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HIGHLIGHTS

e The prevalence of heart failure with preserved ejection fraction among patients who present with symptoms of heart
failure is approximately 50%.

e Pharmacologic therapy has not conclusively shown benefits in morbidity and mortality in clinical trials.

e Although it represents an active area of research, no device-based therapy has received regulatory approval for the
treatment of heart failure with preserved ejection fraction.

e Approaches such as atrial shunts, left ventricular expanders, mechanical circulatory support devices, and neurostimulators
are at various stages of development.

SUMMARY

Characterized by a rapidly increasing prevalence, elevated mortality and rehospitalization rates, and inadequacy of
pharmaceutical therapies, heart failure with preserved ejection fraction (HFpEF) has motivated the widespread devel-
opment of device-based solutions. HFpEF is a multifactorial disease of various etiologies and phenotypes, distinguished
by diminished ventricular compliance, diastolic dysfunction, and symptoms of heart failure despite a normal ejection
performance; these symptoms include pulmonary hypertension, limited cardiac reserve, autonomic imbalance, and ex-
ercise intolerance. Several types of atrial shunts, left ventricular expanders, stimulation-based therapies, and mechanical
circulatory support devices are currently under development aiming to target one or more of these symptoms by
addressing the associated mechanical or hemodynamic hallmarks. Although the majority of these solutions have shown
promising results in clinical or preclinical studies, no device-based therapy has yet been approved for the treatment of
patients with HFpEF. The purpose of this review is to discuss the rationale behind each of these devices and the
findings from the initial testing phases, as well as the limitations and challenges associated with their clinical translation.
(J Am Coll Cardiol Basic Trans Science 2021;6:772-795) © 2021 The Authors. Published by Elsevier on behalf of the
American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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eart failure (HF), which occurs when the

heart is unable to pump a sufficient

amount of blood or fill adequately to keep
up with the metabolic demands of the body, is a lead-
ing cause of death worldwide. It has diverse etiol-
ogies, including disorders of cardiovascular origin,
systemic morbidity, and hereditary defects, and it is
clinically recognized by a multitude of complex
symptoms that arise due to molecular, structural,
and functional cardiac abnormalities (1,2).

Traditionally, 2 main phenotypes of HF are distin-
guished based on the left ventricular ejection fraction
(LVEF): 1) HF with reduced ejection fraction (HFrEF);
and 2) HF with preserved ejection fraction (HFpEF).
They are characterized by LVEF =40% and
LVEF =50%, respectively (3-6). The European Society
of Cardiology HF guidelines were revised to introduce
a third phenotype of HF, characterized by an LVEF of
40% to 49% and referred to as HF with mid-range
ejection fraction (HFmEF) (7). Because these pa-
tients were historically either excluded from the vast
majority of clinical trials for HF or combined with
categories with LVEF <40% or LVEF >49%, patients
with HFmEF have emerged as a borderline population
(8). Recent studies have highlighted that patients
with HFmEF have a similar risk of developing dia-
betes and atrial fibrillation as patients with HFpEF,
which is higher than those with HFrEF. Conversely,
the burden of ischemic heart disease is more common
in patients with HFTEF and HFmEF compared with
patients with HFpEF (9).

Although it has been established that each type of
HF is characterized by distinct demographic charac-
teristics, comorbidities, and response to therapies,
research efforts have long focused on HFIEF (5,10).
Nevertheless, the prevalence of HFpEF has been
rapidly increasing in the last few decades, mainly in
response to the rise in life expectancy, the growing
prevalence of metabolic disorders often associated
with this disease, and the lack of adequate therapies
(5,11-14). Consequently, it is estimated that >3 million
people in the United States are currently affected by
HFpEF, which has become the dominant type of HF
and a major public health problem (5,15). Although it
is difficult to accurately predict the economic burden

Rosalia et al. 773

Advancements in Device-Based Solutions for HFpEF

of HFpEF, in 2030, the total medical cost of
HF in the United States is estimated to reach
approximately $53.1 billion (16). Because
HFpEF currently accounts for approximately
50% of all cases of HF (12), and assuming this
is still the case by 2030, it would translate to a
total medical expenditure of $26.55 billion,
$21.24 billion of which is expected to be spent
on hospitalization.

It is known that hypertension (80%-90%)
and obesity (60%-75%) are major risk factors
for HFpEF (5), as they both induce a systemic
pro-inflammatory state, ultimately driving
cardiac remodeling and ventricular hypertro-
phy (17). Furthermore, the former is also
responsible for causing a state of pressure
overload, which alters the left ventricular (LV)
biomechanics (as reviewed in the following
section) (18), whereas the latter is associated
with defects in fuel utilization and efficiency,
lipotoxicity, and loss of cytoprotective
signaling (19). All these mechanisms are
believed to further promote myocardial
fibrosisin HFpEF. Other comorbidities playing
a critical role in disease onset and progression
include aging, coronary artery disease, dia-
betes mellitus, chronic kidney disease, pul-
monary hypertension, chronic obstructive
pulmonary disease, and anemia (10,17,20).

ABBREVIATIONS
AND ACRONYMS

BAT = baroreceptor activation
therapy

CCM = cardiac contractility
modulation

CRT = cardiac
resynchronization therapy

HF = heart failure

HFmMEF = heart failure with
mid-range ejection fraction

HFpEF = heart failure with
preserved ejection fraction

HFrEF = heart failure with
reduced ejection fraction

IASD = Interatrial Shunt Device
LAAD = left atrial assist device
LAP = left atrial pressure

PCWP = pulmonary capillary
wedge pressure

LV = left ventricular

LVEF = left ventricular
ejection fraction

MCS = mechanical circulatory
support

NYHA = New York Heart
Association

QoL = quality of life

TAA = transapical approach

Our current understanding of HFpEF pathophysi-
ology has been hindered by the heterogeneity in
disease phenotypes, the lack of consensus on diag-
nostic guidelines, and the absence of a robust animal
model (21). As a result, patients with HFpEF typically
have a survival rate comparable to that associated

with HFrEF and lower than that of most cancers
(10,12). To date, most of the pharmacologic agents
investigated in clinical trials have generated incon-
clusive results for the treatment of HFpEF, which
remains largely directed toward exercise and the

management of symptoms of congestion and associ-
ated comorbidities (5) through diuretics and miner-

alocorticoid antagonists.

Atrial shunts, LV expanders, electrical and neuro-

stimulators,
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(MCS) devices constitute the 4 main categories of
device-based solutions for the treatment of HFpEF.
Although none of these devices has yet been
approved for clinical use in the United States, data
from randomized clinical trials and preclinical testing
are encouraging, instilling hope that they may even-
tually revolutionize the current paradigm of HFpEF
management and improve the survival and quality of
life (QoL) of patients with HFpEF.

STRUCTURAL AND HEMODYNAMIC
ABNORMALITIES OF HFpEF

LV diastolic dysfunction is a key contributor to
HFpEF pathophysiology and is often mediated by
structural alterations. Diminished relaxation can be
due to a variety of causes, including secondary LV
hypertrophy and hypertrophic or restrictive cardio-
myopathies (22), and causes the hemodynamics and
symptoms of HFpEF. Figure 1 presents an overview of
the pathophysiology of HFpEF and the 4 principal
categories of device-based solutions currently under
investigation.

In two thirds of these patients, matrix metal-
loproteinases and their inhibitors are down-regulated
and up-regulated, respectively, causing a net increase
in the amount of interstitial collagen (23,24). Changes
in cardiomyocyte stiffness have been observed and
mainly attributed to the cytoskeletal protein titin
through a number of possible pathways, including
isoform shifts (25,26), alterations in its phosphoryla-
tion state (27), and oxidative stress-induced disulfide
bridge formation (28). Among others, these changes
mediate thickening and stiffening of the LV wall, or
concentric remodeling, characteristic of HFpEF. In
patients with hypertension or aortic stenosis, these
remodeling processes are believed to be partly
induced by a state of LV pressure overload. Specif-
ically, wall stress increases to maintain ejection per-
formance under an elevated load that the heart
pumps against during systole (ie, the afterload). In
this context, concentric remodeling occurs to mini-
mize the changes in wall stress, as predicted by the
law of Laplace (18,29-31).

These structural alterations lead to diminished
filling performance and elevated diastolic pressure,
and hence the characteristic upward shift of the
end-diastolic pressure-volume relationship (29).
Analogously, the inability of the left ventricle to fill
adequately causes a reduction in the LV end-diastolic
volume, and thus a drop in stroke volume (32).
Elevated LV end-diastolic pressures can be transmitted
retrogradely to the left atrium, driving atrial
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remodeling and causing the symptoms of pulmonary
congestion, exertional dyspnea, atrial fibrillation,
rhythm abnormalities, and mechanical desynchrony
often associated with HFpEF. Furthermore, autonomic
imbalance with up-regulated sympathetic activity and
withdrawal of the vagal tone has a profound effect on
cardiac function and structure, asitisimplicated in the
pathogenesis of atrial fibrillation and contributes to
chronotropic incompetence (33,34). Altogether, these
changes are largely responsible for several of the
chronic symptoms in HFpEF, including exercise
intolerance, whichis a strong determinant of prognosis
and QoL (29,35-37).

