes [50] but also through tissue changes (e.g. collagen
alteration, dehydration, myocardial fibre orientation or cap-
illary distribution) [25, 51].

SCH may also favour the blossoming of substrate con-
ditions, such as dyslipidaemia and atherogenesis, which
implicate in the progression of chronic HF. Examining the
prevalence of CHD in subjects with and without SCH, Walsh
et al. found a higher risk of CHD in patients with SCH. This
ratio prevailed even after adjustment for standard CV risk
factors, sex and age. Since CHD is arguably one of the most
common causes of HF, the potential contribution of thyroid
abnormality to the development of HF is evident [52]. Pesic
et al. examined 120 patient, 60 with SCH and 60 healthy
individuals to assess the metabolic syndrome components.
The following indices were statistically significantly higher
in SCH subjects: body mass index, diastolic blood pressure,
total cholesterol, triglycerides and basal insulin level [53].

Few studies have investigated the effects of SCH on left
ventricular systolic function. Ilic et al. reported that the LV
mass index of patients with SCH was elevated before and also
after replacement therapy as compared to controls. Besides,
global LV function estimated by the myocardial performance
index (Tei index) (Table 1) was impaired and the LV systolic
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function was lessened in SCH patients as compared to con-
trols. Additionally, SCH participants had enlarged right ven-
tricular (RV) wall thickness and impaired RV diastolic and
global function [54]. Some researchers presented results indi-
cating that LV ejection fraction was unchanged among SCH
patients [55-58].

Impaired LV diastolic function at rest may be an important
cause of systolic dysfunction on effort in patients with SCH.
The increase in heart rate in response to exercise reduces LV
diastolic filling time [59]. Under physiologic conditions, this
effect is counterbalanced by an improvement in diastolic func-
tion. In this context, a slowed rate of LV relaxation in patients
with SCH could critically undermine ventricular filling dur-
ing exercise and together with altered vascular reactivity yield
LV systolic dysfunction [59]. The first assessment of cardiac
function on effort in patients with SCH has been performed
by Bell et al. using radionuclide ventriculography. They dem-
onstrated that the restoration of euthyroidism by L-thyroxine
administration—compared to pre-treatment values—induced a
small but significant rise in the peak exercise LV ejection frac-
tion, although there was no change at rest or during moderate
effort [60]. Kahaly et al. revealed that the oxygen pulse (oxy-
gen uptake per heart beat), an index assumed to represent LV
stroke volume, was also reduced both at the anaerobic thresh-
old and at maximal exercise, and the work rate was diminished
at the anaerobic threshold in untreated patients [61].
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Subclinical hypothyroidism as a therapeutic
target

As discussed above, thyroid hormone dysfunction can
result in altered ventricular contractility and relaxation
dynamics as well as compromised cardiac function. These
considerations have important clinical implications in that
thyroid dysfunction represents one of the few potentially
reversible causes of HF [55, 62]. Unfortunately, there is
a paucity of evidence on the beneficial effects of thy-
roxine hormone replacement on CV mortality outcomes
in patients with SCH [63]. Also, the clinical relevance
of measuring and treating supra-normal TSH levels in
newly diagnosed patients with HFpEF requires further
study [41].

The available evidence suggests that several cardiac
function parameters are normalised in patients treated for
SCH. L-thyroxine in SCH decreased the ratio between
PEP and LV ejection time in 46 adults [55] and improved
cardiac preload and contractility in 30 women [2]. Nev-
ertheless, these studies are limited by their small sample
size, short duration, non-standardised definitions of SCH
or echo measurements [11]. The effects of thyroid hor-
mone supplementation was further prospectively evalu-
ated in a double-blind, randomised, placebo-controlled,
parallel-group trial in 737 subjects who were at least
65 years of age with SCH in the TRUST trial (Thyroid
Hormone Replacement for Subclinical Hypo-Thyroidism)
[64]. In this study, SCH was defined as having TSH levels
between 4.5 and 20 mIU/L, with free T, levels still within
the normal range. A total of 368 patients were assigned to
receive L-thyroxine and 369 patients to receive placebo.
The authors found no difference in the mean change at
1 year in the Hypothyroid Symptoms score and the Tired-
ness score between the L-thyroxine and the control group.
The incidence of serious adverse events of special interest
(atrial fibrillation, HF, fracture, or new diagnosis of oste-
oporosis) was similar in the two groups. L-thyroxine pro-
vided no apparent benefit in older persons with SCH. It is
worth to notice that observational studies show that TSH
tends to increase with age, which seems to be a physiolog-
ical process and a marker of advancing age rather than a
pathological development [64, 65]. There might be a dan-
ger of SCH overdiagnosis, especially in the elderly, but
age-based cut-off points have not yet been standardised.
In the context of the TRUST trial it is worth to see the
potential outcomes of the use of thyroxine to treat SCH
in younger population [65-67]. For that matter a large
observational study of the UK General Practice Research
Database has corroborated that L-thyroxine may minimise
the risk of CHD in younger patients (< 70 years) [3].

Conclusion

Patients with SCH are presently often classified into 2
groups: those with mild SCH in whom TSH is mildly
increased (TSH 4.5-9.9 mIU/L) and those with a more
severe dysfunction when TSH is > 10 mIU/L. A slightly
increased serum TSH might not always reflect mild thyroid
hormone deficiency but rather different reference values
at different ages [68]. Thus, cut-off limits for age and age-
adjusted serum TSH levels should be accounted for during
L-thyroxine replacement therapy [69].

In 2005, a consensus panel from the American Asso-
ciation of Clinical Endocrinologists, the American Thy-
roid Association and the Endocrine Society recommended
against replacing thyroid hormones if TSH is < 10 mIU/L
but that treatment was reasonable if TSH is > 10 mIU/L
[70]. Cooper and Biondi recommend on the other hand to
treat patients with mild SCH, but only in those < 75 years
[71]. Otherwise treatment should be individualised [72].
It has also not been determined which patients are likely
to progress to overt hypothyroidism.

Thyroid dysfunction emerges as a comorbidity of HF.
It is noteworthy that the current recommendations stem
from endocrinological, yet not cardiological guidelines.
We encourage that a subset of SCH patients, in which the
treatment may warrant overall benefit, should be contem-
plated, foremost those with hypertension, hyperlipidaemia,
atherosclerosis, arterial stiffness, CHD and early or estab-
lished diastolic dysfunction.
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Abstract

Purpose of Review In patients with heart failure with reduced ejection fraction, the presence of pulmonary hypertension (PH-
LHD) has a significant impact on their prognosis. The purpose of this review is to explain the methods of diagnosing PH-LHD
and then discuss the available therapeutic options.

Recent Findings We begin by examining the methods of assessment of PH-LHD—echocardiography, cardiopulmonary exercise
testing, and right heart catheterization—with a particular focus on the importance of accurate measurement to ensure the proper
determination of PH-LHD. We then focus primarily on management of PH-LHD, with an examination of trials of therapeutic
options, use of mechanical circulatory support, and transplantation.

Summary This review highlights the complexities in diagnosis and management of PH-LHD. We outline a number of useful
ways to maximize the yield of diagnostic testing, as well as give suggestions on the use of medical therapies, the role of both
temporary mechanical support and left ventricular assist device, and finally the ways to best bridge these patients to
transplantation.

Keywords Pulmonary hypertension - Heart failure - Post capillary - Ventricular dysfunction, left - Ventricular dysfunction, right

Introduction at higher risk for poor outcome [ 1]. Unfortunately, not only are

limited treatment options available for this cohort, but the

Heart failure (HF) is a growing problem, with associated mor-
bidity and mortality placing an enormous burden on the
healthcare system. Within the overall HF population due to
left heart disease, the subset of patients who develop pulmo-
nary hypertension (PH-LHD) is increasingly recognized and
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presence of PH-LHD often complicates standard treatment
approaches for advanced HF. HF itself is a broad diagnosis,
encompassing patients with left ventricular ejection fraction
(LVEF) <40% (heart failure with reduced ejection fraction
(HFrEF)), patients with LVEF > 50% (heart failure with pre-
served ejection fraction (HFpEF)), and patients with isolated
valvular lesions. This review will specifically focus on PH in
the HFTEF population, outlining the complexity in achieving a
diagnosis and the evolving management options.

