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HIGHLIGHTS

o HF affects millions of patients every year, adding a significant financial burden to global health care systems.
o This review discusses the role of novel transcatheter-based therapies for the management of HF.
e Ongoing clinical trials will provide answers on the potential clinical benefits of these technologies in HF outcomes.

SUMMARY

Chronic heart failure is one of the most debilitating chronic conditions affecting millions of people and adding a signif-
icant financial burden to health care systems worldwide. Despite the significant therapeutic advances achieved over the
last decade, morbidity and mortality remain high. Multiple catheter-based interventional therapies targeting different
physiological and anatomical targets are already under different stages of clinical investigation. The present paper
provides a technical overview of the most relevant catheter-based interventional therapies under clinical investigation.
(J Am Coll Cardiol Basic Trans Science 2022;7:181-191) © 2022 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/).

eart failure (HF) is a major global health

problem carrying significant morbidity

and mortality despite the introduction of

novel pharmacological and device-based therapies

(1). Its prevalence has been estimated to increase to

2.97% of the U.S. population by 2030 (2), whereas

the total costs associated with HF care will more

than double. It is estimated that by 2030, the cost of

care will amount to $69.8 billion, up from $30.7
billion in 2012 (1,2).

Over the last several years, the term interventional

HF started to be incorporated in the cardiology

community and to be considered a subspecialty in
some academic centers. In this field, multiple
catheter-based technologies targeting different
physiological and anatomical targets are already in
advanced clinical validation phases. Some of these
technologies aim to alleviate symptoms and reduce
rehospitalization, while others aim to improve quality
of life and possibly impact mortality. In this review,
we summarize the progress achieved to date in some
of these rapidly emerging therapeutic areas intended
to address a wide range of unmet needs experienced
by patients with chronic HF (Central Illustration).
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ABBREVIATIONS
AND ACRONYMS

CI = confidence interval

COVID-19 = coronavirus
disease 2019

CS = coronary sinus
CVP = central venous pressure
HF = heart failure

HFpEF = heart failure with
preserved ejection fraction

HFrEF = heart failure with
reduced ejection fraction

HR = hazard ratio

LA = left atrium/atrial
LAP = left atrial pressure
LV = left ventricular

LVEF = left ventricular
ejection fraction

LVEDV = left ventricular end-
diastolic volume

LVESV = left ventricular end-
systolic volume

LVESVi = left ventricular end-
systolic volume index

NYHA = New York Heart
Association

PCWP = pulmonary capillary
wedge pressure

RA = right atrium/atrial
RAP = right atrial pressure

SVC = superior vena cava

VENTRICULAR REMODELING AND
MYOCARDIAL PERFORMANCE

Ventricular remodeling is the process by
which a combination of myocyte hypertro-
phy, apoptosis, myofibroblast proliferation,
and interstitial fibrosis result in progressive
cavity dilation, distortion of the normal
elliptical shape, and left ventricular (LV)
contractile dysfunction (3). Alterations in
myocyte length and width are the basis of the
changes seen in LV end-systolic volume
(LVESV) and LV end-diastolic volume
(LVEDV) in LV remodeling (4). These patho-
logical changes result in rightward shifts of
the end-diastolic pressure-volume relation-
ships toward larger volumes (5). Based on
Laplace’s law, this shift of the end-diastolic
pressure-volume relationships toward larger
volumes results in a decreased slope
(contractility) of the end-systolic pressure-
volume relationship and increased systolic
and diastolic mechanical stress on myocytes,
which propagates the remodeling process (6).
Specific to ischemic heart disease, necrotic
myocardium undergoes fibrosis and scar
formation (3), which also contribute to LV
remodeling (7). Following this early stage,
myocardial remodeling is predominantly
driven by the hypertrophic myocyte elonga-
tion in the noninfarcted zone, as occurs in

nonischemic dilated cardiomyopathy (8,9).

Thus, changes in LV mass ultimately represent a
maladaptive response and represent one the most
frequently seen features in myocardial remodeling
(5), as this contributes to a worsened imbalance be-
tween energy supply and demand, as the degree of
hypertrophy is generally unable to be compensated
by capillary growth (10). All these mechanical changes
result in inefficient oxygen delivery from capillaries
to myocytes (11), resulting in subendocardial hypo-
perfusion and ischemia at times of high energy de-
mand (10).