In addition to impaired relaxation, several studies
suggest that systolic dysfunction ensues (13).
Regional measures of systolic function, including
long-axis shortening velocity and longitudinal and
radial strains, are depressed in HFpEF despite a
normal LVEF (38,39), whereas global parameters of
contractility, such as end-systolic elastance or the
end-systolic pressure-volume relationship, seem to
improve (40,41), likely due to the effects of concen-
tric remodeling and LV geometry on these metrics
(13). Although evidence of systolic dysfunction is not
required for the diagnosis of HFpEF, it plays an
important role in the setting of exercise as it may
contribute to limited inotropic reserve and thus to
symptoms of exercise intolerance and reduced aero-
bic capacity.

Due to the variety in the structural and hemody-
namic aberrations seen in HFpEF, arising from the
various etiologies associated with the disease and
corresponding to a broad symptomatology, a number
of classifications of HFpEF have been proposed (42).
For example, Burkhoff et al (22) identified 4 cate-
gories of HFpEF, each corresponding to distinct he-
modynamic characteristics and based on the
underlying disease. According to this classification,
type 1 HFpEF is due to hypertrophic cardiomyopa-
thies of genetic etiology and is characterized by
diastolic dysfunction and blunted cardiac output.
Type 2 is caused by infiltrative cardiomyopathies (eg,
amyloidosis, sarcoidosis, endomyocardial fibrosis)
and is associated with some degree of LV remodel-
ing. Type 3 HFpEF identifies patients with HFpEF
with diastolic dysfunction, without significant hy-
pertrophy or underlying cardiovascular diseases.
Finally, type 4 occurs in patients with one or more
cardiovascular conditions, of vascular (eg, coronary
artery disease), valvular (eg, aortic stenosis), sys-
temic (eg, hypertension), or electrical (eg, atrial
fibrillation) origin, or other comorbidities (eg, dia-
betes mellitus, obesity). This category is associated
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FIGURE 1 HFpEF Pathophysiology Overview
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Overview of the structural, functional, and hemodynamic derangements associated with heart failure with preserved ejection fraction (HFpEF) as targeted by device-
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with the most aberrant hemodynamic phenotype,
due to severe diastolic dysfunction, with markedly
elevated LV diastolic and left atrial pressures
(LAPs) (22).

MANAGEMENT OF PATIENTS WITH HFpEF

The absence of effective treatment options for HFpEF
is a major contributor to the challenges associated
with the management of these patients, particularly
in the outpatient setting (5,43). To date, the majority
of large-scale clinical trials aiming to evaluate the
efficacy of medical therapies for HFpEF have had
neutral results (5,44), with a few exceptions. These
exceptions include exercise training, which was
shown to increase functional capacity and QoL (45);
mineralocorticoid receptor antagonists, which were

shown to reduce hospitalization rates (46); and a
combination of a neprilysin inhibitor (sacubitril) and
an angiotensin-receptor blocker (valsartan), which
was recently shown to decrease hospitalization and
cardiovascular death rates and is approved for use in
patients with HFpEF (47).

Current guidelines for the management of HFpEF
recommend treatment of the associated symptoms
and comorbidities. For example, beta-blockers,
angiotensin-converting enzyme inhibitors, or angio-
tensin receptor blockers should be used in patients
with hypertension (48,49), and coronary revascular-
ization is suggested in patients with coronary artery
disease, which exacerbates symptoms of HFpEF (3).
Treatment of patients with cardiac amyloidosis
generally aims to stabilize the involved protein or
suppress the production thereof, while limiting the
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consequences of the disease and avoiding iatrogenic
effects (50,51). Because of the vast abundance of
precursor proteins identified in humans and the
diverse pathogenesis, management of these patients
is remarkably heterogeneous. In patients with cardiac
amyloidosis and evidence of diastolic dysfunction (ie,
type 2 HFpEF), angiotensin receptor blockers should
be used with caution to mitigate the risk of severe
hypotension (especially in the presence of autonomic
system involvement), beta-blockers should be avoi-
ded to prevent negative chronotropic effects, and
diuretics should be administered carefully to avoid
excessive depletion that may severely affect cardiac
output (51). Conversely, for patients with HFpEF with
atrial fibrillation, maintaining sinus rhythm via
various rhythm control therapies (eg, antiarrhythmic
drugs, ablation, cardioversion) is a key strategy to
lowering the risk of cardiovascular death and hospi-
talization (52,53).

Although each of these therapies was shown to
ameliorate HFpEF symptoms, they failed to conclu-
sively show reductions in mortality (5,13). The broad
spectrum of phenotypes and comorbidities of HFpEF
has potentially confounded findings from randomized
clinical trials and, in some cases, led to contrasting
evidence that has been difficult to reconcile. Although
various classifications have been proposed to support
patient stratifications (20,22,42), these have not yet
been adopted in clinical trials, which typically use
broad inclusion criteria and fail to categorize patients
based on their comorbidities, symptoms, or structural
or hemodynamic abnormalities. Furthermore, the
scarcity of preclinical testing due to the lack of a
reliable animal model of HFpEF has been a crucial
contributing factor to the evaluation of traditional
therapeutics and the development of novel ap-
proaches for the treatment of this condition.

ADVANCEMENTS IN THERAPEUTIC OPTIONS
FOR HFpEF

The aim of the current work was to provide a
comprehensive review of the rationale and progress in
device-based solutions that improve the physiology
and hemodynamics of HFpEF by targeting one or
more of the abnormal biomechanical pathways
occurring in the disease or associated symptom-
atology. We briefly summarize here the insights from
the trials of some of the most promising pharmaco-
logic therapies and other interventions or approaches.

Given the success of neurohormonal blockers for
the treatment of HFIEF, significant efforts were made
toward the investigation of these agents in HFpEF.
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Neurohormonal blockers have revolutionized the care
of patients with HF1EF for several decades, as they
reverse cardiac remodeling, thus increasing function
and remarkably improving QoL and survival, and
decreasing hospitalization rates in this patient pop-
ulation (54). However, several trials of the renin-
angiotensin-aldosterone system blockers in patients
with HFpEF failed to conclusively show benefits of
this approach, causing it to be largely abandoned (19).
Another approach that has been widely investigated
is that of increasing cyclic guanosine monophosphate
(cGMP)-protein kinase G signaling due to its role in
the attenuation of pathological cardiac hypertrophy
and remodeling (55). A multitude of trials have
studied the effects of up-regulating cGMP synthesis
through inorganic nitrates in HFpEF or of other
agents such as soluble guanylate cyclase stimulators
(eg, vericiguat, praliciguat) (56-58). In addition, the
effects of phosphodiesterase type 5 and 9 inhibition
have also been investigated (59,60). To date, how-
ever, none of these pathways has shown clinical
benefit in patients with HFpEF.

Other studies have focused on the potential role of
dopamine in improving diuresis and that of inotropic
modulators, such as the phosphodiesterase type 3
inhibitor milrinone (61,62). As with to other trials,
these failed to meet the primary endpoints that would
support use of these agents in HFpEF (61,63). Among
other pharmacologic therapies currently under
investigation are: the interleukin-1 receptor antago-
nist anakinra, believed to improve cardiorespiratory
fitness in patients with HFpEF (64); the sodium-
glucose co-transporter 2 inhibitor empagliflozin, to
alleviate symptoms of pulmonary congestion and
exercise intolerance (65); and the beta-adrenergic
agonist albuterol, which has recently been shown to
promote pulmonary vasodilation during exercise and
to enhance exercise reserve (66). Finally, a
cardiosphere-derived cell-based therapy is currently
under evaluation in a double-blind feasibility trial
(67). This technique involves intracoronary infusion
of allogenic cardiosphere-derived cells with anti-
inflammatory and antifibrotic properties. In a rat
model of HFPEF, this technique was shown to
improve LV relaxation through hemodynamic
assessment, decrease pulmonary congestion, and
enhance survival (68).