Definition, Prevalence, and Prognosis

The World Health Organization (WHO) previously defined PH
as a mean pulmonary artery pressure (mPAP) > 25 mmHg, with
PH-LHD, also known as WHO Group II PH, defined as a mPAP
> 25 mmHg in the setting of a pulmonary artery wedge pressure
(PAWP) > 15 mmHg [2]. More recently, the threshold to define
PH has decreased from > 25 mmHg to > 20 mmHg [3]. PH-
LHD is remarkably common, accounting for 65-80% of all PH
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patients [4] and with the prevalence of PH in the HFrEF popu-
lation estimated at 40—75% [5—7]. PH is a poor prognostic indi-
cator in all HF patients, with PASP >45 mmHg on echo being
associated with increased 5-year mortality, independent of the
severity of HF and other comorbidities [8, 9]. Specifically, in the
HFTEF population, those with evidence of PH on RHC had the
worst prognosis [5].

Since the initial definition was proposed, advances in our
understanding of the pathophysiology have led to a recogni-
tion that there is likely a continuum of disease comprising PH-
LHD—from elevated left-sided filling pressures causing a di-
rect elevation in pulmonary pressures to long-term elevations
in pulmonary pressures leading to secondary pulmonary vas-
cular remodeling [10].

In order to differentiate between these two sub-groups, fur-
ther hemodynamic variables have been incorporated into the
definition of PH-LHD, namely the diastolic pressure gradient
(DPG) which is defined as the difference between the diastolic
pulmonary artery pressure and the PAWP, and more recently
the pulmonary vascular resistance (PVR) defined as the
transpulmonary gradient (nPAP-PAWP) divided by the cardi-
ac output.

Isolated post-capillary PH (Ipc-PH), defined as PH-LHD
with PVR <3, represents the majority of PH-LHD, with the
predominant causative factor being elevation in left-sided pres-
sures. By comparison, combined post- and pre-capillary PH
(Cpc-PH), the group previously referred to as “out-of-propor-
tion” or “reactive” PH-LHD, is defined as PH-LHD with
PVR >3 and occurs in 12-38% of all HF patients [4]. This
subdivision has implications across PH-LHD, as the presence
of Cpc-PH is associated with increased morbidity and mortality,
with potential limitations of and complications with therapeutic
options [4] including heart transplantation and left ventricular
assist device (LVAD) [11], as we will discuss in detail below.

Diagnosis
Noninvasive Testing
Echocardiography

Echocardiography is one of the mainstays of investigation
in LHD in general and in HFrEF specifically. Furthermore,
efforts have been made to identify features to diagnose and
monitor PH-LHD using routinely acquired echo-Doppler
images [ 12—14]. Direct estimation of pulmonary artery sys-
tolic pressure is able to be calculated by adding estimates of
right ventricular systolic pressure (calculated by applying
the Bernoulli equation to the peak tricuspid regurgitation
velocity) and estimates of right atrial pressure (based on a
number of factors including inferior vena cava size, tricus-
pid inflow filling pattern, tricuspid e/e’, right atrial volume)

[15-19]. Studies have shown a good correlation with inva-
sive hemodynamic measurements [20], with the caveat of
high-quality images and Doppler signals. In day-to-day
practice, this becomes less accurate as estimates are
effected by numerous factors—the technical ability to ac-
quire quality images; tricuspid regurgitation velocity is
low, absent, or of poor quality; and when right atrial volume
is unable to be assessed or is inaccurately estimated.
Furthermore, the presence of an elevated PASP does not
inform as to the underlying hemodynamic state, specifical-
ly the presence of elevated RV afterload [12].

Given these inherent limitations, many have sought to
identify other measures on echo that are more easily reproduc-
ible, less prone to measurement error, and more informative as
to the state of RV-PA interaction. Parameters including degree
of septal flattening, particularly in systole, RV dilatation, and
RV to LV ratio, RV apex angle, and RV dysfunction by RV
fractional area change or tricuspid annular plane systolic ex-
cursion (TAPSE) are routinely available on clinical echocar-
diography [12]. Furthermore, parameters assessing the pulse-
wave Doppler profile in the right ventricular outflow tract
(RVOT), including acceleration time, velocity time integral
(VTI), and notching profile have been seen as a marker of
elevated PVR across the spectrum of PH [12, 21] and corre-
lated with worse prognosis in patients with PAH [22]. More
recently, the ratio of TAPSE/PASP has been described as an
index of right ventriculo-arterial coupling (independent of LV
dysfunction) and shown to be associated with functional ca-
pacity and prognosis in HFrEF [23, 24]. Recently, we de-
scribed the RVOT-VTI/PASP relationship as a noninvasive
estimate of PA compliance which stratified patients across
the PH spectrum (from Ipc-PH to Cpc-PH to PAH) and was
correlated with 6-min walk distance [25].

Cardiopulmonary Exercise Testing

Cardiopulmonary exercise testing (CPET), primarily with
standardized exercise minute oxygen consumption (VO,
max) protocols, is routinely used to prognosticate progression
and severity of HFTEF [26, 27]. A study of 320 HFrEF pa-
tients showed that PH-LHD was associated with reduced ex-
ercise tolerance, with a direct correlation with severity of PH-
LHD and degree of exercise impairment [28]. Furthermore,
other parameters including ventilatory inefficiency, as
expressed by increased minute ventilation to carbon dioxide
production (VE/VCO,), are associated with increased morbid-
ity and mortality in patients with HFrEF and have been linked
with severity of RV dysfunction and PH [29, 30].

Based on the above information, we recommend routine
transthoracic echocardiography with serial assessment of
biventricular structure and function, parameters of RV
afterload, and the use of CPET to describe disease pathophys-
iology, severity, and prognosis in this population.
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Invasive Testing

Guidelines indicate that a right heart catheterization (RHC) is
needed to definitively make a diagnosis of PH, and in the case
of PH-LHD, it is vital in determining not only the diagnosis,
but to differentiate between Ipc-PH and Cpc-PH. Although
invasive, this procedure is relatively safe and is now routine
practice in most centers. The predicament is that the crucial
recording—the PAWP—also happens to be the one that is
most prone to error in measurement during the procedure.
We recommend that extra time and care be taken while
documenting the PAWP. We have identified the following
three strategies for ensuring an accurate PAWP measurement:

1. Ensuring that the reference level is appropriately set at the
mid thoracic position, and that it has been zeroed prior to
measurement [31]

2. Confirm catheter tip position with either fluoroscopy or
with aspiration and assessment of PAWP blood (ensuing
appropriately high oxygenation as representative of
PAWP blood)

3. Minimize the effect of respirophasic changes in intratho-
racic pressure by measuring the PAWP at the end of the
expiratory phase during normal respiration [32]

In addition to standard measurements, PH-LHD is a com-
mon situation where additional procedural techniques are per-
formed. There are no standardized protocols though a growing
consensus is forming that this testing will assist in both clar-
ifying diagnosis and may aid with tailoring appropriate thera-
py. The commonly used additional testing maneuvers include:

»  Fluid challenge: Patients are often on diuretic therapy,
which, when combined with peri-procedural fasting, can
lead to significantly lower PAWP measurements than are
normal for the patient. If this occurs, a small (no more than
500 mL) intravenous fluid challenge can be performed
and then hemodynamic measurements reassessed, with
specific focus on increases in PAWP and TPG [33]. This
can be very helpful in PH-HFpEF and may have less of a
pivotal role in PH-HFrEF.

* Exercise: Invasive hemodynamic testing during exercise
can help illicit if there is exercise-induced PH, the pres-
ence of exercise-induced diastolic dysfunction, worsening
mitral regurgitation, and relative imbalances in changes in
PVR and/or SVR with exercise. The definitive method is
to perform an invasive cardiopulmonary exercise test
(iCPET), during which the invasive measurement of car-
diac output and peripheral oxygen consumption can be
correlated with CPET measures to assess if there is truly
exercise-induced PH in addition to the resting HFrEF [34].

»  Vasodilator testing: As will be discussed below, the revers-
ibility of PH-LHD has most traditionally been used in
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assessing patients for orthotropic heart transplantation
(OHT), where a response to vasodilator challenge, defined
by a reduction in PA pressures and increase in CO with
resultant decrease in PVR, would suggest safety and suc-
cess of OHT alone. We recommend using intravenous so-
dium nitroprusside (dose 0.5-1.5 pg/kg/min, titrated in 25—
50 pg/min increments) [35] or inhaled nitric oxide (dose 20
to 80 ppm) [36] due to their relatively short half-life and
ease of use. We would advise caution with using inhaled
nitric oxide, specifically if PAWP is elevated. Alternatives
described include intravenous milrinone (dose 50 pg/kg
bolus) [37] and intravenous prostaglandin E1 (dose 0.02—
0.4 pg/kg/min, titrated upwards in doubling doses) [38].