Surgical ventricular reconstruction aimed to
reverse ventricular remodeling by excluding the
infarcted akinetic region. However, in the overall
study population, there were no changes in func-
tional capacity, cardiac-related death, or rehospi-
talization rates (12). Specifically, in the STICH
(Surgical Treatment of Ischemic Heart Failure) trial
(13), 555 patients who underwent coronary artery
bypass grafting plus surgical ventricular recon-
struction and showed a postoperative LVESV index
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(LVESVi) =70 mL/m? by echocardiography experi-
enced a survival benefit compared with coronary
artery bypass grafting alone (13). The benefit of this
approach was less clear in patients with HF with
reduced ejection fraction (HFrEF) and extensive
ventricular dilation because it technically limits the
ability to achieve sufficient reduction in LV volume
(5). In addition, the highly invasive nature and risk
associated with this surgical procedure have led
most major surgical centers to abandon this pro-
cedure (5). The emergence of less invasive catheter-
based techniques has revitalized this approach
based on the premise of decreasing postoperative
complications and mortality compared with open
heart surgery (Figure 1).
CATHETER-BASED VENTRICULAR RECONSTRUCTION.
The Revivent TC Transcatheter Ventricular
Enhancement System (BioVentrix) achieves LV vol-
ume reduction by using micro-anchors designed to
exclude anterior scarred myocardium from viable
tissue, reducing volume, radius, and wall tension
while restoring the conical morphology to the LV. The
system is being studied in patients with ischemic
cardiomyopathy and New York Heart Association
(NYHA) functional class III or ambulatory IV who had
a previous transmural myocardial infarction (at least
90 days before implantation) leaving a residual scar in
the anterolateral LV wall. LV dilatation or aneurysm
must be present and viable myocardium must exist at
the LV base as a requirement for device implantation.
The system is implanted using the LIVE procedure,
performed by both an interventional cardiologist and
a cardiac surgeon (14). A 5-cm to 8-cm mini-
thoracotomy is made in the left fifth intercostal
space to provide access to the lateral wall of the heart.
Meanwhile, the interventionalist introduces a multi-
purpose catheter into the right internal jugular vein
containing a trilobed snare that is opened in the RV
chamber. The surgeon then passes a straight needle
from a predetermined site on the anterolateral LV
wall at the edge of the scarred area, through the LV
chamber and across the anterior septum into the RV.
A guidewire is passed through the needle, which is
snared in the RV and externalized from the right
neck. The interventionalist then introduces a poly-
ether ether ketone tether over the guidewire through
the RV and out the LV. This tether has in incorporated
hinged anchor (25 x 5 mm) that is deployed against
the RV septal wall. The surgeon then advances a
paired, external (locking) anchor of identical size over
the tether, and the 2 walls are brought into apposition
with controlled compression. This excludes the scar-
red region spanned by these 2 anchors. This process is
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« Reverse ventricular
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Potential targets for transcatheter therapies in patients with advanced symptomatic heart failure (HF). LA = left atrial; LV = left ventricular.

repeated as many times as needed at progressively
more basilar levels so as to exclude as much of the
infarcted, dyskinetic myocardium as possible.

The first-generation system, used in 51 patients,
required a median sternotomy. The current, second-
generation system uses the less invasive LIVE pro-
cedure described previously and has been used in 35
patients. No significant differences in terms of major
or minor adverse events have been reported between
the 2 procedures. At 12 months, significant improve-
ments were reported in echocardiographic variables
(LVEDV index declined from 106 =+ 33 mL/m? to 80 +
26 mL/m? and LVESVi declined from 74 + 28 mL/m? to
54 + 23 mL/m?), functional NYHA functional class,
6-minute walk distance, and Minnesota Living with
Heart Failure Questionnaire (14). Major adverse events
included tricuspid valve insufficiency increase, mitral
valve insufficiency increase, pulmonary valve insuf-
ficiency increase, ventricular septal defect, bleeding,
respiratory failure, stroke, and late cardiac arrest,

without significant difference between the sternot-
omy and the hybrid approach group (14). The ongoing
ALIVE (The Azimilide Post-Infarct Survival Evalua-
tion) trial (NCT02931240) is designed to test the safety
and efficacy of the second-generation system.