To date, compelling evidence exists regarding the
use of the mineralocorticoid antagonist spi-
ronolactone and the dual angiotensin-neprilysin in-
hibitor sacubitril-valsartan (69,70). Particularly, the
TOPCAT (Treatment of Preserved Cardiac Function
Heart Failure With an Aldosterone Antagonist) trial
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reported strongly reduced hospitalization rates in the
spironolactone group compared with placebo (69,71).
A subgroup analysis of this trial restricted to patients
enrolled in North America and South America, with a
more definitive diagnosis of HFpEF and greater
compliance to the study, revealed that, in these
groups, spironolactone also significantly reduced
cardiovascular death rates and symptoms of pulmo-
nary congestion (72,73). The PARAGON (Prospective
Comparison of ARNI with ARB Global Outcomes in
Heart Failure With Preserved Ejection Fraction) trial
compared the effects of sacubitril-valsartan with
those of valsartan alone in 4,822 patients with
symptomatic HFpEF. The dual agent was found to
improve hospitalization rates, New York Heart Asso-
ciation (NYHA) functional class, and QoL slightly
more significantly than valsartan alone (70,74). In
addition, compared with the valsartan-only cohort,
absolute risk reduction in the dual-agent group was
found to be more pronounced in patients enrolled
early (=30 days) after hospitalization than in patients
who enrolled later or who were never hospitalized
(47,70).

In addition to these pharmacologic therapies and
device-based solutions that improve the pathophysi-
ology and hemodynamics of HFpEF (which are dis-
cussed in the rest of this review), other interventions
are currently being investigated in patients with
HFpEF. Examples are whole-body vibration therapy
to potentially improve overall fitness in patients with
exercise intolerance (75) and renal nerve denervation
(76) or splanchnic nerve resection (77) to reduce
sympathetic stimulation. Resection of the splanchnic
nerve was hypothesized to reduce venous return and
thus central vascular congestion in HFpEF; however,
a study in 25 patients showed no significant changes
in either microvascular or macrovascular function
using this approach (78). Finally, the CardioMEMS HF
System (Abbott) is a device that allows remote
monitoring of changes in pulmonary artery pressure,
allowing for personalized patient management. The
system comprises a pressure sensor permanently
implanted in the distal pulmonary artery via a right
heart catheterization procedure and a home unit for
data acquisition and transmission. The CardioMEMS
HF System was shown to reduce HF hospitalizations
and mortality and to improve QoL and was therefore
recently approved for HFpEF therapy as well as for
HFTEF therapy (46,79-84).

DEVICE-BASED SOLUTIONS FOR HFpEF

The inadequacy of medical therapies for HFpEF has
spurred the development of device-based solutions
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that address the physiological or hemodynamic
changes occurring in the disease or aim to ameliorate
symptoms. In HFTEF, a variety of devices, including
cardiac resynchronization therapy (CRT) devices and
MCS devices, have completely revolutionized clinical
management of these patients, dramatically imp-
roving morbidity and survival. Although no device
has yet received approval by the U.S. Food and Drug
Administration for HFpEF, several are currently under
investigation and have shown promising results in a
variety of preclinical and clinical studies (85).

Device-based solutions for HFpEF target one or
more of the functional abnormalities described
earlier. This section first focuses on atrial shunts,
which aim to alleviate LAP, or pulmonary capillary
wedge pressure (PCWP), and associated symptoms of
pulmonary congestion. We describe LV expanders,
which enhance ventricular filling by augmenting the
elastic recoil of the left ventricle from the endocar-
dium or epicardium. A description of electrical stim-
ulators and neuromodulators to improve mechanical
desynchrony and autonomic imbalance follows.
Finally, advancements in the development of me-
chanical circulatory support devices aiming to
decompress the left atrium and restore arterial pul-
satility and cardiac output are discussed. A summary
of the HFpEF devices currently under development
and, where applicable, of their advancements in
clinical trials is provided in Table 1 and Supplemental
Table 1.

ATRIAL SHUNT DEVICES. Atrial shunt devices are
designed to lower elevated LAP by creating a conduit
from the left atrium to other chambers or structures.
Based on the categorization of HFpEF phenotypes
proposed by Burkhoff et al (22), atrial shunts could be
suitable for all 4 types of HFpEF, and particularly for
type 4, as this is associated with the greatest eleva-
tion in LAP compared with the other phenotypes.
Although the majority of these devices rely on
interatrial shunting (ie, from the left atrium to the
right atrium), novel approaches have recently
emerged that shunt blood from the left atrium to the
coronary sinus, aiming to overcome some of the
limitations associated with interatrial devices, such
as the risks of atrial arrhythmias or paradoxi-
cal embolism.

Atrial shunts are currently being evaluated in large
clinical trials and hold promise for improving symp-
toms of pulmonary congestion, exercise capacity, and
QoL for patients with HFpEF. As a result, evidence of
elevated PCWP at rest or exercise, of a positive left
atrium to right atrium pressure gradient, and a his-
tory of exercise intolerance are required as inclusion

777


https://doi.org/10.1016/j.jacbts.2021.06.002
https://doi.org/10.1016/j.jacbts.2021.06.002

778

Rosalia et al.

Advancements in Device-Based Solutions for HFpEF

criteria by most of these trials. Conversely, because of
the risk of shunt occlusion or stenosis and the need
for anticoagulation therapy, patients with a history of
thromboembolic events or allergy to antiplatelet,
anticoagulant, or antithrombotic agents are typically
excluded. Atrial shunting may also impose extra
stress on the right heart and significantly affect car-
diac and pulmonary hemodynamics, making these
devices not suitable for patients with right ventricular
dysfunction, valvular defects, or severe restrictive or
obstructive lung disease. In addition, patients with
anatomic anomalies that preclude implantation, a
history of atrial fibrillation, and allergy to nickel
titanium-based materials are also typically excluded
from these trials.

To date, 3 interatrial shunt devices are under
clinical investigation (namely the Interatrial Shunt
Device [IASD] [Corvia Medical, Inc], the V-Wave
Shunt [V-Wave Ltd], and the Atrial Flow Regulator
[AFR] [Occlutech]) and one left atrium-to-coronary
sinus shunt, known as the Transcatheter Atrial Shunt
System (Edwards Lifesciences) (Figure 2).

INTERATRIAL SHUNT DEVICE. The IASD is a bare-
metal nitinol frame device creating an 8-mm open-
ing between the atria and allowing for blood to flow
down the pressure gradient. The device is deployed
percutaneously using a 16-F sheath via femoral
venous access and under fluoroscopic and trans-
esophageal echocardiographic guidance. After trans-
septal puncture at the mid fossa ovalis, the delivery
catheter is positioned in the left atrium and stabilized
across the septum (86).

The feasibility of the IASD was first reported in a
pilot trial involving 11 patients (LVEF >45%,
PWCP =15 mm Hg at rest, or PWCP =25 mm Hg during
exercise), with one or more hospitalizations for HF
within the 12 months before the beginning of the study
or persistent NYHA functional class III/IV for at least
3 months (87). The device was successfully implanted
in all patients and showed promising hemodynamic
and functional results on 30-day follow-up, including
a reduction in LV filling pressure (14.2 + 2.7 mmHg
compared with a baseline of 19.7 + 3.4 mm Hg;
P = 0.005), associated NYHA functional class of HF,
and QoL improvements in the majority of the patients
(87,88). These findings were corroborated with a
1-year follow-up study conducted on 64 patients (89),
which showed stable reduction in the LV end-diastolic
volume (P < 0.001) and work-indexed PWCP (P < 0.01),
alongside sustained improvements in NYHA func-
tional class (P < 0.001), QoL (P < 0.001), and 6-minute
walking distance (P < 0.01). In addition, the study
revealed no major peri-procedural or adverse events,
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with a 1-year survival of 95% and device patency with
evidence of left-to-right shunting (90,91). Another
study ongoing on a total of 44 patients (92), one half of
whom underwent implantation of the IASD, has thus
far confirmed significant reduction in PCWP during
exercise at 1 month in the IASD cohort compared with
the control group (P = 0.028) (93). Furthermore, a
pooled analysis from these 2 trials (89,92) showed that
implantation of an IASD in patients with LVEF =40% is
associated with significant improvements in pulmo-
nary vascular function, with increased pulmonary
flow and pulmonary artery compliance during both
rest and exercise, and that these changes are even
more remarkable in patients with a history of atrial
fibrillation (94). Other clinical trials are ongoing
(95,96) or have been planned (97) with increasingly
larger cohorts. Particularly, 608 participants are being
recruited for a post-marketing trial after the device has
received CE approval in the European Union to eval-
uate efficacy, safety, and QoL outcomes of patients
with HFpEF 1 year after implantation of the IASD (95).

V-WAVE SHUNT. The V-Wave Shunt allows unidi-
rectional left atrium to right atrium flow when the
pressure gradient exceeds 5 mm Hg. It consists of
an hourglass-shaped nitinol frame encapsulated
with a partially expanded polytetrafluoroethylene
cover serving as an anchor for 3 porcine pericardial
leaflets held together using a Prolene suture (Ethicon
Inc) (98,99). The V-Wave Shunt is implanted per-
cutaneously by using a similar procedure as that
for TASD implantation; it involves transesophageal
echocardiographic-guided femoral venous access and
the creation of an aperture in the fossa ovalis as large
as the inner diameter of the hourglass waist (5.1 mm).