Management
Optimizing HFrEF Treatment

In our opinion, the main tenet of management in this population
is optimization of HFrEF management, with optimization of
hemodynamics including reduction in PAWP and LV
unloading to allow for improved systemic output. Only in the
situations where this fails, and in the context of parameters from
the above-described testing, do we consider further interven-
tions (both medical and surgical). Therefore, adequate diuretic
therapy, an often under emphasized avenue of therapy, is vital
to symptom control. Recently, the CHAMPION trial [39]
showed that invasive monitoring of left-sided filling pressures
using the pulmonary artery diastolic pressure (as a surrogate
marker of PAWP) to guide diuretic therapy reduces heart failure
hospitalizations in a homogenous heart failure population. This
study has led to much excitement for the potential role of this
form on monitor-guided diuretic therapy in PH-LHD, and up-
coming studies using the CardioMEMS device may provide
more evidence for its future use [40]. In addition to diuretics,
the role of optimizing medical therapy, utilizing device therapy,
and addressing mitral regurgitation should remain a major fo-
cus for both symptomatic and prognostic improvements. We
believe that this should include the consideration of long-term
inotropic support (“vasodilator conditioning”), which has been
shown to significantly reduce PH [41], and may be especially
useful in those for consideration of OHT.

Pulmonary Hypertension-Specific Therapy

The use of PH-specific therapy in PH-LHD has always
seemed mechanistically viable, considering many similar
changes in vasoactive mediators occur in patients with
PAH and PH-LHD [42]. This has led to a number of trials
being performed to test this treatment avenue, and we have
summarized these in Table 1.
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Initial clinical trials using intravenous prostacyclins [43];
darusentan, a selective endothelin A antagonist [44, 50]; and
bosentan, a dual endothelin A and B antagonist [52, 53], were
negative, although it is important to note these studies includ-
ed all HFTEF patients, failed to focus specifically on the PH-
LHD population, and often studied dosing several times
higher than those used in PAH.

Further studies have been performed to assess the use of
sildenafil, a PDES inhibitor, in this population. This was based
on initial data showing that sildenafil acutely reduces mPAP
and PVR when co-administered with inhaled nitric oxide [45].
In a single-arm, open-label study of 13 patients with HFrEF,
Lewis et al. showed a significant improvement in hemody-
namics and CPET parameters including VO, and VE/VCO,
after 50 mg of sildenafil [46]. Guazzi et al. prospectively stud-
ied the role of sildenafil in HFrEF in a single-center, random-
ized trial and showed improvements in hemodynamics, echo-
cardiographic markers of left ventricular diastolic function,
and cardiac geometry, as well as functional status (by CPET)
and quality of life [48, 49]. Larger randomized, double-blind
placebo-controlled trials with PDES inhibitors were then be-
gun, but have been plagued by poor recruitment and funding.
PITCH-HF [47], evaluating tadalafil, was terminated due to
enrollment difficulties, while SIL-HF [51], a small multicenter
trial of 78 patients, assessing sildenafil, has just finished
recruitment.

Finally, two studies using other PH-specific therapy have
recently been published. LEPHT [54], a study using riociguat,
a nitric oxide pathway soluble guanylate cyclase stimulator,
was performed which also failed to show any significant re-
duction in PAP or PVR after 16 weeks of treatment.
MELODY-1 [55], which was a phase II exploratory study in
the Cpc-PH population using macitentan, a dual endothelin A
and B antagonist, showed increased fluid retention in the treat-
ment arm within 4 weeks of starting therapy. Thus, at this
time, large multicenter data are lacking supporting the use of
PH-specific therapy in HFrEF.

Mechanical Circulatory Support
Temporary Mechanical Circulatory Support

There have been recent advances in technology in the devel-
opment of devices for temporary mechanical circulatory sup-
port (MCS), but the majority are focused at LV support which
is insufficient in patients with PH-LHD who will often require
simultaneous support for both the LV and the RV. There are
two percutaneous devices that are approved for percutaneous
temporary RV support—the Impella RP (Abiomed Inc.,
Danvers, MA) and the Tandem Heart RVAD/Protek Duo
(TandemLife, Pittsburgh, PA)—which have both being used
in conjunction with percutaneous LV support. Both of these
devices are configured to bypass the RV, mechanically
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moving blood from the RA to PA, which has the net effect
of increasing the mPAP [56] and therefore may introduce dif-
ficulty in managing patients with PH-LHD.

Veno-arterial extracorporeal membrane oxygenation (VA-
ECMO) is configured to bypass the whole heart and mechan-
ically moves blood from the RA to the femoral artery. This
configuration has no direct effect on the mPAP, but has been
well described to have an increase in LV afterload resulting in
increased PAWP, which in turn can cause increased mPAP. As
such, we recommend approaching the use of temporary MCS
in PH-LHD with caution, and if faced with this situation, our
strategy is to use VA-ECMO as our primary temporary MCS
platform with careful monitoring of PA pressures and a low
threshold for the addition of a second device (such as Intra-
aortic Balloon Pump [57], Impella LV device [58], transeptal
puncture [59], or direct LV drainage [60]) to decompress the
left ventricle.

Durable Mechanical Support

Left ventricular assist device (LVAD) therapy has become a
mainstay in the treatment of end-stage HFrEF, with multiple
devices now FDA approved for both bridge-to-transplant
(BTT) and destination therapy (DT) indications [61]. Pre-
implant PH-LHD has been identified as a risk factor for both
30-day mortality [62] and risk of early right heart failure post-
LVAD implant [63]. Several markers of RV-PA uncoupling
pre-LVAD implantation have been described as predictive of
RV failure post-LVAD including right atrial pressure (RAP),
RAP/PAWP ratio, PA pulsatility index (PAPi; PA pulse pres-
sure/RAP), and indexed PA compliance [64]. Despite much
study, RV failure post-LVAD, both early and late, remain an
Achilles heel of isolated LVAD technology, with poorly
performing predictive models when applied to external vali-
dation cohorts [65].

Many studies over the years have shown reversal of PH-
LHD with LVAD support thought to impact both acute me-
chanical unloading of the left ventricle and the persistent re-
duction in filling pressures postulated to lead to reverse re-
modeling of the pulmonary vasculature as seen in Cpc-PH.
This has been shown in a number of single-center observa-
tional studies in the pre-transplant population [66—68] and in a
more recent study which showed significant reduction in PH
when compared to medical therapy in a similar population
[69].

In a recent study, Tsukashita et al. [70] compared outcomes
of patients who underwent BTT LVAD support and dichoto-
mized them by pre-LVAD PVR (low and high; < and >5
Wood units [WU], respectively). While LVAD placement led
to a reduction of PVR in the high PVR group to a level similar
to that of the low PVR group (<3 WU), there was an increase
in 30-day post-OHT mortality in the pre-LVAD high PVR
group, with a pre-LVAD PVR >5 WU strongly associated
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with early mortality (odds ratio, 5.99; 95% confidence inter-
val, 1.25-28.9; P<.05). More recently, Imamura et al. [71,
72] highlighted the prognostic importance of a sustained or de
novo DPG elevation after LVAD placement and with ramp
study. This underscores the notion that LVAD therapy does
not uniformly address the underlying pulmonary vascular ab-
normalities, requiring us to better hone our understanding and
abilities in the assessment and management of these patients.

In an effort to address this, both inhaled milrinone [73] and
inhaled NO [74] have been used in the early post-LVAD pe-
riod to successfully reduce mPAP. Despite the clear hemody-
namic effects, Potapov et al. [75] showed that inhaled NO did
not show any benefit in preventing right ventricular dysfunc-
tion, duration of mechanical ventilation, length of stay, or the
need for mechanical right ventricular support after LVAD
implantation.