The AccuCinch Ventricular Restoration System
(Ancora Heart) was initially developed with the
objective of improving the myocardial distortion
responsible for the development of functional mitral
regurgitation in HFrEF patients at high risk for sur-
gical treatment. During device implantation, the LV is
accessed using a retrograde approach via the aortic
valve. A guidewire is placed behind the mitral chor-
dae providing access for the TracCath (Ancora Heart),
which serves as a template for anchor placement.
Using this rail system, a series of anchors and spacers
connected with a cable are used to cinch and lock the
system into the LV wall 1 to 2 cm below the mitral
valve. Between 12 and 16 nitinol anchors are
implanted over a 220° arc in the subannular space and
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FIGURE 1 Transcatheter-Based Ventricular Reconstruction

Catheter-based reconstruction devices seeking to reverse ventricular remodeling:
(A) Revivent TC (BioVentrix) and (B) AccuCinch (Ancora Heart).

cinched together with a polyethylene cable, with the
goal to reduce the basal-to-mid-LV circumference and
wall tension and increase mitral leaflet opposition (5).
A multicenter, prospective, single-arm Early Feasi-
bility Study (NCT02806570) evaluated the safety and
performance of the system at 6 months in 21 patients
enrolled in 8 U.S. sites. Device success was 90%
(n = 19 of 21) with an average procedure duration of
150 minutes. No major adverse events were reported
(15). At 6 months, in 8 patients who had complete
imaging follow up there was an improvement of +10%
in LVEF, a decrease of -19 mL/m? in LVESVi, and
reduction of the effective mitral orifice area by
-0.16 cm?. Improvements of NYHA functional class
and quality of life as measured by the Kansas City
Cardiomyopathy Questionnaire were also reported
(15). A pivotal study aiming to determine the benefit
of this device in patients with HFrEF (LVEF =40%
and =20%) and NYHA functional class III and IVa
without significant mitral regurgitation has recently
been initiated (NCT04331769).
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RENAL PERFUSION IN DECOMPENSATED HF

Acute decompensated HF is the cause for a majority
of hospitalizations for patients with chronic HF.
Factors considered to contribute to a decline in renal
perfusion include decreased cardiac output,
increased central venous pressure (CVP), and renal
arterial vasoconstriction due to activation of the
renin-angiotensin-aldosterone system, leading to
decreased urine output and diuretic resistance
(16,17). Based on current mechanistic understanding
of determinants of urine output and fluid balance in
HF, multiple new catheter-based technologies have
been developed to treat volume overload not
responding adequately to intravenous diuretics. In
general, these technologies fall into several cate-
gories, including devices that induce venodilation,
remove fluid from the vasculature or interstitial
space, increase renal artery pressure, decrease renal
vein pressure, or selectively dilate the renal arteries
(18-20). Only the devices relevant to catheter-based
interventions, those that enhance renal artery pres-
sure, and those that decrease renal vein pressure are
summarized subsequently (Figure 2).

RENAL ARTERY PRESSURE OPTIMIZERS. The Aortix
percutaneous mechanical circulatory support system
(Procyrion) is a 6-mm axial flow pump placed via a
transfemoral approach in the descending aorta,
proximal to the renal arteries. The device is intended
to provide cardiac unloading and augmentation of
renal and systemic perfusion (21). Aortix reduces
afterload and increases cardiac output at low speeds;
higher speeds seem to increase the mean PA pressure,
possibly owing to increased venous return (16,22).
The system provides up to 5 L/min of flow at
30,000 rpm, with a mean flow of 3.5 L/min at
25,000 rpm. The device was tested in a single-center,
first-in-human safety and feasibility study enrolling 6
patients with ischemic cardiomyopathy and LVEF
between 20% and 28% who were scheduled to un-
dergo complex coronary intervention. It was suc-
cessfully delivered in all patients within a mean of
5.8 minutes after access was obtained, and it was
removed after a successful percutaneous coronary
intervention in all patients (21). No major complica-
tions or significant hemolysis occurred, and urine
output had a temporary 10-fold increase in the 4 pa-
tients in whom urine output was recorded (21). A
larger (n = 45) multicenter, nonrandomized feasi-
bility study is being planned to test the safety and
performance of Aortix system in the management of
patients hospitalized with acute decompensated HF
and cardiorenal syndrome (NCT04145635). The
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FIGURE 2 Transcatheter Renal Hemodynamics Optimizers
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Devices in development aiming to modify renal hemodynamics in heart failure: (A) Aortix pump (Procyrion), (B) Second Heart Assist Device
(Second Heart Assist), (C) Reitan Catheter Pump (Cardiobridge), and (D) Doraya Renal Flow Regulator (Revamp Medical).

impact of this or other devices that increase renal
artery pressure on CVP has not yet been investigated,
and in the upcoming pilot clinical study the device
will be studied for up to 7 days.