The feasibility and performance of this device were
first reported in several preclinical and clinical HFfEF
studies. Implantation of the device in an ovine model
of chronic ischemic HFrEF revealed LA unloading
while preserving the right atrial or pulmonary artery
pressures (100). The implanted V-Wave Shunt devices
remained patent for the duration of the study (12-
week follow-up) and improved LV filling pressure
(14 + 1 mm Hg vs 22 + 2 mm Hg; P < 0.05), LVEF (42%
+ 3% Vs 25% + 2%; P < 0.05), and 12-week survival
(93% Vs 57%) compared with controls (100).The first-
in-human experience in a 70-year-old man with
HFTEF (LVEF 35%, PCWP 19 mm Hg, and NYHA
functional class III) showed significant improvements
in functional and hemodynamic parameters and QoL
at 90 days (98). A proof-of-principle cohort study in
Canada enrolling 10 patients with HFrEF (NYHA
functional class III, LVEF 25% + 8%, and PCWP 23 +
5 mm Hg) showed initial safety and clinical efficacy at
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Device Category Physiological Target

Devices

Company

TABLE 1 Devices Under Investigation for the Treatment of HFpEF and Clinical Trials (continued in Supplemental Table 1)

Description

Elevated left atrial
pressure

Atrial shunts

Left ventricular Diminished left
expanders ventricular
compliance

Low baroreflex
sensitivity

Stimulators

Diminished diastolic

IASD
V-Wave Shunt

AFR

Transcatheter Atrial
Shunt System

ImCardia

CORolla TAA

BAROSTIM NEO

OPTIMIZER Smart

Corvia Medical Inc
W-Wave Ltd

Occlutech
Edwards Lifesciences

CorAssist, Inc

CorAssist, Inc

CVRx Inc

Impulse Dynamics

Bare-metal nitinol frame with an 8-mm shunting diameter

Hourglass-shaped self-expanding nitinol frame covered with porcine
pericardial tissue

Self-expandable double-disk nitinol mesh braided into 2 flat discs

Bare-nitinol implant flanked with an internal diameter of 7 mm for shunting
from the LA to the coronary sinus

Self-expanding device, which exerts outward and circumferential forces to
the external left ventricular surface

Elastic, spring-like device implanted inside the LV

Implantable device that activates the baroreceptors in the wall of the carotid
artery to restore autonomic balance

Minimally invasive implantable device that applies a nonexcitatory
stimulation enhancing contractility

Implantable devices providing electrical stimulation to the cardiac tissue

Miniature continuous-flow circulatory support device, simulated in the LV-Ao
and LA-Ao configurations

Valveless, pulsatile pump for implantation at the apex made of an actuation
and a blood chamber separated by a soft membrane

Continuous flow pump to be implanted between the LA and LV after mitral
valve removal

Ultra-miniature endovascular pump for endovascular delivery

function System (CCM)
Mechanical CRT devices Various manufacturers (eg,
desynchrony Medtronic, Sorin Group,
Abbott)
MCS Diminished cardiac The Synergy HeartWare International
output System
CoPulse NA
LAAD NA
VADovations VADovations
cardiac assist
system
PulseVAD Northern Development

and HFpEF

First-generation smart pump providing adaptive and pulsatile flow for HFrEF

See Supplemental Table 1 for additional information on devices under investigation.

6MWT = 6-minute walk test; AFR = Atrial Flow Regulator; Ao = aorta; CCM = cardiac contractility modulation; CRT = cardiac resynchronization therapy; EQ-5D = EuroQoL 5-Dimension; HF = heart failure;
HFpEF = heart failure with preserved ejection fraction; HFrEF = heart failure with reduced ejection fraction; KCCQ = Kansas City Cardiomyopathy Questionnaire; LA = left atrium; LAAD = left atrial assist
device; LV = left ventricle; LVAD = left ventricular assist device; MCS = mechanical circulatory support; MLHFQ = Minnesota Living with Heart Failure Questionnaire; NA = not applicable; NT-proBNP = N-
terminal pro-B-type natriuretic peptide; NR = not reported; PCWP = pulmonary capillary wedge pressure; RCT = randomized controlled trial.

the 3-month follow-up, including improvements in
NYHA functional class (from class III to class Il in 78%
of patients and from class III to class I in 1 patient;
P = 0.0004), QoL (24.8 +12.9 vs 13 + 6.2; P = 0.016),
and 6-minute walking distance (318 & 134 m vs 244 +
112 m; P = 0.016), as well as a reduction in PCWP (17 +
8 mm Hg vs 23 + 5 mm Hg; P = 0.035) with no increase
in the right atrium or pulmonary artery pressures and
no change in pulmonary resistance (99).

A prospective, open-label, multicenter study
recruited 22 patients at 1 center in Canada and 16 pa-
tients at 5 centers in Israel and Spain (30 patients with
HFrEF and 8 patients with HFpEF) to evaluate the
safety, feasibility, and efficacy of the V-Wave Shunt at
a median follow-up of 28 months (range: 18-
48 months) (101,102). The shunt was successfully
implanted in all 38 patients (100%) with 1 device- or
procedure-related adverse event at 12 months (2.6%)
and 3 all-cause adverse events at 12 months (7.8%),
including 2 deaths. The device improved NYHA func-
tional class (class I and II in 60% of the patients; P <
0.001), QoL (improvements =5 points in 73% of the
patients; P < 0.001), and 6-minute walking distance

(mean increase 28 4+ 83 m; P = 0.012), whereas no sig-
nificant changes were observed in laboratory parame-
ters, echocardiographic variables, or hemodynamic
status. Although shunt patency at 3 months was 100%,
there was a 14% rate of shunt occlusion and a 36% rate
of shunt stenosis at 12 months, likely due to pannus
infiltration of the bioprosthetic leaflets (102).
Following enhancements in the device design to
improve patency, the RELIEVE-PAH (Reducing Right
Ventricular Failure in Pulmonary Arterial Hyperten-
sion) (103) and the RELIEVE-HF (Reducing Lung
Congestion Symptoms using the V-Wave Shunt in
Advanced Heart Failure) (104) trials were launched to
evaluate safety and efficacy in patients with severe
pulmonary arterial hypertension and HF regardless
of LVEF, respectively. Preliminary results of the
latter trial on a total of 10 patients undergoing im-
plantation of the second-generation V-Wave Shunt
showed patency and absence of stenosis in all cases
at the 1-year follow-up. Significant improvements in
NYHA functional class (16.7% vs 100% of patients in
class III-IV; P = 0.013) and 6-minute walking distance
(338 + 104 m vs 274 + 65; P = 0.169) were also
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observed, suggesting continued efficacy of the device
(105).

ATRIAL FLOW REGULATOR. The Occlutech atrial
flow regulator (AFR) is a self-expandable nitinol mesh
braided into 2 flat discs creating a 1- to 2-mm fenes-
trated neck. The opening can have various diameters
(6, 8, and 10 mm) and is designed to allow interatrial
bidirectional flow (106). The AFR is implanted in the
interatrial septum through a femoral venous access
after an interatrial septal puncture using a 10-F to 12-
F introducing catheter (107).

The AFR device (Occlutechcal) was first implanted
in a 54-year-old woman with severe irreversible pul-
monary arterial hypertension (108), who showed im-
provements in energy level, resting oxygen
saturation, 6-minute walking distance, and symptom
relief from ascites and pedal edema at 6-week follow-
up. A nonrandomized pilot study on 12 patients with
severe pulmonary arterial hypertension undergoing
AFR implantation reported analogous results, with
improvements in 6-minute walking distance (432 +
31.32 m Vs 377.3 £+ 33.2 m; P = 0.008), cardiac index
(2.89 + 0.56 L/min/m? vs 2.36 + 0.52 L/min/m?; P <
0.001), and systemic oxygen transport (428.0 =+
67.1 mL/min/m? vs 367.5 =+ 75.5 mL/min/m?

= 0.04). Moreover, the device was shown to be
patent in all patients at a median follow-up of
189 days (range: 10-296 days) (109). Results from the
PRELIEVE (Pilot Study to Assess Safety and Efficacy
of a Novel Atrial Flow Regulator [AFR] in
Heart Failure Patients) trial (110), which evaluated
device safety and feasibility in patients with both
HFT1EF and HFpEF, confirmed device patency in 92%
of the cases at both 3 and 12 months, as well as a
5 mm Hg drop in PCWP (P = 0.0003) during rest at the
3-month follow-up (111). Improvements in PCWP were
more significant in the HFpEF cohort than in the
HFTEF cohort. However, changes in NYHA functional
class, 6-minute walking distance, and QoL lacked
significance, and 2 major adverse events were re-
ported, namely device embolization and post-
procedural bleeding and syncope.