In the group that are successfully supported through the early
post-operative period, the majority of patients appear to reduce
the degree of PH-LHD over time with LVAD support. However,
there is a subgroup that do not seem to achieve this benefit, and
there is still no consensus as to the ideal treatment modality for
this group. There have been several small, mostly single-center
trials evaluating the role of sildenafil after LVAD placement. For
example, Tedford et al. [76] performed a single-center study
where they identified patients who did not normalize their
PVR within 1 month of implant who received sildenafil as com-
pared to those who did not. In this small, non-randomized study,
sildenafil treatment (1 = 26) led to a significant reduction mPAP,
improved CO, and reduction in PVR. This and other similar data
led to the International Society for Heart and Lung
Transplantation (ISHLT) recommending the use of PDE-5 inhib-
itors in patients with RV dysfunction and PH post-LVAD (Class
IIb, Level of Evidence C) [77]. Additionally, there has been
interest in the role of other agents including bosentan for the
treatment of PH after LVAD implantation [78] and the ongoing
SOPRANO trial (Clinical Study to Assess the Efficacy and
Safety of Macitentan in Patients with Pulmonary Hypertension
After Left Ventricular Assist Device Implantation) [79] which
aims to assess the efficacy of the macitentan in those with per-
sistent Cpc-PH after LVAD implantation.

Thus, while the data suggest that LVAD therapy is associ-
ated with improvements in cardiopulmonary hemodynamics
both acutely and over time, there are patients who have per-
sistent PH and/or RV failure (early or late) after LVAD im-
plantation. While several smaller trials suggest hemodynamic
benefit from the use of PH-specific therapy, and we use such
therapy in isolated cases, there is currently a lack of large,
randomized data to support its use more broadly across this
population. Finally, in patients with severe biventricular fail-
ure precluding LVAD alone and/or RV failure post-LVAD, the
use of durable mechanical RV support (i.e., Heartware HVAD
(Medtronic, Minneapolis, MN) [80, 81] and Heartmate 3
(Abbott, Abbott Park, IL) [82] in the right-sided position) is

becoming more widespread. As these pumps are not designed
for the RV, questions remain about optimal placement (RA vs
RV cannulation), impact of RV trabeculations, avoidance of
pulmonary overflow, and potential for suction events in the
lower pressure and more compliant right ventricle, with rela-
tively poor outcomes in this population [56]. Prior use of the
Syncardia Total Artificial Heart (SynCardia Systems, Tucson,
AZ) has been limited by its large size, mechanical failure,
diminished quality of life compared with continuous flow
pumps, and lack of temporary use as it requires ventricular
excision, among other issues.

Transplantation

Despite advances in LVAD technology and outcomes, OHT is
still considered the definitive treatment for end-stage HFrEF.
Unfortunately, patients with PH-LHD have significantly
worse outcomes post transplantation, with RV failure account-
ing for nearly 20% of early deaths after OHT [83]. In the early
1990s, the Stanford program identified key hemodynamic
markers associated with improved survival despite the pres-
ence of PH pre-OHT [35]. Specifically, they assessed the role
of nitroprusside challenge on those with PVR >2.5 WU and
found that those with reversibility of their PVR to <2.5 WU
while maintaining a systolic blood pressure > 85 mmHg had
similar survival to those without PH. Conversely, those who
did not reverse their PVR < 2.5 WU or did so with a concom-
itant decrease in systemic blood pressure to < 85 mmHg had
significantly higher risk of mortality due to RV failure at
3 months (33%; 14% related to RV failure vs 6%). As we
discussed earlier, agents such as inhaled NO and prostacyclins
are commonly used to assess response of PVR prior to OHT.
The ISHLT guidelines also suggest the use of intra-aortic bal-
loon pump to augment output and reduce PVR [84], although
there are no studies that show a sustained reduction in PVR
and many centers not prefer to progress directly to LVAD
implantation.

An analysis of the United Network for Organ Sharing
(UNOS) registry in 2012 [85] showed that pre-transplant
PVR of >2.5 WU was an independent predictor of mortality,
although interestingly the degree of elevation of PVR above
this threshold did appear not increase mortality in a linear
fashion. More recently, Tedford et al. evaluated the prognostic
role of the DPG to predict post-OHT survival. In this UNOS
analysis, they found that an elevated DPG at various cut
points, nor TPG or PVR predicted survival post-OHT. Of
note, as this was a UNOS analysis, it evaluated these param-
eters in patients who were “cleared” for and had undergone
transplant, thus a selected population that presumably had
shown encouraging hemodynamic responses to reversibility
testing previously. Taken together, these studies and the ap-
proach of the guidelines underscore the fact that evaluation of
PH-LHD in the context of OHT must be dynamic,
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provocative, and serial, such that reliance on one specific pa-
rameter to characterize the degree/type of PH prior to OHT is
inadequate. The most recent ISHLT guidelines have suggested
a stepwise approach to the transplant candidate with an ele-
vated PVR, which we have summarized in Fig. 1.

Our practice is to carefully and serially assess patients with
PH-LHD who are being considered for OHT. In addition to
nitroprusside challenge, we will often tailor medical therapy
with the help of an indwelling PA catheter. This entails the
use of inodilator support (milrinone), standard vasodilators used
in HFrEF along with selected use of sildenafil to ensure that the
PVR remains <3 WU, which is based on a number of single-
center studies that have used this in the pre-OHT population
[86, 87]. In those patients who have ongoing elevated PVR, we
will then consider the appropriateness of long-term mechanical
support and implant an LVAD with intent to list for transplant
after normalization of the PVR. In those patients who undergo
OHT despite the presence of PH-LHD (deemed reversible with
PVR <3 WU), we have a detailed perioperative management

protocol that involves the use of inhaled NO or inhaled Flolan
with a slow wean, while optimizing ventilator support for lon-
ger than typical post-OHT to prevent hypoxic vasoconstriction.
We also carefully monitor hemodynamics while titrating vaso-
active support, diuresis, and often reinitiation of sildenafil
should there be signs of RAP elevation, RV dysfunction, CO
reduction, and/or PVR elevation. If there is early graft dysfunc-
tion (whether LV, RV, or both), careful consideration is given to
mechanical unloading with intra-aortic balloon pump or
EMCO support. These measures are in place to ensure optimi-
zation of RV preload, afterload, coronary perfusion, and pul-
monary mechanics [88].

Finally, in those patients whom the PVR remains elevated,
and without a viable mechanical support option as may be the
case in the congenital population, selected patients may be
eligible for combined heart-lung transplantation. This option,
however, is not without significant pitfalls, as this procedure is
performed at only a select number of centers and has a high
post-operative morbidity and mortality when compared to

Fig. 1 Proposed investigation
and management algorithm for
patients with PH-LHD being
assessed for advanced therapies

Right heart catheterization
PASP < 50mmHg
and
PVR > 3 Wood Units OR TPG > 15
(with SBP > 85mmHg)

Assess reactivity with vasodilator
testing

I
v
PVR remains elevated
1) Leave Swan Ganz catheterin
situ for 24-48 hours
2) Reassess hemodynamics
3) Consider starting Milrinone
¥
If adequate hemodynamics
=» continue Milrinone
If unable to unload left ventricle
= LVAD

4
Repeat Right Heart
Catheterization in 4-8 weeks
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OHT. In fact, in a recent ISHLT report [89], only 58 proce-
dures were reported in 2016. Interestingly, while the majority
of patients undergoing this procedure are young, nearly 1/3 of
recipients in North America between 2004 and 2017 were
over the age of 50. The median survival for heart-lung trans-
plant recipients has improved over the last 30 years, currently
5.8 years for those transplanted between 2004 and
June 2016—a figure significantly less than that of OHT alone.
Therefore, we believe it should be reserved for those in which
all other options have been exhausted, and in particular those
who are unable to undergo LVAD implantation due to
technical/anatomical reasons.

Conclusion and Future Directions

As the above review has shown, PH-LHD remains a signifi-
cant issue in the context of advanced HFrEF and one that
complicates many treatment options in this population.
Further studies, including the SIL-HF trial which has complet-
ed recruitment but has yet to report, along with the recently
opened SILHF-US study [90] and ongoing SOPRANO trial
[79], may help grow our knowledge in the field. Finally, the
recent launch of the PVDOMICS (Redefining Pulmonary
Hypertension through Pulmonary Vascular Disease
Phenomics) [91] initiative will hopefully allow us to gain fur-
ther insight into the “omics” (including genomics, transcripto-
mics, proteomics, metabolomics, coagulomics, and cell
biomics) across the spectrum of pulmonary vascular disease
to one day actualize the promise of personalized medicine for
our patients with advanced cardiopulmonary disease.

Compliance with Ethical Standards

Conflict of Interest  Sriram D. Rao and Jonathan N. Menachem declare
no conflict of interest. Dr. Birati reports personal fees from Luitpold
Pharmaceuticals, Inc. Dr. Mazurek reports personal fees from Actelion
Pharmaceuticals.