The Second Heart Assist Device (Second Heart
Assist) is an investigational, catheter-based device
also being considered for management of cardiorenal
syndrome. A wirelessly powered chronic device is
being developed for longer-term use for patients with
chronic HF. At the core of both platforms is a
pulsatile-conforming aortic radial collapsible stent
pump design allowing for a relatively easy femoral
insertion and aortic positioning. Once properly posi-
tioned in the descending aorta proximal to the renal
arteries, the stent distends the aortic wall (~1-2 mm)
to provide fixation without need for invasive
anchoring. A 22-mm nitinol stent cage protects the
aortic wall from the pump impellers. Because the
stent fills the entire inner diameter of the aorta and
possesses a 20- to 23-mm impeller, the pump needs
lower revolutions per minute to achieve 4 to 6 L/min
of flow. The pump increases blood flow to the kid-
neys, improving renal perfusion and urine output,
potentially reducing the need for diuretics and
possibly decreasing HF readmissions. However,
formal published data regarding this device are lack-
ing at this time.

The Reitan Catheter Pump (Cardiobridge) is
another percutaneous ventricular assist device to
help treat patients with acute decompensated HF and
cardiorenal syndrome. It consists of a catheter-
mounted distal pump head with a foldable propeller

and surrounding cage, an interface unit, and an
external drive unit with user console. The collapsed
10-F pump-head is delivered via a 14-F sheath placed
in the femoral artery and is advanced to the proximal
descending aorta about 5 to 10 cm distal to the left
subclavian artery. Once in position, the pump head is
deployed, and the propeller blades are extended and
set to rotate at 8,000 to 11,000 rpm with the goal to
achieve a radiofemoral mean arterial gradient of
10 mm Hg. This is thought to help unload the LV and
increase the perfusion pressure distally. A first-in-
human study confirmed the device safety and
feasibility during high-risk percutaneous coronary
intervention (23), and a subsequent study by Keeble
et al (24) studied the hemodynamic and renal effects
of this device in 20 patients (2 were excluded due to
anatomic incompatibility with the device) with
advanced HF (LVEF <30%) in acute decompensation
requiring inotropic or mechanical circulatory support.
Patients received support for a mean of 18.3
hours, and the device increased cardiac index (1.8 +
0.3 L/min/m? to 2.4 + 0.5 L/min/m?; P = 0.04) and
urine output (71 + 65 mL/h to 227 + 179 mL/h; P =
0.006) while decreasing serum creatinine (188 4+
87 umol/L to 161 + 78 umol/L; P = 0.0007) without
clinically significant hemolysis, vascular injury, or
thromboembolic complications (24).

RENAL VENOUS PRESSURE MODIFIERS. Elevated
CVP, with subsequent renal venous congestion, im-
pairs renal function in the setting of decompensated
HF, causing decreased kidney function and neuro-
hormonal changes (25). Several studies (18-20) have
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found a correlation between elevated CVP and pro-
gressive decline in renal function. The classical study
by Mullens et al (26) demonstrated that, in patients
with decompensated advanced HF (baseline charac-
teristics: mean age 54 + 14 years, mean LVEF 20 + 8%,
cardiac index 1.9 + 0.6 L/min/m?), 40% developed
worsening renal function (“congestive kidney fail-
ure”) within the first 5 days of hospitalization. These
subjects were more likely to have worse kidney
function at baseline (serum creatinine 1.9 + 0.9 mg/dL
vs 1.5 £+ 0.8 mg/dL; P = 0.007), and more importantly,
the mean baseline CVP was significantly higher in the
group that developed worsening kidney failure versus
those who did not (18 + 7 mm Hg vs 12 + 6 mm Hg; P <
0.001) (26). Unexpectedly, the mean cardiac index
was significantly higher in the group that developed
worsening kidney failure. There are several investi-
gational devices aiming to reduce renal afterload to
increase renal blood flow, increase urine output and
sodium excretion, and improve responsiveness
to diuretics.