Currently, a variety of trials are recruiting patients
to test the safety and performance of the AFR. These
include the Prophet (Pilot Study to Assess Safety and
Efficacy of a Novel Atrial Flow Regulator [AFR] in
Patients With Pulmonary Hypertension) trial (112),
which seeks to evaluate feasibility in patients with
pulmonary arterial hypertension; the AFteR registry
(Follow-up Study to Monitor the Efficacy and Safety
of the Occlutech AFR in Heart Failure Patients) (113),
which targets a 3-year follow-up study in patients
with HF; and FROST-HF (Flow Regulation by Opening
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the Septum in Patients With Heart Failure Trial) (114),
which aims to investigate safety and performance of
the AFR device specifically in patients with HFpEF.

TRANSCATHETER ATRIAL SHUNT SYSTEM. To over-
come some of the risks associated with interatrial
shunts, including right-to-left shunting and systemic
embolization, a novel approach was developed to
reduce the PWCP through a shunt from the left atrium
to the coronary sinus (115).

The Transcatheter Atrial Shunt System (Edwards
Lifesciences) is a bare-nitinol implant with 4 arms
and an internal shunting diameter of 7 mm. The de-
vice is deployed between the left atrium and the
coronary sinus through a percutaneous atriotomy, a
procedure involving coronary sinus cannulation from
the right internal jugular vein, coronary sinus-to-LA
puncture under coronary sinus angiography and
balloon dilation of the LA wall (115).

The first study of this device was conducted on 11
patients (7 with HFpEF and 4 with HFrEF) with a
median of 1 HF hospital admission in the year before
implantation, NYHA functional class III or ambula-
tory class IV, and elevated PWCP. Of the 8 patients
who underwent successful 87.5%
improved their NYHA functional class to I or II,
42.9% experienced clinically significant improve-
ments in the 6-minute walking distance (>32 m), and
PCWP was reduced by 9 mmHg at a median follow-
up of 100 days. In addition, follow-up echocardiog-
raphy exhibited stable LVEF, LA volume index, and
right ventricular function, whereas patency of all
devices was confirmed by computed tomographic
assessment (115). Based on these findings, a pro-
spective early feasibility clinical trial was launched

implantation,

to evaluate safety, functionality, and efficacy of this
device in a larger patient population (116). Despite
circumventing the risk of paradoxical embolism, it
remains to be assessed whether left atrium to coro-
nary sinus shunting is effective in mitigating other
risks associated with interatrial shunts, including
that of atrial fibrillation and right HF, as well as
other major adverse events or
complications.

device-related

LV EXPANDERS. LV expanders are spring-like de-
vices that apply outward forces to the left ventricle to
enhance filling performance, which is typically
diminished in HFpEF. By storing elastic energy dur-
ing cardiac contraction and transferring it to the LV
wall in the diastolic phase, these devices seek to
assist early diastolic recoil of the LV chamber
(117,118). Analogously to atrial shunts, these devices
could, in theory, augment filling in all 4 types of
HFpEF. However, their performance could be largely
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FIGURE 2 Atrial Shunt Devices Under Development for the Treatment of HFpEF

ATRIAL SHUNTS |

Transcatheter Atrial
Shunt System

Edwards
Lifesciences

LA-CS shunts

with permission from Burlacu et al (85). Image of the Transcatheter Atrial Shunt System readapted with permission from Simard et al (115).

These devices include the Interatrial Shunt Device (IASD), the V-Wave Shunt, and the Atrial Flow Regulator (AFR) as left atrium (LA) to right atrium (RA) shunts and the
Transcatheter Atrial Shunt System as a LA to coronary sinus (CS) shunt. HFpEF = heart failure with preserved ejection fraction. Images of the LA-RA shunts readapted

affected by the degree of LV remodeling, which varies
considerably across the HFpEF phenotypes. More-
over, diagnosis of hypertrophic cardiomyopathy or
infiltrative heart disease was listed as exclusion
criteria in clinical trials evaluating the safety and ef-
ficacy of LV expanders, effectively precluding in-
vestigations of these devices for types 1 and 2 HFpEF.
In addition, patients with a history of pericardial
disease, right HF, severe obstructive or restrictive
lung disease, and who underwent cardiovascular in-
terventions such as coronary artery bypass surgery
and valve replacement or repair within 3 months
before enrollment were also excluded from these
trials. Diagnosis of HFpEF according to the 2016 Eu-
ropean Society of Cardiology guidelines with a PCWP
>15 mm Hg at rest was required for eligibility (7).
The ImCardia and the CORolla transapical
approach (TAA) devices (CorAssist Inc) are the only
LV expanders being developed and were designed for
implantation on the pericardial and endocardial wall,
respectively, as shown in Figure 3.
ImCardia. The ImCardia is an elastic self-expanding
device made of biocompatible Conichrome FWM 1058

to be implanted on the epicardial surface of the heart.
The device is made of a series of springs, with free
length ranging from 35 to 46 mm, which are connected
to attachment elements and screwed into the epi-
myocardium of the LV free wall 17 to 28 mm apart (119).

In silico and in vitro investigations of this device
predicted areduction of the LV diastolic pressure curve
with partial pressure-volume loop normalization. In
addition, in vivo studies on 8 healthy sheep and 10
mini-pigs induced with diastolic dysfunction reported
device safety and efficacy in improving filling dy-
namics. Particularly, the mini-pigs study showed an
increase in the early apical reverse rotation rate as well
as in the early diastolic to systolic strain-rate ratio at
the mid-endocardium, indicative of enhanced cardiac
relaxation (119).

Based on these findings, an open-label, parallel,
nonrandomized clinical trial was launched to eval-
uate the safety and functionality of ImCardia in 19
patients with HFpEF undergoing aortic valve
replacement up to a 36-month follow-up (120).
Because improvements in cardiac function are antic-
ipated in patients undergoing aortic valve
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replacement, efficacy was not set as an endpoint of
this study. Nevertheless, all patients in the device
group were shown to maintain systolic function, and
improvements in LV mass (38% vs 21% decrease; P =
0.08) and LA area (17% decrease vs 7% increase; P =
0.02) were observed relative to control (121). How-
ever, the trial was terminated due to the invasive
nature of the implantation procedure (120).

CORolla TAA. The CORolla TAA is a cone-like LV
expander composed of 3 elastic arms for implantation
on the endocardial wall. One of the main advantages
of this device over the ImCardia LV expander is the
minimally invasive implantation procedure it allows
for, which only requires a small intercostal incision.
For implantation, purse-string sutures are placed
around the apex, and the transapical sheath is inser-
ted to guide the delivery tool and thus device
deployment in the appropriate orientation. During
this procedure, the papillary muscle pointer guiding
tool is used under echocardiography imaging to
ensure that one of the device arms will be opened
between the 2 papillary muscles. After release, the
device is anchored to the apex through a fixation
suture (121).

A report of preclinical testing on 76 Assaf breed
healthy sheep indicated minimal adverse events, no
weight reduction, and prompt recuperation of the
animals at 24 months (122). In this study, only 1 sheep
showed signs of reduced systolic function, with a
significant reduction in LVEF (49% Vs 65%) at the 6-
month follow-up compared with baseline. In addi-
tion, 2 sheep developed mitral regurgitation; 1 due to
chordae tearing at 4.5 months after implantation, and
1 due to mis-positioning of the device toward the
ventricle base, which likely caused additional pres-
sure below the mitral annulus. One sheep had signs of
mitral valve endocardiosis without regurgitation. On
histopathology, active thrombi were found in 7 sheep
at the 3- to 6-month follow-up, whereas no active
thrombi were present at 12 or 24 months in sheep
given nonsteroidal anti-inflammatory (aspirin) and
antiplatelet (Plavix) medications (121).

An ongoing first-in-human clinical trial aims to
evaluate the safety, feasibility, and efficacy of the
CORolla TAA in 10 patients during 24 months of
follow-up (123). Preliminary results on 1 patient at a
12-month echocardiography follow-up showed
reduction in the LV mass index (122 vs 142 g/m?), LA
volume index (43 vs 58 mL/m?), and LV end-diastolic
volume index (49 vs 84 mL/m?). In addition, func-
tional results at 6 months showed an improvement in
NYHA functional class (III to I), Minnesota Living with
Heart Failure Questionnaire score (18 vs 60 points),
and 6-minute walking test (420 vs 240 m) (122).
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Nevertheless, some of these changes became less
significant at the 24-month follow-up, with LV mass
index and LA volume index increasing to 130 g/m?
and 55 mL/m?, respectively. In addition, the Minne-
sota Living with Heart Failure Questionnaire score
worsened to 44 points, and NYHA functional class
was found to be the same as at baseline. Finally, a
drop in LVEF (44% vs 48%) was also recorded, raising
concerns about long-term progression to HFrEF (121).