Human and Animal Rights and Informed Consent This article does not
contain any studies with human or animal subjects performed by any of
the authors.

References

Papers of particular interest, published recently, have been
highlighted as:

» Of importance

¢ Of major importance

1. Guazzi M, Borlaug BA. Pulmonary hypertension due to left heart
disease. Circulation. 2012;126(8):975-90. https://doi.org/10.1161/
CIRCULATIONAHA.111.085761.

2.++ Gali¢ N, Humbert M, Vachiery J-L, Gibbs S, Lang I, Torbicki A,
et al. 2015 ESC/ERS Guidelines for the diagnosis and treatment of
pulmonary hypertension: the Joint Task Force for the Diagnosis and
Treatment of Pulmonary Hypertension of the European Society of
Cardiology (ESC) and the European Respiratory Society (ERS):
endorsed by: Association for European Paediatric and Congenital
Cardiology (AEPC), International Society for Heart and Lung
Transplantation (ISHLT). Eur Heart J. 2016;37(1):67—119. https://
doi.org/10.1093/eurheartj/ehv317. An excellent summary of
pulmonary hypertension with recent guideline
recommendations.

3. Simonneau G, Montani D, Celermajer DS, Denton CP, Gatzoulis
MA, Krowka M, Williams PG, Souza R. Haemodynamic defini-
tions and updated clinical classification of pulmonary hypertension.
Eur Respir J 2019;53.

4. Rosenkranz S, Gibbs JSR, Wachter R, De Marco T, Vonk-
Noordegraaf A, Vachiéry J-L. Left ventricular heart failure and
pulmonary hypertension. Eur Heart J. 2016;37(12):942-54.
https://doi.org/10.1093/eurheartj/ehv512.

5. Ghio S, Gavazzi A, Campana C, Inserra C, Klersy C, Sebastiani R,
et al. Independent and additive prognostic value of right ventricular
systolic function and pulmonary artery pressure in patients with
chronic heart failure. J Am Coll Cardiol. 2001;37(1):183-8.
https://doi.org/10.1016/S0735-1097(00)01102-5.

6. Miller WL, Grill DE, Borlaug BA. Clinical features, hemodynam-
ics, and outcomes of pulmonary hypertension due to chronic heart
failure with reduced ejection fraction: Pulmonary Hypertension and
Heart Failure. JACC Heart Fail. 2013;1(4):290-9. https://doi.org/
10.1016/j.jchf.2013.05.001.

7. Tampakakis E, Leary PJ, Selby VN, de Marco T, Cappola TP,
Felker GM, et al. The diastolic pulmonary gradient does not predict
survival in patients with pulmonary hypertension due to left heart
disease. JACC Heart Fail. 2015;3(1):9-16. https://doi.org/10.1016/
jjchf.2014.07.010.

8. Miller WL, Mahoney DW, Enriquez-Sarano M. Quantitative
Doppler-echocardiographic imaging and clinical outcomes with left
ventricular systolic dysfunction. Circ Cardiovasc Imaging.
2014;7(2):330-6. https://doi.org/10.1161/CIRCIMAGING.113.
001184.

9. Salamon JN, Kelesidis I, Msaouel P, Mazurek JA, Mannem S,
Adzic A, et al. Outcomes in World Health Organization group II
pulmonary hypertension: mortality and readmission trends with
systolic and preserved ejection fraction—induced pulmonary hyper-
tension. J Card Fail. 2014;20(7):467-75. https://doi.org/10.1016/j.
cardfail.2014.05.003.

10. Adusumalli S, Mazurek JA. Pulmonary hypertension due to left
ventricular cardiomyopathy: is it the result or cause of disease pro-
gression? Curr Heart Fail Rep. 2017;14(6):507—13. https://doi.org/
10.1007/s11897-017-0368-2.

11.  Sparrow CT, LaRue SJ, Schilling JD. Intersection of pulmonary
hypertension and right ventricular dysfunction in patients on left
ventricular assist device support: is there a role for pulmonary va-
sodilators? Circ Heart Fail. 2018;11(1):e004255. https://doi.org/10.
1161/CIRCHEARTFAILURE.117.004255.

12. Opotowsky AR, Clair M, Afilalo J, Landzberg MJ, Waxman AB,
Moko L, et al. A simple echocardiographic method to estimate
pulmonary vascular resistance. Am J Cardiol. 2013;112(6):873—
82. https://doi.org/10.1016/j.amjcard.2013.05.016.

13.  Forfia PR, Vachiéry J-L. Echocardiography in pulmonary arterial
hypertension. Am J Cardiol. 2012;110(6, Supplement):S16-24.
https://doi.org/10.1016/j.amjcard.2012.06.012.

14.  Mazurek JA, Forfia PR. Enhancing the accuracy of echocardiogra-
phy in the diagnosis of pulmonary arterial hypertension: looking at
the heart to learn about the lungs. Curr Opin Pulm Med. 2013;19(5):
437-45. https://doi.org/10.1097/MCP.0b013e3283645966.

@ Springer

71



72

Curr Heart Fail Rep

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Brennan JM, Blair JE, Goonewardena S, Ronan A, Shah D,
Vasaiwala S, et al. Reappraisal of the use of inferior vena cava for
estimating right atrial pressure. J] Am Soc Echocardiogr.
2007;20(7):857-61. https://doi.org/10.1016/j.echo.2007.01.005.
Beigel R, Cercek B, Luo H, Siegel RJ. Noninvasive evaluation of
right atrial pressure. J] Am Soc Echocardiogr. 2013;26(9):1033—42.
https://doi.org/10.1016/j.ech0.2013.06.004.

Do DH, Therrien J, Marelli A, Martucci G, Afilalo J, Sebag IA.
Right atrial size relates to right ventricular end-diastolic pressure in
an adult population with congenital heart disease.
Echocardiography. 2011;28(1):109-16. https://doi.org/10.1111/j.
1540-8175.2010.01277 x.

Sundereswaran L, Nagueh SF, Vardan S, Middleton KJ, Zoghbi
WA, Quiflones MA, et al. Estimation of left and right ventricular
filling pressures after heart transplantation by tissue Doppler imag-
ing. Am J Cardiol. 1998;82(3):352—7.

Sade LE, Gulmez O, Eroglu S, Sezgin A, Muderrisoglu H.
Noninvasive estimation of right ventricular filling pressure by ratio
of early tricuspid inflow to annular diastolic velocity in patients
with and without recent cardiac surgery. ] Am Soc Echocardiogr.
2007;20(8):982-8. https://doi.org/10.1016/j.ech0.2007.01.012.
Amsallem M, Sternbach JM, Adigopula S, Kobayashi Y, Vu TA,
Zamanian R, et al. Addressing the controversy of estimating pul-
monary arterial pressure by echocardiography. J] Am Soc
Echocardiogr. 2016;29(2):93-102. https://doi.org/10.1016/j.echo.
2015.11.001.

Arkles JS, Opotowsky AR, Ojeda J, Rogers F, Liu T, Prassana V,
et al. Shape of the right ventricular Doppler envelope predicts he-
modynamics and right heart function in pulmonary hypertension.
Am J Respir Crit Care Med. 2011;183(2):268-76. https://doi.org/
10.1164/rccm.201004-06010C.

Takahama H, McCully RB, Frantz RP, Kane GC. Unraveling the
RV ejection Doppler envelope: insight into pulmonary artery hemo-
dynamics and disease severity. JACC Cardiovasc Imaging.
2017;10(10, Part B):1268-77. https://doi.org/10.1016/j.jcmg.
2016.12.021.

Guazzi M, Naeije R, Arena R, Corra U, Ghio S, Forfia P, et al.
Echocardiography of right ventriculoarterial coupling combined
with cardiopulmonary exercise testing to predict outcome in heart
failure. Chest. 2015;148(1):226-34. https://doi.org/10.1378/chest.
14-2065.

Guazzi M, Bandera F, Pelissero G, Castelvecchio S, Menicanti L,
Ghio S, et al. Tricuspid annular plane systolic excursion and pul-
monary arterial systolic pressure relationship in heart failure: an
index of right ventricular contractile function and prognosis. Am J
Physiol Heart Circ Physiol. 2013;305(9):H1373-81. https://doi.org/
10.1152/ajpheart.00157.2013.