The preCARDIA system (preCARDIA) consists of a
pump console and a catheter that is introduced
through the internal jugular vein and positioned into
the pulmonary artery (PA) (16). A proprietary balloon
located on the shaft of the catheter is positioned in the
superior vena cava (SVC) above the junction of the
right atrium (RA). This proprietary balloon is used to
create intermittent mechanical occlusion as a thera-
peutic approach in significantly congested patients
with acute decompensated HF (16). In contrast to
inferior vena cava occlusion, SVC occlusion reduces
preload and unloads the heart without reducing sys-
temic blood pressure or cardiac output; no neurolog-
ical or vascular injuries were reported after 12 to 18
hours of intermittent SVC occlusion (27). The net effect
of the preCARDIA catheter is a reduction in CVP and
sustained mean arterial pressure, thus creating
improving hemodynamics and improving renal
perfusion. An early open-label feasibility study is
currently enrolling HF patients with NYHA functional
class III to IV with inadequate diuresis with the
objective of determining freedom from major adverse
events throughout 30 days (NCT03836079). Pre-
liminary data suggest a beneficial effect on cardiac
output, diuresis, right atrial pressure (RAP), and pul-
monary capillary wedge pressure (PCWP). The system
has recently obtained the Breakthrough Device
Designation by the Food and Drug Administration.

The Doraya Renal Flow Regulator (Revamp Medi-
cal) is a temporary intravenous flow regulator that is
percutaneously positioned in the inferior vena cava
distal to the renal veins to partially restricts venous
flow and reduce renal vein pressure (16). The device is
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introduced via the femoral vein using a 12-F sheath
and consists of a 25-mm nitinol frame mounted on the
distal portion of the catheter. Adjusting the opening
of the frame allows for a partial obstruction of venous
flow, decreasing preload and congestion and creating
an iliac-to-CVP gradient of about 5 mm Hg. By
decreasing congestion, the system is expected to
achieve unloading of the renal venous system and
improve perfusion pressure to the kidneys. A second
effect is unloading of the LV, which results in reduced
filling pressures and wall stress (28). Currently, an
ongoing first-in-human study is evaluating the safety
and performance of this device (NCT03234647). Early
preliminary results from 5 enrolled patients have
been promising, showing improvement in urine
output and CVP; no serious adverse events associated
with device placement or distal venous congestion
were seen (29). The system was also granted Break-
through Device Designation by the Food and Drug
Administration in July 2020.

INTERATRIAL SHUNTS FOR REDUCING PCWP
DURING EXERCISE

In healthy individuals, cardiac output augments
during exercise by increasing stroke volume (SV) and
heart rate without an excessive increase in filling
pressures. SV increases up to 40% as a result of both
an increase in the LVEDV and a decrease in the
LVESV, yielding a 15% absolute increase in LVEF
(4,30). These mechanics depends on a compliant
ventricle with normal early diastolic relaxation to
avoid a significant increase in pressure at higher heart
rate. Furthermore, in healthy individuals, the PCWP
at peak supine exercise is <20 mm Hg and the LV end-
diastolic pressure is almost invariably <25 mm Hg
(31). In contrast, patients with HF (both HF with
preserved ejection fraction [HFpEF] and HFrEF)
experience significantly elevated PCWP and LV end-
diastolic pressure just by raising their legs and
placing their feet in the pedals of a supine cycle, and
these pressures raise even further after exercise is
initiated (4,32,33). In HFpEF, in which exercise he-
modynamics have been most extensively studied, up
to 88% of the patients reach a mean PCWP of
35 mm Hg or greater at peak exercise (4,32). This in-
crease in the wedge is associated with development
of B-lines in thoracic ultrasound and a decrease in
aerobic capacity (4,34).