However, it must be noted that these data were
obtained on 1 patient only, and more extensive clin-
ical testing of the CORolla TAA LV expander is
required. Future clinical investigations of this device
should evaluate the risks of impairing systolic func-
tion, damaging the mitral apparatus, or altering the
electrical pathways in the heart due to endocardial
adhesion of the device. Finally, the efficacy of the
CORolla TAA in hearts with different degrees of hy-
pertrophy has not been investigated or reported,
raising concerns about the ability of LV expanders to
provide patient-specific support, and thus about pa-
tient selection and eligibility.

NEUROMODULATION AND ELECTROSTIMULATION
THERAPY. A variety of device-based solutions tradi-
tionally used for the treatment of conditions
involving autonomic imbalance and abnormalities in
the cardiac electrical activity are currently under
investigation in patients with HFpEF. Broadly, these
approaches include baroreceptor activation therapy
(BAT) devices, such as the BAROSTIM NEO system
(CVRx, Inc), cardiac contractility modulation (CCM),
and CRT, as illustrated in Figure 4.

Crucially, the adoption of neuromodulation and
electrostimulation therapy in HFpEF emphasizes the
importance of adequate patient stratification, due to
the kaleidoscopic variety of underlying conditions
and symptomatology associated with this disease.
Although these devices have not been approved for
HFpEF, use of BAT, CCM, and CRT is currently being
investigated primarily in patients with HFpEF and
signs or symptoms of hypertension, systolic
dysfunction, and compromised electrical activity of
the heart, respectively, as reviewed in the following
sections. In this context, these co-morbidities may
play a more critical role in patient stratification
compared with structural and hemodynamic abnor-
malities that other classifications are based on. To
date, further evidence is required to show long-term
efficacy of these therapies in HFpEF.

BAROSTIM NEO. BAROSTIM NEO
modulation system that targets the diminished baro-

is a neuro-

receptor sensitivity observed in patients with HFpEF,
affecting chronotropic reserve and heart rate recovery
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FIGURE 3 LV Expander Devices Under Development for the Treatment of HFpEF
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Images readapted with permission from Feld et al (121).

These devices include the ImCardia and CORolla transapical approach (TAA) for epicardial and endocardial implantation, respectively. Other abbreviations as in Figure 1.

(14). Through the activation of the baroreceptors in
the wall of the carotid artery, this system aims to
stimulate both the afferent and efferent pathways of
the autonomic nervous system, increasing the para-
sympathetic tone and diminishing sympathetic drive.

The device represents second-generation BAT
technology, with reported improvements in safety
and adverse events compared with the first-
generation Rheos system by the same manufacturer
(CVRX, Inc) (124-126). In the European Union, the
BAROSTIM NEO device has received the CE mark for
the treatment of HFTEF. It consists of a lead con-
nected to a pulse generator, which is similar to a
defibrillator in shape and size and to a pacemaker in
safety profile (127,128). The device is implanted in the
pectoral region with the lead tunneled subcutane-
ously to the ipsilateral carotid bifurcation (128).

Initially designed for the treatment of resistant
hypertension, BAT was shown to drastically lower
both systolic (144 + 28 mm Hg vs 179 + 24 mm Hg;
P < 0.0001) and diastolic (85 + 18 mm Hg vs 103 +
16 mm Hg; P < 0.0001) blood pressure in a 6-year
follow-up study (126). In addition, the same inves-
tigation highlighted that the effects of BAT were
more evident in patients with signs of HF compared
with patients with isolated hypertension.

In a 6-month proof-of-concept study on 11 patients
with HF (NYHA functional class III, LVEF <40%) on

optimal medical therapy (128), BAT was found to be
safe while also improving muscle sympathetic nerve
activity (31.3 + 8.3 bursts/min vs 45.1 + 77 bursts/min;
P < 0.05) and clinical measures of NYHA functional
class, QoL, and functional capacity.

Currently, the BAROSTIM THERAPY in Heart Fail-
ure With Preserved Ejection Fraction (HFpEF) trial
(129) is recruiting patients with HFpEF with hyper-
tension who are resistant to maximally tolerated drug
therapy with a diuretic and 2 other antihypertensive
medications. In addition, patients with baroreflex
failure, autonomic neuropathy, symptomatic cardiac
bradyarrhythmia, and evidence of ulcerative plaques
or atherosclerosis in the carotid artery are excluded
from this trial. With a 6-month follow-up, this study
will evaluate changes in systolic blood pressure, as
well as LV and LA mass indices, NYHA functional
class, and rehospitalization for HF.

CCM therapy. With the goal of augmenting native
cardiac contractility, CCM therapy involves the
application of a high-voltage (~7.5 V), long-duration
(~20 milliseconds), biphasic stimulation to the right
ventricular septum (130). By targeting the absolute
refractory period phase of the action potential, these
electrical signals do not trigger new cardiac muscle
contraction. Such a nonexcitatory stimulation, how-
ever, enhances the influx of calcium ions into the
cardiomyocytes, resulting in a sustained increase in
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contractility, without raising myocardial oxygen
consumption (131).

The Optimizer Smart System (Impulse Dynamics) is
the most widely investigated CCM device. It includes
an implantable stimulation device connected exter-
nally to a charger. The device is designed for subcu-
taneous implantation in the upper chest with leads
inserted in the heart’s right ventricular septum.

A variety of clinical trials have evaluated the ef-
fects of this device in HFIEF (132-137), leading to CE
approval in the European Union and other countries,
while other studies are ongoing (138,139). This sys-
tem, however, is contraindicated in patients with
permanent or long-standing atrial fibrillation or
flutter, mechanical tricuspid valve, no venous access,
or with 100% ventricle-ventricle-inhibited pacing.
Together, these investigations corroborated the the-
ory that CCM treatment is safe and improves exercise
tolerance, NYHA functional class, and QoL, and
lowers hospitalization rates for up to 2 years of
follow-up (140-143). Notably, the FIX-HF-5 (Evalua-
tion of the Safety and Effectiveness of the OPTIMIZER
System in Subjects With Heart Failure) (132) study
and the FIX-HF-5C (FIX-HF-5 confirmatory study)
(135) showed that larger effects were seen for
elevated LVEF (35%-45%) compared with the group
with LVEF <25%, prompting the evaluation of CCM in
patients with HFpEF. The single-arm open-label
CCM-HFpEF (CCM in Heart Failure With Preserved
Ejection Fraction) trial (144) is currently recruiting
patients with HFpEF (LVEF =50%, NYHA functional
class II or IIl) to evaluate safety and efficacy, pri-
marily through the Kansas City Cardiomyopathy
Questionnaire score over a 24-week period. Notably,
this trial excludes patients with cardiomyopathy or
infiltrative heart disease, severe lung disorders, me-
chanical tricuspid valve, systolic blood pressure
>160 mm Hg, PR interval >375 milliseconds, and a
heart rate >110 beats/min for patients with atrial
fibrillation.

Cardiac resynchronization therapy. CRT devices
have revolutionized the therapeutic approach to HF in
patients with signs of compromised electrical activity
(145,146). They include a pulse-generating device
generally inserted subcutaneously in the chest wall
and 3 wire leads to deliver simultaneous electrical
impulses to the right atrium and both the right and left
ventricles, often asynchronous in the failing heart
(147). Apart from being contraindicated in patients
with a QRS duration <130 milliseconds, these devices
are generally recommended for HFrEF patients with
NYHA functional class III to IV despite optimal medi-
cal therapy and evidence of LV dilation, with the
pacing system being largely dictated by the patient’s
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age and medical condition. As with other types of
electrical stimulation, this technique was initially
developed for HF1EF, with several studies showing
improved NYHA functional class, exercise tolerance,
and QoL (148-150), as well as reduced HF-associated
mortality and hospitalization rates (151,152).

A subgroup analysis of the PROSPECT (Predictors
of Response to CRT) trial, initially designed to test the
performance of CRT in patients with HFTEF (153,154),
revealed similar improvements in clinical scores in
patients with LVEF >35% compared with those with
LVEF <35% at a 6-month follow-up (155). This finding
led to further studies aiming to investigate the effi-
cacy of CRT in HFpEF, particularly with signs of
conduction delays, chronotropic incompetence, and
mechanical dyssynchrony (156).

Six patients with severe HFpEF with interatrial
conduction delay were enrolled in a randomized,
double-blind pilot study, aiming to evaluate the po-
tential benefits of bi-atrial resynchronization therapy
(157), a stimulation technique developed to prevent
atrial fibrillation (158). After 3 months of pacing, im-
provements were seen in the 6-minute walking test
(240 + 24 m vs 190 +15 m; P < 0.05), A-wave duration
(104 4+ 8 milliseconds vs 158 + 25 milliseconds;
P =0.002), and mitral flow dynamics (157). In 2012, the
LEAD (Left Atrial Pacing in Diastolic Heart Failure) trial
began to confirm these findings in a larger cohort (159).
More recently, the PACE (Physiologic Accelerated
Pacing as a Treatment in Patients with Heart Failure
with Preserved Ejection fraction) trial (160) was
launched to evaluate the effects of personalized pacing
on atrial fibrillation and hospitalization rates, as well
as LA and LV pressures. Patients with uncontrolled
hypertension, severe valvular disease, long-standing
persistent atrial fibrillation, and QRS >150 millisec-
onds were excluded from this trial. Although findings
from these studies have not yet been published, results
from another investigation conducted on 22 patients
with HFpEF with atrial fibrillation showed that His
bundle pacing post-atrioventricular node ablation
significantly improved echocardiographic measure-
ments and NYHA classification and reduced the use of
diuretics (161).