Bhattacharya PT, Troutman GS, Mao F, Fox AL, Tanna MS,
Zamani P, Grandin EW, Menachem JN, Birati EY, Chirinos JA,
Mazimba S, Smith KA, Kawut SM, Forfia PR, Vaidya A,
Mazurek JA. Right ventricular outflow tract velocity time inte-
gral-to-pulmonary artery systolic pressure ratio: a non-invasive
metric of pulmonary arterial compliance differs across the spectrum
of pulmonary hypertension. Pulm Circ. 2019 Apr-Jun;9(2):
2045894019841978.

Guazzi M, Adams V, Conraads V, Halle M, Mezzani A, Vanhees L,
et al. EACPR/AHA Scientific Statement. Clinical recommenda-
tions for cardiopulmonary exercise testing data assessment in spe-
cific patient populations. Circulation. 2012;126(18):2261-74.
https://doi.org/10.1161/CIR.0b013e31826{b946.

Gibbons RJ, Balady GJ, Bricker JT, Chaitman BR, Fletcher GF,
Froelicher VF, et al. ACC/AHA 2002 guideline update for exercise
testing: summary article: a report of the American College of
Cardiology/American Heart Association Task Force on Practice
Guidelines (Committee to Update the 1997 Exercise Testing
Guidelines). Circulation. 2002;106(14):1883-92.

@ Springer

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Butler J, Chomsky DB, Wilson JR. Pulmonary hypertension and
exercise intolerance in patients with heart failure. J Am Coll
Cardiol. 1999;34(6):1802—6. https://doi.org/10.1016/S0735-
1097(99)00408-8.

Arena R, Lavie CJ, Milani RV, Myers J, Guazzi M.
Cardiopulmonary exercise testing in patients with pulmonary arte-
rial hypertension: an evidence-based review. J Heart Lung
Transplant. 2010;29(2):159-73. https://doi.org/10.1016/j.healun.
2009.09.003.

Methvin AB, Owens AT, Emmi AG, Allen M, Wiegers SE, Dries
DL, et al. Ventilatory inefficiency reflects right ventricular dystunc-
tion in systolic heart failure. Chest. 2011;139(3):617-25. https:/
doi.org/10.1378/chest.10-0318.

Kovacs G, Avian A, Pienn M, Naeije R, Olschewski H. Reading
pulmonary vascular pressure tracings. How to handle the problems
of zero leveling and respiratory swings. Am J Respir Crit Care Med.
2014;190(3):252-7. https://doi.org/10.1164/rccm.201402-0269PP.
Hoeper MM, Bogaard HJ, Condliffe R, Frantz R, Khanna D,
Kurzyna M, et al. Definitions and diagnosis of pulmonary hyper-
tension. J Am Coll Cardiol. 2013;62(25 Suppl):D42-50. https://
doi.org/10.1016/j.jacc.2013.10.032.

Robbins IM, Hemnes AR, Pugh ME, Brittain EL, Zhao DX, Piana
RN, et al. High prevalence of occult pulmonary venous hyperten-
sion revealed by fluid challenge in pulmonary hypertension. Circ
Heart Fail. 2014;7(1):116-22. https://doi.org/10.1161/
CIRCHEARTFAILURE.113.000468.

Maron BA, Cockrill BA, Waxman AB, Systrom DM. The invasive
cardiopulmonary exercise test. Circulation. 2013;127(10):1157-64.
https://doi.org/10.1161/CIRCULATIONAHA.112.104463.
Costard-Jackle A, Fowler MB. Influence of preoperative pulmo-
nary artery pressure on mortality after heart transplantation: testing
of potential reversibility of pulmonary hypertension with nitroprus-
side is useful in defining a high risk group. J Am Coll Cardiol.
1992;19(1):48-54. https://doi.org/10.1016/0735-1097(92)90050-
W.

Ichinose F, Roberts JD, Zapol WM. Inhaled nitric oxide: a selective
pulmonary vasodilator: current uses and therapeutic potential.
Circulation. 2004;109(25):3106—11. https://doi.org/10.1161/01.
CIR.0000134595.80170.62.

Givertz MM, Hare JM, Loh E, Gauthier DF, Colucci WS. Effect of
bolus milrinone on hemodynamic variables and pulmonary vascu-
lar resistance in patients with severe left ventricular dysfunction: a
rapid test for reversibility of pulmonary hypertension. J Am Coll
Cardiol. 1996;28(7):1775-80. https://doi.org/10.1016/S0735-
1097(96)00399-3.

Murali S, Uretsky BF, Armitage JM, et al. Utility of prostaglandin
E1 in the pretransplantation evaluation of heart failure patients with
significant pulmonary hypertension. J Heart Lung Transplant.
1992;11(4 Pt 1):716-23.

Abraham WT, Adamson PB, Bourge RC, Aaron MF, Costanzo
MR, Stevenson LW, et al. Wireless pulmonary artery haemodynam-
ic monitoring in chronic heart failure: a randomised controlled trial.
Lancet. 2011;377(9766):658—66. https://doi.org/10.1016/S0140-
6736(11)60101-3.

Hemodynamic-GUIDEd Management of Heart Failure—full-text
view—ClinicalTrials.gov. https://clinicaltrials.gov/ct2/show/
NCTO03387813. Accessed 29 Nov 2018.

Botha P, Parry G, Dark JH, MacGowan GA. Acute hemodynamic
effects of intravenous sildenafil citrate in congestive heart failure:
comparison of phosphodiesterase type-3 and -5 inhibition. J Heart
Lung Transplant. 2009;28(7):676-82. https://doi.org/10.1016/j.
healun.2009.04.013.

Farber HW, Loscalzo J. Pulmonary arterial hypertension. N Engl J
Med. 2004:;351(16):1655-65. https://doi.org/10.1056/
NEJMra(035488.



Curr Heart Fail Rep

43.

44,

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.¢

57.

Califf RM, Adams KF, McKenna W], et al. A randomized con-
trolled trial of epoprostenol therapy for severe congestive heart
failure: the Flolan International Randomized Survival Trial
(FIRST). Am Heart J. 1997;134(1):44-54.

Anand I, McMurray J, Cohn JN, Konstam MA, Notter T, Quitzau
K, et al. Long-term effects of darusentan on left-ventricular remod-
elling and clinical outcomes in the EndothelinA Receptor
Antagonist Trial in Heart Failure (EARTH): randomised, double-
blind, placebo-controlled trial. Lancet. 2004;364(9431):347-54.
https://doi.org/10.1016/S0140-6736(04)16723-8.

Bursi F, McNallan SM, Redfield MM, et al. Pulmonary pressures
and death in heart failure: a community study. J Am Coll Cardiol.
2012;59(3):222-31. https://doi.org/10.1016/j.jacc.2011.06.076.
Lewis GD, Lachmann J, Camuso J, Lepore JJ, Shin J, Martinovic
ME, et al. Sildenafil improves exercise hemodynamics and oxygen
uptake in patients with systolic heart failure. Circulation.
2007;115(1):59-66. https://doi.org/10.1161/
CIRCULATIONAHA.106.626226.

Phosphodiesterase type 5 inhibition with tadalafil changes out-
comes in heart failure—full-text view—ClinicalTrials.gov. https://
clinicaltrials.gov/ct2/show/NCT01910389. Accessed 29 Nov 2018.
Guazzi M, Samaja M, Arena R, Vicenzi M, Guazzi MD. Long-term
use of sildenafil in the therapeutic management of heart failure. J
Am Coll Cardiol. 2007;50(22):2136—44. https://doi.org/10.1016/j.
jacc.2007.07.078.

Guazzi M, Vicenzi M, Arena R, Guazzi MD. PDES5 inhibition with
sildenafil improves left ventricular diastolic function, cardiac geom-
etry, and clinical status in patients with stable systolic heart failure:
results of a 1-year, prospective, randomized, placebo-controlled
study. Circ Heart Fail. 2011;4(1):8-17. https://doi.org/10.1161/
CIRCHEARTFAILURE.110.944694.

Liischer TF, Enseleit F, Pacher R, et al. Hemodynamic and neuro-
humoral effects of selective endothelin A (ET(A)) receptor block-
ade in chronic heart failure: the Heart Failure ET(A) Receptor
Blockade Trial (HEAT). Circulation. 2002;106(21):2666—72.
Sildenafil versus placebo in chronic heart failure—full-text view—
ClinicalTrials.gov. https://clinicaltrials.gov/ct2/show/
NCT01616381. Accessed 29 Nov 2018.