Some theoretical models explored the concept of an
interatrial shunt for reducing this exercise-induced
rise of PCWP to improve exercise tolerance (31). In
one study, the contractile properties of each cardiac
chamber were modeled by time-varying elastances
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and systemic and pulmonary vascular beds modeled
by series of resistance and capacitance elements,
based on data from 2 previously published papers of
patients with HFpEF (4,32,35). An interatrial shunt
was introduced in the model by allowing flow between
the left atrium (LA) and RA, calculating the results that
were obtained by varying the shunt diameter up to
12 mm (4). By creating a conduit in the interatrial
septum, the pressure gradient between the LA and RA
would potentially allow decompression of the left
heart when the PCWP increases exaggeratedly during
exercise. It was determined that the pressure gradient
between chambers decreases as the shunt diameter
increases, with the effect plateauing at around 10 mm
(4). At peak exercise, the interatrial shunt model
produced a decrease in LA pressure (LAP)-RAP
gradient from 17 to 5 mm Hg, mainly owing to an 8-mm
Hg decrease in LAP and a 3-mm Hg increase in RAP (4).
At rest, the mean shunt flow was 1.4 L/min, corre-
sponding to a Qp/Qs of 1.3. At peak exercise, the Qp/Qs
was 1.4 with an average flow of 2.8 L/min. Moreover,
the peak and mean PA pressures did not increase with
the increased flow, owing to the reduction in LAP (4).
Importantly, according to the 2019 American College
of Cardiology/American Heart Association congenital
heart disease guidelines, congenital shunts of these
sizes and Qp/Qs values in this range are unlikely to
have deleterious effects on RV size, function, or pul-
monary pressures (36). These guidelines have been
used to rationalize the likely safety profile of this
approach, an assumption that will need to be proved
in long-term follow-up studies. Several devices are
under development based on these data, aiming to
improve clinical outcomes in HF and to improve
symptoms by altering the LA and pulmonary hemo-
dynamics via implantable devices (Figure 3).

The V-Wave Shunt System (V-Wave) is a prosthesis
built as an hourglass-shaped, self-expanding nitinol
stent frame with an internal “neck,” which is placed
across the fossa ovalis. The device is secured in place
with the wide entry funnel located in the LA and the
wide exit funnel in the RA. The entry funnel and the
neck are encapsulated with polytetrafluoroethylene
to limit tissue growth and to facilitate laminar flow
(37). The device is implanted percutaneously under
transesophageal echocardiography guidance via the
right femoral vein. The initial version of the device
had a valve, which is no longer present in the current
version of the V-Wave. A first-in-human trial showed
improvement in NYHA functional class, quality-of-
life measures, 6-minute walk test distance, and
PCWP (37). However, a longer-term follow-up
revealed a 14% (n = 5 of 36) rate of occlusion and 36%
(n = 13 of 36) rate of stenosis at 12 months (38). An
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ongoing randomized trial of the nonvalved device
(RELIEVE-HF [REducing Lung congestlon Symptoms
Using the v-wavE Shunt in adVancEd Heart Failure]
trial [NCT03499236]) is actively recruiting patients to
test if the device improves clinical outcomes in pa-
tients with NYHA functional class III and IVa symp-
toms, and is including patients with preserved and
reduced LVEF; the only exclusion criterion is an LV
end-diastolic dimension >8.0 cm.

The IASD system (Corvia Medical) consists of a
nitinol frame with a 19-mm outer diameter that cre-
ates a permanent 8-mm atrial septal shunt. As noted
previously, the mathematical model described pre-
dicted that an 8-mm shunt diameter yields a Q,/Qs of
1.3. The device is implanted using a proprietary de-
livery catheter via the right femoral vein. The
REDUCE LAP-HFI (Reduce Elevated Left Atrial Pres-
sure in Patients With Heart Failure I) I trial was a
small (n = 44) randomized, sham-controlled trial that
enrolled HFpEF patients showing significant benefit
(P = 0.028) in decreasing peak PCWP during exercise
(20, 40, and 60 W) at 1-month follow-up when
compared with the sham control group, without any
major adverse cardiac or cerebrovascular events (39).
That same population was subsequently followed for
a longer term (median follow-up 739 days) and had a
significantly better survival when compared with the
predicted mortality as calculated using the MAGGIC
(Meta-analysis Global Group in Chronic Heart Failure)
(40,41) prognostic score (3.4 per 100 patient-years vs
10.2 per 100 patient-years; P = 0.014) (42). A multi-
center, randomized, triple-blinded (participant, care
provider and outcomes assessor) controlled trial, the
REDUCE LAP-HF II trial (NCT03088033), is ongoing.
All of the intended 608 patients have been recruited,
and patients are now in the follow up period, which
will define the potential clinical benefits of the IASD
system.