The potential benefits of atrial pacing for patients
with LVEF =40% without atrial fibrillation but with
signs of chronotropic incompetence are currently
being investigated in the RAPID-HF (Efficacy Study of
Pacemakers to Treat Slow Heart Rate in Patients With
Heart Failure) trial (162). Similarly, the PREFECTUS
(Cardiac Resynchronization Therapy Versus Rate-
responsive Pacing in Heart Failure With Preserved
Ejection Fraction) trial is evaluating the effects of CRT
on chronotropic incompetence in patients with
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FIGURE 4 Stimulation Therapy Devices Under Development for the Treatment of HFpEF
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These devices include the BAROSTIM NEO for baroreceptor activation therapy and devices for cardiac contractility modulation and cardiac resynchronization therapy.
RA = right atrial; RV = right ventricular; other abbreviations as in Figure 1.

HFpEF (163). Through measurements of cardiac
reserve and functional outcomes in 10 patients, this
trial seeks to shed light on the benefits of CRT over
other techniques such as rate-responsive pacing.

In a large cohort of patients with LVEF <50% and
atrioventricular block, the safety and efficacy of
biventricular pacing were evaluated in the BLOCK HF
(Biventricular Versus Right Ventricular Pacing in
Heart Failure Patients With Atrioventricular Block)
trial (164). This study showed a lower incidence of
adverse events and superior functional outcome
measures compared with right ventricular pacing
(165). Furthermore, a case study reported by Penicka
et al (166) showed that this technique may also be
effective in HFpEF, as it reportedly improved signs of
LV desynchrony and normalized LV end-diastolic
pressure in 1 patient with an LVEF of 64%. After
this study, new control algorithms were developed to
further improve the performance of biventricular
pacing devices. Biventricular fusion pacing, for
example, enables the atrioventricular delay to be
adjusted to continuously synchronize biventricular
pacing with the intrinsic atrioventricular conduction

(167-169). In patients with atrioventricular block, this
technique is associated with superior clinical out-
comes compared with standard biventricular pacing
as well as with a lower incidence of atrial fibrillation
(167,170). The functional benefits of fusion pacing are
currently under evaluation in patients with HFpEF
(171), as further evidence of its efficacy in this patient
population has yet to be provided.

MECHANICAL CIRCULATORY SUPPORT. MCS de-
vices provide hemodynamic support to under-
performing left and/or right ventricles, aiming to
improve the QoL of patients with end-stage
HFrEF. Due to the success of MCS in the manage-
ment of HFrEF, the development of analogous
devices in HFpEF has recently gained consider-
able momentum.

Figure 5 depicts the MCS solutions that have been
investigated to date to improve HFpEF hemody-
namics, namely the Synergy Pump (HeartWare) as an
LA decompression pump, the CoPulse, and the left
atrial assist device (LAAD). These devices aim to
alleviate elevated LAP and associated symptoms
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while restoring adequate cardiac output. This is often
blunted in HFpEF due to systolic dysfunction and
autonomic imbalance, both contributing to reduced
cardiac reserve and symptoms of exercise intoler-
ance. As a result, these devices could be suitable
for all types of HFpEF, as they are all characterized
by high LAP, and particularly for type 1 HFpEF,
due to the remarkably reduced cardiac output. The
additional risks of LA collapse and pump obstruction
imposed by the different levels of hypertrophy asso-
ciated with each HFpEF phenotype require evalua-
tion with respect to pump design and configuration.
Although clinical studies have yet to be conducted,
data from computational and ex vivo investigations
strongly support the development of these MCS de-
vices as a novel and promising therapy for HFpEF.

In addition, other commercial options are currently

under development. These include the VADovations
cardiac assist system (VADovations), which allows for
minimally invasive delivery, and the PulseVAD
(Northern Development) device, which provides
patient-specific adaptive circulatory support from the
left atrium to the descending aorta for both HFrEF
and HFpEF. However, no data have yet been made
available regarding the safety or the feasibility of
either of these commercial devices. This section thus
primarily reviews the development and findings
relative to the Synergy Pump, CoPulse, and LAAD
MCS devices.
LA decompression pumps. Burkhoff et al (22)
evaluated the feasibility of a partial support HFrEF
device (Synergy Pump, HeartWare) as an LA decom-
pression pump to address LA hypertension and
dysfunction in HFpEF. Using a lumped-parameter
model, the authors compared 2 different pump con-
figurations: LA cannulation (ie, from left atrium to
aorta) and LV cannulation (ie, from left ventricle to
aorta). The authors concluded that the LA decom-
pression pump yields an increase in cardiac output
and areduction in LAP in type 1to 4 HFpEF regardless
of the pumping source, albeit with a moderate in-
crease in the systolic blood pressure.

In addition, compared with LV cannulation, LA
sourcing yielded a higher LV end-systolic volume,
lowering the risk of atrial suction associated with
pump-based devices. Although this analysis suggests
that mechanical decompression support with LA
sourcing could be a viable option for severe HFpEF
(22,172), device-related problems, including pump
thrombosis, remain to be addressed before clinical
translation of this technology (172,173). Finally,
continuous-flow pumps result in a dramatic drop in
arterial pulsatility, which, in HFrEF, has been shown
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to be associated with increased gastrointestinal
bleeding, degeneration of aortic wall tissue, and other
complications (174). The use of an MCS that recreates
pulsatile-flow physiology in HFpEF or that is capable
of adjusting to patient-specific hemodynamics has yet
to be investigated.

Valveless pulsatile pump (CoPulse). The design
and feasibility of a valveless pulsatile pump (CoPulse)
for the treatment of HFpEF were recently described
by Granegger et al (175) and Escher et al (176).
Designed for implantation at the apex of the heart,
the CoPulse device is composed of 1 blood chamber
and 1 air chamber divided by a flexible polyurethane
membrane. Blood enters the chamber during diastole
and is ejected by the displacement of the separating
membrane during systole, which occurs in synchrony
with the native heartbeat. In an initial in silico study,
the system was shown to be capable of improving
diastolic hemodynamics in the HFpEF phenotypes
previously described by Burkhoff et al (22). Specif-
ically, 2 designs of the device were modeled, allowing
for stroke volumes of 30 or 60 mL. Furthermore, the
study showed that this device was successful in
increasing the cardiac output, and both pump con-
figurations reduced the LAP by approximately 30%
and 15%, respectively (175).

Recently, Escher et al (176) developed a prototype

of the CoPulse pump and tested its hydraulic char-
acteristics by using computational fluid dynamics and
4-dimensional flow magnetic resonance imaging. The
ex vivo results from the isolated porcine heart model
revealed improved HFpEF hemodynamics by
reducing LAP and increasing cardiac output.
Furthermore, although concerns remain regarding
the durability of the flexible membrane of this device
for long-term support, the simulation showed the
hemocompatibility of the pump as it results in only
moderate shear stresses and has good pump washout
performance.
LA assist device. Another MCS device for HFpEF,
known as the LAAD, was most recently proposed by
Fukamachi et al (177). The LAAD is a continuous
pump with hybrid magnetic and hydrodynamic
bearings designed for implantation at the mitral
valve.

In vitro studies were performed to investigate the
hemodynamic effects of this device on an experi-
mental mock circulatory system, configured to simu-
late various degrees of diastolic dysfunction (177-179).
The performance of the LAAD (ie, left atrium to left
ventricle configuration) was compared with that of
analogous pumpsin 2 other configurations, namely left
atrium to aorta and left ventricle to aorta. Comparison
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of the 3 configurations showed that the LAAD achieves
the most significant hemodynamic improvements,
restoring adequate cardiac output and aortic pressure,
and lowering LAP independently of disease severity.

To date, the LAAD is the first MCS device for HFpEF
undergoing animal testing. In a recent study of
Miyagi et al (180), the LAAD was inserted in 4 healthy
calves through a LA incision in the mitral valve po-
sition, showing improved hemodynamics in the
normal calf heart. Particularly, by controlling the
pump speed (3,600-4,400 rpm), increases in the car-
diac output (6.0 L/min vs 5.3 L/min) and mean aortic
pressure (77 mm Hg vs 69 mm Hg) were achieved,
with a corresponding decrease in LAP (8.3 mm Hg vs
15.1 mmHg). In addition, atrial suction and other
adverse events were rare and likely due to the rela-
tively small size of the calf’s left atrium, whereas no
evidence of LV outflow obstruction was reported.
Miyagi et al (181) also explored the effect of alterna-
tive pump control options. Torque control of the
LAAD was maintained in a mock circulatory loop, and
the pump speed of the device was adjusted by using
active torque control. The initial findings suggest
appropriate cardiac output with reduced pump
backflow and recovered aortic pressure levels under
diastolic HF simulation conditions.