Packer M, McMurray JJV, Krum H, et al. Long-term effect of
endothelin receptor antagonism with bosentan on the morbidity
and mortality of patients with severe chronic heart failure:
Primary Results of the ENABLE Trials. JACC Heart Fail.
2017;5(5):317-26. https://doi.org/10.1016/j.jchf.2017.02.021.
Packer M, McMurray J, Massie BM, Caspi A, Charlon V, Cohen-
Solal A, et al. Clinical effects of endothelin receptor antagonism
with bosentan in patients with severe chronic heart failure: results of
a pilot study. J Card Fail. 2005;11(1):12-20.

Bonderman D, Ghio S, Felix Stephan B, et al. Riociguat for patients
with pulmonary hypertension caused by systolic left ventricular
dysfunction. Circulation. 2013;128(5):502—-11. https://doi.org/10.
1161/CIRCULATIONAHA.113.001458.

Vachiéry J-L, Delcroix M, Al-Hiti H, et al. Macitentan in pulmo-
nary hypertension due to left ventricular dysfunction. Eur Respir J.
2018;51(2):1701886. https://doi.org/10.1183/13993003.01886-
2017.

Kapur Navin K, Esposito Michele L, Yousef B, et al. Mechanical
circulatory support devices for acute right ventricular failure.
Circulation. 2017;136(3):314-26. https://doi.org/10.1161/
CIRCULATIONAHA.116.025290. A concise and recently
published in-depth review on mechanical support options for
right ventricular failure in general.

Ro SK, Kim JB, Jung SH, Choo SJ, Chung CH, Lee JW.
Extracorporeal life support for cardiogenic shock: influence of con-
comitant intra-aortic balloon counterpulsation. Eur J Cardiothorac
Surg. 2014;46(2):186-92; discussion 192. https://doi.org/10.1093/
ejcts/ezu005.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Koeckert MS, Jorde UP, Naka Y, Moses JW, Takayama H. Impella
LP 2.5 for left ventricular unloading during venoarterial extracor-
poreal membrane oxygenation support. J Card Surg. 2011;26(6):
666-8. https://doi.org/10.1111/.1540-8191.2011.01338 x.

Kang M-H, Hahn J-Y, Gwon H-C, Song YB, Choi JO, Choi JH,
et al. Percutaneous transseptal left atrial drainage for decompression
of the left heart in an adult patient during percutaneous cardiopul-
monary support. Korean Circ J. 2011;41(7):402—4. https://doi.org/
10.4070/kcj.2011.41.7.402.

Fumagalli R, Bombino M, Borelli M, Rossi F, Colombo V, Osculati
G, etal. Percutaneous bridge to heart transplantation by venoarterial
ECMO and transaortic left ventricular venting. Int J Artif Organs.
2004;27(5):410-3.

Miller LW, Rogers JG. Evolution of left ventricular assist device
therapy for advanced heart failure: a review. JAMA Cardiol.
2018;3(7):650-8. https://doi.org/10.1001/jamacardio.2018.0522.
Selby VN, Teuteberg JJ, Allen IE, Tedford RJ, Kormos RL, Marco
TD. Characterization and impact of pulmonary hypertension on
outcomes after left ventricular assist device implantation. J Heart
Lung Transplant. 2015;34(4):S142. https://doi.org/10.1016/j.
healun.2015.01.384.

Houston BA, Kalathiya RJ, Hsu S, Loungani R, Davis ME, Coftin
ST, et al. Right ventricular afterload sensitivity dramatically in-
creases after left ventricular assist device implantation: a multi-
center hemodynamic analysis. J Heart Lung Transplant.
2016;35(7):868-76. https://doi.org/10.1016/j.healun.2016.01.
1225.

Grandin EW, Zamani P, Mazurek JA, Troutman GS, Birati EY,
Vorovich E, et al. Right ventricular response to pulsatile load is
associated with early right heart failure and mortality after left ven-
tricular assist device. J Heart Lung Transplant. 2017;36(1):97-105.
https://doi.org/10.1016/j.healun.2016.06.015.

Kalogeropoulos AP, Kelkar A, Weinberger JF, Morris AA,
Georgiopoulou VV, Markham DW, et al. Validation of clinical
scores for right ventricular failure prediction after implantation of
continuous-flow left ventricular assist devices. J] Heart Lung
Transplant. 2015;34(12):1595-603. https://doi.org/10.1016/].
healun.2015.05.005.

Torre-Amione G, Southard RE, Loebe MM, Youker KA, Bruckner
B, Estep JD, et al. Reversal of secondary pulmonary hypertension
by axial and pulsatile mechanical circulatory support. J Heart Lung
Transplant. 2010;29(2):195-200. https://doi.org/10.1016/j.healun.
2009.05.030.

Mikus E, Stepanenko A, Krabatsch T, Loforte A, Dandel M,
Lehmkuhl HB, et al. Reversibility of fixed pulmonary hypertension
in left ventricular assist device support recipients. Eur J
Cardiothorac Surg. 2011;40(4):971-7. https://doi.org/10.1016/j.
ejcts.2011.01.019.

Beyersdorf F, Schlensak C, Berchtold-Herz M, Trummer G.
Regression of “fixed” pulmonary vascular resistance in heart trans-
plant candidates after unloading with ventricular assist devices. J
Thorac Cardiovasc Surg. 2010;140(4):747-9. https://doi.org/10.
1016/j.jtcvs.2010.05.042.

Kumarasinghe G, Jain P, Jabbour A, Lai J, Keogh AM, Kotlyar E,
et al. Comparison of continuous-flow ventricular assist device ther-
apy with intensive medical therapy in fixed pulmonary hyperten-
sion secondary to advanced left heart failure. ESC Heart Fail.
2018;5(4):695-702. https://doi.org/10.1002/ehf2.12284.
Tsukashita M, Takayama H, Takeda K, Han J, Colombo PC,
Yuzefpolskaya M, et al. Effect of pulmonary vascular resistance
before left ventricular assist device implantation on short- and
long-term post-transplant survival. J Thorac Cardiovasc Surg.
2015;150(5):1352-60, 1361.e1-2. https://doi.org/10.1016/j.jtcvs.
2015.07.012.

Imamura T, Chung B, Nguyen A, Rodgers D, Sayer G, Adatya S,
et al. Decoupling between diastolic pulmonary artery pressure and

@ Springer

73



Curr Heart Fail Rep

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

pulmonary capillary wedge pressure as a prognostic factor after
continuous flow ventricular assist device implantation. Circ Heart
Fail. 2017;10(9). https://doi.org/10.1161/CIRCHEARTFAILURE.
117.003882.

Imamura T, Kim G, Raikhelkar J, Sarswat N, Kalantari S, Smith B,
et al. Decoupling between diastolic pulmonary arterial pressure and
pulmonary arterial wedge pressure at incremental left ventricular
assist device (LVAD) speeds is associated with worse prognosis
after LVAD implantation. J Card Fail. 2018;24(9):575-82. https://
doi.org/10.1016/j.cardfail.2018.08.003.

Haglund NA, Burdorf A, Jones T, Shostrom V, Um J, Ryan T, et al.
Inhaled milrinone after left ventricular assist device implantation. J
Card Fail. 2015;21(10):792—-7. https://doi.org/10.1016/j.cardfail.
2015.04.011.

Argenziano M, Choudhri AF, Moazami N, et al. Randomized,
double-blind trial of inhaled nitric oxide in LVAD recipients with
pulmonary hypertension. Ann Thorac Surg. 1998;65(2):340-5.
Potapov E, Meyer D, Swaminathan M, Ramsay M, el Banayosy A,
Diehl C, et al. Inhaled nitric oxide after left ventricular assist device
implantation: a prospective, randomized, double-blind, multicenter,
placebo-controlled trial. J Heart Lung Transplant. 2011;30(8):870—
8. https://doi.org/10.1016/j.healun.2011.03.005.

Tedford RJ, Hemnes AR, Russell SD, Wittstein IS, Mahmud M,
Zaiman AL, et al. PDESA inhibitor treatment of persistent pulmo-
nary hypertension after mechanical circulatory support. Circ Heart
Fail. 2008;1(4):213-9. https://doi.org/10.1161/
CIRCHEARTFAILURE.108.796789.