The Atrial Flow Regulator (Occlutech) is another
interatrial shunt device designed with the goal of
trying to decrease LAP. It consists of a nitinol mesh
device composed of 2 flat discs and a 1- to 2-mm
connecting neck with a central fenestration allowing
bidirectional flow. The device is manufactured with
different fenestration sizes (6, 8, or 10 mm), and it is
delivered following balloon atrial septostomy, as the
Atrial Flow Regulator has less radial force than similar
devices (43). The AFR-PRELIEVE (Pilot Study to
Assess Safety and Efficacy of a Novel Atrial Flow
Regulator [AFR] in Heart Failure Patients) trial was a
small (n = 36) prospective, nonrandomized, open-
label study enrolling NYHA functional class III or IV
HFTEF and HFpEF patients with a 3-month follow-up
that showed that the implant was safe and had few
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FIGURE 3 Transcatheter Interatrial Shunt Devices

Interatrial shunt devices aiming to improve clinical outcomes in heart failure altering the
left atrial and pulmonary hemodynamics: (A) preCARDIA system (preCARDIA), (B) V-
Wave Shunt system (V-Wave), (C) IASD system (Corvia Medical), (D) Atrial Flow Regulator
(Occlutech), (E) NoYa system (DiNoVa), and (F) Transcatheter Atrial Shunt System
(Edwards Lifesciences).

(n = 5 of 36) device-related complications. A single
patient in the HFTEF group died 30 days after implant
due to causes unrelated to the procedure (pneumonia
and sepsis), and 3 of 36 patients were hospitalized
due to worsening HF (43). The PROLONGER (Pomer-
anian atRial flOw reguLatOr iN conGestive hEart
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failuRe) trial (NCT04334694) is an ongoing non-
randomized, open-label trial that is currently
enrolling patients. The study is designed to ascertain
improvement in certain clinical (6-minute walk test,
NYHA functional class) and hemodynamic outcomes
(PCWP at rest and during handgrip test) after a 12-
month follow-up.

The NoYa system (DiNoVa Medtech) is a stentless
shunt system using a self-expanding nitinol stent that
ablates the contacting tissue of the atrial septum us-
ing radiofrequency energy. The stent possesses
adjustable strings that are used to adjust the diameter
of the waist from 4 to 10 mm. The system creates an
atrial septal defect without the need of an implant-
able component allowing future interventional pro-
cedures. Preliminary data from a first-in-human trial
presented at TCT (44) showed significant improve-
ment in N-terminal pro-B-type natriuretic peptide
levels and in 6-minute walk test distance.

Finally, the Transcatheter Atrial Shunt System
(Edwards Lifesciences) is a bare-nitinol implant
flanked by 4 arms with an internal shunting diameter
of 7 mm. Two arms situated on the LA wall, while the
other 2 arms lie within the coronary sinus (CS).
Intraprocedural CS multimodality imaging (angiog-
raphy, fluoroscopy, transesophageal echocardiogra-
phy, and hemodynamics) are done to verify
appropriate device positioning and LA-to-CS shunt-
ing. A first-in-human trial was recently published by
Simard et al (45), showing successful implant in 8 of
11 participants. After a median follow-up of 201 days,
no major adverse periprocedural events were recor-
ded, NYHA functional class improved to I or II in
87.5%, PCWP was reduced by a mean of -9 mm Hg,
and shunt was sustained (AQp/Qs = 0.25) (45).

INVASIVE HEMODYNAMIC MONITORING

PCWP provides invasive hemodynamic information
reflecting LAP. Remote invasive monitoring of PA
pressure with the goal of achieving early detection of
impending volume overload and modifying therapy
or patient behavior in HF patients was shown to be
associated with fewer HF hospitalizations than
traditional management based on symptoms and
clinical signs alone (46). The seminal CHAMPION
(CardioMEMS Heart Sensor Allows Monitoring of
Pressure to Improve Outcomes in NYHA Class III
Heart Failure Patients trial) study showed that during
the entire follow-up (mean 15 + 7 months), there was
a 37% reduction in HF-related hospitalization
compared with the control group (hazard ratio [HR]:
0.63; 95% confidence interval [CI]: 0.52-0.77; P <
0.0001) (46). A 1-year follow-up post-approval,
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FIGURE 4 Transcatheter Remote Invasive Hemodynamic Monitoring

B

system (Vectorious Medical).