Although the LAAD has been shown to ameliorate
the hemodynamics of HFpEF in a variety of studies
(177-181), questions remain regarding the site of im-
plantation of the device, as the implications associ-
ated with the removal of the mitral valve have yet to
be assessed (182). In addition, although implantation
at the supra-valvular level has been suggested to
preserve the mitral valve, this configuration has not
been studied thoroughly (181). Finally, the effects of
this device on LV diastolic function should be inves-
tigated further in in vivo studies to more compre-
hensively evaluate the feasibility of the LAAD for the
treatment of HFpEF.

DISCUSSION

The development of device-based solutions for
HFpEF seeks to address the lack of adequate medical
therapies that can relieve symptoms and improve the
QoL of these patients (Central Illustration). Stemming
from the impact that devices have on the manage-
ment of HFTEF, and supported by preliminary pre-
clinical and clinical evidence, this approach holds
great promise in addressing one of the major present
challenges in the field of cardiovascular medicine.
The complex and multifaceted nature of this condi-
tion, associated with a multitude of risk factors,
and has made the

symptoms, complications,
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development of suitable therapies particularly
exacting. In addition, the absence of an animal model
of HFpEF poses further complications in this context,
potentially leading to inadequate preclinical testing
and premature clinical trials.

Because device-based solutions of HFpEF are still
in the development phase, to date, clinical trials have
broadly focused on endpoints such as device safety,
mortality, and incidence of post-implant adverse
events, often combined into a composite primary
endpoint to reduce study cost and time (183). These
clinical trials have adopted broad recruitment
criteria, with some having failed to make a distinction
between HFmEF and HFpEF groups. Although this
approach may increase the ability to recruit more
patients, it may confound results (184). In addition,
although it is critical to report changes in mortality
and hospitalization rates, endpoints reflecting symp-
toms, functional capacity, and life quality metrics are
often underemphasized. Given that, to date, very few
trials have fully accomplished their endpoints, new
complementary endpoints could be explored to
assess more patient-centric outcomes (183,184),
which could provide insight into the efficacy of these
devices to mitigate the burden of the daily symptoms
of HFpEF (184).

Crucially, the vast majority of the clinical
investigations of devices for HFpEF have excluded
patients with hypertrophic or restrictive cardiomy-
opathies, leading to unanswered questions regarding
their safety and efficacy in these patient populations.
Similarly, patients with comorbidities of cardiovas-
cular, pulmonary, or systemic origin are underrepre-
sented in clinical trials. Due to the multiorgan
and systemic involvement of HFpEF, these groups
represent a considerable portion of the HFpEF pop-
ulation and must therefore be included in future
clinical investigations.

The current paper reviewed a variety of device
types, each targeting a distinct pathophysiological
mechanism of HFpEF. Atrial shunts, and particularly
interatrial shunts, have been the most widely inves-
tigated in clinical trials and showed evidence of
reducing LAP and improving functional outcome
measures. However, the long-term safety of these
devices still requires evaluation, due to concerns
regarding the induced risks of atrial arrhythmias,
paradoxical embolism, and right HF (106). Although
novel approaches have been drawing increasing
attention in the landscape of atrial shunts to address
these potential risks, currently, left atrium to coro-
nary sinus shunting represents the only alternative to
interatrial devices. The findings reported on the first-
in-human trial of the left atrium to coronary sinus
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FIGURE 5 MCS Devices Under Development for the Treatment of HFpEF
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These devices include the Synergy pump, the left atrial assist device (LAAD), and the CoPulse valveless design, including schematics of their rationale. Ao = aorta;
LA = left atrium; LV = left ventricle; MCS = mechanical circulatory support. Images of the Synergy pump readapted with permission from Morgan and Naka (189).
Images of the LAAD readapted with permission from Fukamachi et al (177). Images of the CoPulse readapted with permission from Granegger et al (175) and Escher et al

(176).

shunt showed the device safety and efficacy,
although studies with larger cohorts and longer
follow-up are necessary to validate these results and
advance this technology to the clinical stage.

LV expanders are designed to improve diastolic
recoil in HFpEF. Currently, CorAssist Inc is the only
medical company developing LV expanding technol-
ogies. Although there has been no report documenting
the development of the ImCardia device after the
termination of its first clinical trial, studies are ongoing
to investigate the safety and feasibility of the CORolla
TAA device, and encouraging first-in-human results
have been reported (122). However, only 10 patients
are enrolled in this single-arm, nonrandomized trial,
and further evidence is required to support the initial

findings. In addition, the degree of support that LV
expandersare able to provide to patients with different
HFpEF phenotypes, degrees of diastolic and systolic
stiffening, and in the context of remodeling as a
dynamic process have yet to be investigated.

The evaluation of a broad spectrum of stimulation
therapy devices in HFpEF arose largely from their
success shown in the treatment of other cardiovas-
cular diseases, including hypertension, diminished
contractility, and atrial fibrillation. Some of these
conditions reportedly accelerate the onset of HFpEF,
whereas others may often arise as a consequence of
LV or LA remodeling (10). Despite lacking specificity
to the HFpEF pathophysiology, therapies such as
BAT, CCM, and CRT have shown overall
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Atrial shunts, left ventricular (LV) expanders, mechanical circulatory support (MCS) devices, and stimulation therapy are currently under
development to improve the hemodynamics and symptomatology of patients with heart failure with preserved ejection fraction (HFpEF).
EDPVR = end-diastolic pressure-volume relationship; ESPVR = end-systolic pressure-volume relationship; LVP = left ventricular pressure;

improvements in symptoms, QoL, and rehospitaliza-
tion rates in patients with HFpEF (126,132,152).
Nevertheless, adequate stratification remains para-
mount to identify the patients who would benefit the
most from any of these therapies. In the context of
CRT in HFpEF, patients should be selected based on
their underlying electrophysiological conduction
disturbances to efficiently restore the cardiac elec-
trical activity and improve diastolic function along-
side clinical and functional outcomes.

In end-stage HFTEF, systolic function and adequate
cardiac hemodynamics can be restored through MCS
devices. Although the use of HFrEF MCS devices that
support the pumping action of the left ventricle is not
recommended in HFpEF, due to reported risks of

atrial suction and intraventricular thrombosis
(86,172,182,185-188), analogous solutions that are
specific for HFpEF are currently under development
to reduce LAP, enhance LV filling, and restore cardiac
output. In this context, a variety of in silico and
in vitro studies have been conducted on a number of
proposed approaches to investigate their feasibility
(22,175-179). To date, however, animal experimenta-
tion for MCS for HFpEF remains minimal, and no
clinical testing has yet been conducted. The safety of
these devices for different HFpEF patient pop-
ulations, as they are affected by various degrees of
hypertrophy as well as of diastolic and systolic
dysfunction, remains to be evaluated. Furthermore,
each of these devices presents specific challenges that
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need to be addressed to support their clinical trans-
lation, including the durability of the flexible mem-
brane of the CoPulse device and the implications
associated with mitral valve removal required for
implantation of the LAAD.

CONCLUSIONS

HFpEF constitutes a major clinical challenge that is
profoundly affected by the lack of appropriate medi-
cal therapies. The need for alternative solutions has
spurred the development of a wide spectrum of de-
vices that aim to restore healthy hemodynamics and
alleviate the symptoms of HFpEF. Devices for the
treatment of HFpEF have advanced in 4 domains
based on the targeted mechanism or symptom:
atrial shunts to lower elevated LA pressure and
symptoms of pulmonary congestion, LV expanders to
augment LV filling performance, stimulation therapy
to target autonomic imbalance and mechanical
desynchrony, and MCS devices to enhance cardiac
output.

To date, no device has obtained U.S. Food and Drug
Administration approval for use in the United States,
and only the IASD has received the CE mark specif-
ically for the treatment of HFpEF. Although results
from preclinical or clinical testing strongly support
the continued development of each of these device
categories, further clinical evidence is required to
establish their long-term safety and efficacy in
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patients with HFpEF, and particularly in those with
hypertrophic or restrictive cardiomyopathies or other
comorbidities, who were broadly underrepresented in
the majority of the clinical trials conducted to date.
Undoubtedly, the development of HFpEF devices is
an emerging endeavor of cardiovascular innovation
that has been drawing increasing attention in the
scientific community worldwide and holds remark-
able promise for the future of HFpEF management
and treatment.
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