Feldman D, Pamboukian SV, Teuteberg JJ, Birks E, Lietz K, Moore
SA, et al. The 2013 International Society for Heart and Lung
Transplantation Guidelines for mechanical circulatory support: ex-
ecutive summary. J Heart Lung Transplant. 2013;32(2):157-87.
https://doi.org/10.1016/j.healun.2012.09.013.

LaRue SJ, Garcia-Cortes R, Nassif ME, et al. Treatment of second-
ary pulmonary hypertension with bosentan after left ventricular
assist device implantation. Cardiovasc Ther. 2015;33(2):50-5.
https://doi.org/10.1111/1755-5922.12111.

Clinical study to assess the efficacy and safety of macitentan in
patients with pulmonary hypertension after left ventricular assist
device implantation—full-text view—ClinicalTrials.gov. https:/
clinicaltrials.gov/ct2/show/NCT02554903. Accessed 29 Nov 2018.
Shehab S, Macdonald PS, Keogh AM, Kotlyar E, Jabbour A,
Robson D, et al. Long-term biventricular HeartWare ventricular
assist device support—case series of right atrial and right ventricu-
lar implantation outcomes. J Heart Lung Transplant. 2016;35(4):
466-73. https://doi.org/10.1016/j.healun.2015.12.001.

Tran HA, Pollema TL, Silva Enciso J, Greenberg BH, Barnard DD,
Adler ED, et al. Durable biventricular support using right atrial
placement of the HeartWare HVAD. ASAIO J. 2018;64(3):323-7.
https://doi.org/10.1097/MAT.0000000000000645.

Lavee J, Mulzer J, Krabatsch T, Marasco S, McGiffin D, Garbade J,
et al. An international multicenter experience of biventricular sup-
port with HeartMate 3 ventricular assist systems. J Heart Lung

74 @ Springer

Transplant. 2018;37(12):1399-402. https://doi.org/10.1016/j.
healun.2018.08.008.

83. Kobashigawa J, Zuckermann A, Macdonald P, Leprince P,
Esmailian F, Luu M, et al. Report from a consensus conference
on primary graft dysfunction after cardiac transplantation. J Heart
Lung Transplant. 2014;33(4):327-40. https://doi.org/10.1016/j.
healun.2014.02.027.

84. Jessup M, Banner N, Brozena S, Campana C, Costard-Jackle A,
Dengler T, et al. Optimal pharmacologic and non-pharmacologic
management of cardiac transplant candidates: approaches to be
considered prior to transplant evaluation: International Society for
Heart and Lung Transplantation Guidelines for the Care of Cardiac
Transplant Candidates—2006. J Heart Lung Transplant.
2006;25(9):1003-23. https://doi.org/10.1016/j.healun.2006.06.
007.

85.  Vakil K, Duval S, Sharma A, Adabag S, Abidi KS, Taimeh Z, et al.
Impact of pre-transplant pulmonary hypertension on survival after
heart transplantation: a UNOS registry analysis. Int J Cardiol.
2014;176(3):595-9. https://doi.org/10.1016/j.ijcard.2014.08.072.

86. De Santo LS, Buonocore M, Agrusta F, et al. Pattern of resolution
of pulmonary hypertension, long-term allograft right ventricular
function, and exercise capacity in high-risk heart transplant recipi-
ents listed under oral sildenafil. Clin Transpl. 2014;28(7):837—43.
https://doi.org/10.1111/ctr.12387.

87. PonsJ, Leblanc M-H, Bernier M, Cantin B, Bourgault C, Bergeron
S, et al. Effects of chronic sildenafil use on pulmonary hemody-
namics and clinical outcomes in heart transplantation. J Heart Lung
Transplant. 2012;31(12):1281-7. https://doi.org/10.1016/j.healun.
2012.09.009.

88. Stobierska-Dzierzek B, Awad H, Michler RE. The evolving man-
agement of acute right-sided heart failure in cardiac transplant re-
cipients. J] Am Coll Cardiol. 2001;38(4):923-31. https://doi.org/10.
1016/S0735-1097(01)01486-3.

89. Chambers DC, Cherikh WS, Goldfarb SB, Hayes D Ir,
Kucheryavaya AY, Toll AE, et al. The International Thoracic
Organ Transplant Registry of the International Society for Heart
and Lung Transplantation: thirty-fifth adult lung and heart-lung
transplant report—2018; focus theme: multiorgan transplantation.
J Heart Lung Transplant. 2018;37(10):1169-83. https://doi.org/10.
1016/j.healun.2018.07.020.

90. Sildenafil in US heart failure patients (SilHF-US)—full-text view—
ClinicalTrials.gov. https://clinicaltrials.gov/ct2/show/
NCT03460470. Accessed 6 Dec 2018.

91. Pulmonary vascular disease phenomics program PYDOMICS—
full-text view—ClinicalTrials.gov. https://clinicaltrials.gov/ct2/
show/NCT02980887. Accessed 6 Dec 2018.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



Springer Nature Cardiology Journals

nature
REVIEWS

CARDIOLOGY

Marijuana and synthetic
cannabinoids
Influence on the cardiovascularsystem

Effects of microgr
onthe heart and v

VOLUME 19 | NUMBER 12 | DECEMBER 2017

|CURRENT
Bl CARDIOLOGY
REPORTS

EDITOR-IN-CHIEF Steven E. Nissen
ASSOCIATE EDITOR Raimund Erbel

ascular Genomics

Section Edtor » Themistodles L. Assimes
Valvular Heart Disease
Section Edtor » Todd Kiefer
Cardiac PET, CT, and MRI
Section Edtors s
Petersen
Hypertension
Section Editors + David S. Geler and Debbie L. Cohen

Failure

n Editor = Howard J. Eisen

Echocardiography
M

Section Editors » Julus M. Gardin and Afonso H. Waller

CARDIOVASCULAR
DRUGS AND
THERAPY

this issue includes:

High Blood Pressure &
Cardiovascular Prevention

VOLUME 19 | NUMBER 12 | DECEMBER 2017

|CURRENT
N ATHEROSCLEROSIS
REPORTS

EDITOR-IN-CHIEF Antonio M. Gotto Jr
ASSOCIATE EDITOR Anders G. Olsson

Genetics and Genomics
Section Editor = AliJ. Marian
Lipid and Metabolic Effects
of Gastrointestinal Surgery
Section Editor = Ricardo Cohen

Statin Drugs
Section Editor = Barbara Wiggins

Cardiovascular Disease and Stroke
Section Editor = Shyam Prabhakaran

Vascular Biology
Section Editor = James Hamilton

Nonstatin Drugs
Section Editor = Emil deGoma

o |

and

Volume 33 Number 1 January 2018

indepancent cardor

(onose) 17

€\ Springer  Listed in Curent Contents and index Medicus

Volume 24 - Number 6

Journal of Nuclear Cardiology

November/December 2017

Offical Publication of the
American Society of Nulear Cardiology

@ Springer ..

VOLUME 19 | NUMBER 12 | DECEMBER 2017

Current Treatment Options in

CARDIOVASCULAR
MEDICINE

EDITOR-IN-CHEEF
Jagmeet P Singh

Imaging
Section Editor » Q. Truong

Pregnancy and Cardiovascular Disease
Section Editor = N. Scott

FAILURE
REVIEWS

Volume 23
Number 1
January 2018

CARDIOVASCULAR
INTERVENTIONAND
THERAPEUTICS

CVIT

JANUARY 2018

Journal of
Human Hypertension

SPRINGER NATURE

Voume 107 -Nomber 1 - anuay 2018

Clinical Research in

(@:](e[l0][e]s)Y;

Official Journal of the German Cardiac Society

nercaars o

Journal of

THROMBOSIS
THROMBOLYSIS

A Journa for Application and Therapeutics in

P Q) Springer

158N 1573 42 (actronic

NETHERLANDS -
HEARTJOURNAL

Monthly Journal of the Netherlands Society of Cardiology H

Outcomes of coronary vasospasm -
Volunteer alert system

sue 2| December | 2017
it

Cardiology
and Therapy

> Openaccess = Rapid puication

A\ Adis




/«

Vasodilating B blocker that
Understands the heart better

cardivias oo

(Carvedilol Tablets 3.125/6.25/12.5/25 mg)

THE RIGHT CHOICE for Improved Survival

nly.

a Hospital or a Laboratory ol

Ivabradine Tablets 5 mg

Inapure

Control Heart Rate In a Pure Way

v

of a Registered Medical Practitioner or

For the use

8346544 [ L21346A79