Remote invasive monitoring devices: (A) Cordella PA Pressure Sensor System (Endotronix) and (B) V-LAP left atrial pressure monitoring

multicenter, prospective, open-label, observational,
single-arm trial of 1,200 patients with NYHA func-
tional class III HF and a prior HF hospitalization
within 12 months showed a reduction of HF hospi-
talization rates from 1.25 events per patient-year the
year prior to enrollment compared with 0.54 events
per patient-year the year following device implanta-
tion. This amounted to a risk reduction of 57% (HR:
0.43; 95% CI, 0.39-0.47; P < 0.0001) (47). Similar
findings were noted in a registry study conducted in
the European Union, with a 62% reduction of HF
hospitalization the year following implantation
compared with the year prior to implantation (HR:
0.38; 95% CI: 0.31-0.48; P < 0.0001). All of these
beneficial findings have stimulated industry to invest
into the development of new monitoring technology
(Figure 4), which will be reviewed subsequently.
However, most recently the results of the prospec-
tive, randomized, single blind GUIDE-HF (Hemody-
namic-GUIDEd Management of Heart Failure) study
that included 1,022 primarily NYHA functional class II
and III patients comparing HF management with and
without knowledge of CardioMEMS readings reported
no significant difference between groups (HR: 0.88;
95% CI: 0.74-1.05; P = 0.16) (48). Unfortunately, the
study conduct was complicated by the coronavirus
disease 2019 (COVID-19) pandemic; a prespecified
subgroup analysis assessing the result in the pre-
COVID era showed a significant reduction of HF
events in the active management group (HR: 0.81;
95% CI: 0.66-1.00; P = 0.049). During the COVID-19
era of the study, there was no treatment effect, and
the rate of HF events decreased in the control group
compared the active group (~0.55 events per patient-
year), which did not change significantly from the
pre- to post-COVID-19 eras. The implications of these

findings to the adoption of pressure monitoring for
HF patients remain to be seen. Nevertheless, as
noted, there are several invasive monitoring tech-
nologies that remain under development.

The Cordella PA Pressure Sensor System (Endo-
tronix) is intended to measure, record, and transmit
PA pressure from congestive HF NYHA functional
class III patients to clinicians for evaluation and
management, with the goal to improve clinical out-
comes—mainly all-cause mortality and HF hospitali-
zations or emergency department visits. The device
is implanted via a right heart catheterization, using
the femoral vein as access site, and positioning the
sensor at the inferoposterior inflection of the right
PA. A first-in-human trial demonstrated that the
Cordella system enables the safe and accurate mea-
surement of PA pressures in HF NYHA functional
class III patients (49). No device system-related
complications, defined as invasive treatment, device
explantation, or death, occurred (49). Currently there
are 2 ongoing trials to try to secure regulatory clear-
ance in the United States (PROACTIVE HF IDE [PRO-
ACTIVE-HF IDE Trial Heart Failure NYHA Class III]
trial [NCT04089059]) and in the European Union
(SIRONA II CE-Mark [SIRONA 2 Trial Heart Failure
NYHA Class III] trial).

The V-LAP LAP monitoring system (Vectorious
Medical Technologies) is implanted across the
interatrial septum, under angiographic and echocar-
diographic guidance, and transmits hemodynamic
data to a secure cloud-based platform that allows for
remote monitoring. The system consists of the lead-
less implant, a proprietary delivery system, and an
external unit that powers the implant, collects data
using radiofrequency, and transmits these data to the
cloud. A first-in-human multicenter, single-arm,
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open-label trial (VECTOR-HF [adaptatiVe Endovas-
cular Strategy to the CloT MRI in Large Intracranial
Vessel Occlusion-Heart Failure] trial [NCT03775161])
is currently enrolling NYHA functional class III pa-
tients to assess the safety, performance, and usability
of the V-LAP. Coincidentally, the first patient was
enrolled immediately before the COVID-19 pandemic
began, which allowed the researchers to remotely
monitor his rising LAP using the implanted device,
illustrating an impossible-to-foresee benefit of this
technology (50). We are eagerly awaiting for the re-
sults of this promising trial.

FUTURE PERSPECTIVES

Multiple catheter-based technologies targeting
different anatomical and physiological variables are
under clinical investigation. It is clear that there will
be a growing demand for physicians specifically
trained in the implantation of these devices that can
be attentive to the needs of the HF population. Some
of these devices require more advanced skills (eg, the
structural remodeling devices and interatrial shunts),
while others require little more than the skills
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required to perform a right heart catheterization. The
overall need is fostering training physicians special-
izing in “interventional HF.” Several of the technol-
ogies in development offer potential solutions to
some of the specific unmet clinical needs of HF pa-
tients, and early clinical studies are providing
encouraging results. These advances, along with ad-
vances in tissue engineering, pharmacology, and
cardiac genetics may provide more comprehensive
solutions to this syndrome affecting millions of pa-
tients worldwide.
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