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a b s t r a c t
Despite ongoing advances in the treatment of heart failure, overall symptom burden remains high. Underlying the primary symptom of dyspnea are often elevations in left atrial pressures, which occur across
the spectrum of heart failure subgroups. Current therapies do not directly address improvements in left
atrial pressures; however, passive left atrial decompression may offer a new avenue to treat heart failure. New technologies are currently being evaluated in clinical testing and may offer a novel therapeutic
approach to heart failure.
© 2020 Published by Elsevier Inc.

Introduction
Heart failure (HF) as a clinical syndrome remains challenging to
treat despite ongoing advancements in pharmacologic and devicebased therapies. In fact, more than half of hospitalizations among
those greater than age 65 are attributable to HF, and HF contributes signiﬁcantly to the cost of healthcare in the US and Europe
[1,2]. In the ambulatory setting, heart failure symptom burden is
signiﬁcant, with an estimation that more than 65% of patients experience some degree of limiting symptoms [3]. In most cases, the
main symptom is exertional dyspnea, which is driven by elevations
in left atrial pressure [4]. Currently, available therapies may result
in reductions of left atrial pressure, but often do so secondarily
by treating other aspects of HF such as reduction in preload and
volume, or by changing left ventricular hemodynamics. Therapies
aimed at directly improving left atrial pressures, however, are not
yet considered standard of care, but represent a novel therapeutic
target. Interatrial shunt devices represent a class of devices with a
unique mechanism to directly reduce left atrial pressures, improve
exercise tolerance and potentially improve clinical outcomes and
heart failure.
Background
Heart failure classiﬁcation schemes, including the NYHA Classiﬁcation and ACC/AHA Stages, focus on clinical parameters such
as functional status, risk factors, and the disease progression over
time [5,6]. Practically, however, most heart failure patients are
✩
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additionally characterized by their left ventricular systolic function, or ejection fraction (EF), with general groupings including
heart failure with reduced ejection fraction (HFrEF, EF <40%), midrange EF (HFmrEF, EF 40–50%), or preserved EF (HFpEF, EF ≥50%).
These categorizations often correlate with differences in associated
risk factors, pathophysiology, and clinical outcomes [5,7]. The vast
majority of evidence-based therapies and guideline-recommended
therapies for HF focus on the treatment of HFrEF, and the implementation of these therapies can result in marked improvements
in patient outcomes [6].
Unfortunately, robust evidence-based therapies targeting the
treatment of HFmrEF and HFpEF are lacking despite an increase
in combined clinical burden that now exceeds that of HFrEF [8–
10]. Recent investigations have failed to show signiﬁcant impact on
HFpEF outcomes using pharmacologic therapies. The use of mineralocorticoid antagonism did not reduce a combined primary endpoint of cardiovascular death, cardiac arrest, or heart failure hospitalizations when evaluated in the Spironolactone for Heart with
Preserved Ejection Fraction (TOPCAT) trial [11]. Likewise, the use
of sacubitril/valsartan also fell short of statistically signiﬁcant beneﬁt in reducing heart failure hospitalizations and cardiovascular
death despite high initial expectations in the Prospective Comparison of ARNI (angiotensinreceptor-neprilysin inhibitor) with ARB
(angiotensin-receptor blocker) Global Outcomes in HF with Preserved Ejection Fraction trial (PARAGON-HF) [12]. Follow up review of PARAGON-HF data, however, suggested beneﬁts in speciﬁc
sub groups of HFpEF patients [13]. The apparent beneﬁt in some
patients, but not others, suggests heterogeneity within the pathophysiology of HFpEF. This heterogeneity appears to have consequences more profound than the HFrEF population and may contribute to the lack of proven guideline-directed medical therapies
for HFpEF when compared to HFrEF. Moving forward, appropriately
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identifying and subsequently matching therapies to clinical phenotypes of HFpEF may lead to better outcomes. Speciﬁcally, patients that demonstrate abnormalities in left atrial ﬁlling pressures,
which occurs in many forms of heart failure, represents a particular group for whom interatrial shunt devices may provide beneﬁt.
Importance of left atrial pressure in heart failure
Pulmonary pressures (especially pulmonary diastolic pressure,
PAD) in heart failure patients are known to correlate with outcomes [14,15]. The Chronicle Offers Management of Heart Failure
Study (COMPASS-HF) study incorporated pressure monitoring capabilities into right-ventricular leads of cardiac rhythm devices (i.e.,
pacemakers and deﬁbrillators) in an effort to track, and potentially impact, HF status. Although the primary outcome was not
met, analysis of COMPASS-HF data demonstrated elevations of estimated PAD were associated with an increased risk of worsening HF; the inability to meet the primary outcome was likely related to lack of protocol-driven management when abnormal pressures were recorded [16,17]. Subsequent investigations evaluated
the role of controlling PAD in improving patient outcomes by using an implantable hemodynamic monitoring system. In the CardioMEMS Heart Sensor Allows Monitoring of Pressure to Improve
Outcomes in NYHA Class III Heart Failure Patients (CHAMPION)
trial, a pulmonary artery pressure sensor was implanted in both
HFrEF and HFpEF patients. Notable in CHAMPION was protocoldirected management to speciﬁc hemodynamic targets (e.g. to a
speciﬁc PAD goal) in the active therapy arm. CHAMPION demonstrated that managing patients to a speciﬁc hemodynamic target
resulted in less HF hospitalizations and improved outcomes both
in the short and long term [18,19]. Of particular signiﬁcance was
the ability to improve outcomes in both HFrEF and HFpEF, reinforcing the importance of hemodynamic proﬁles across the range
of ejection fractions in heart failure [20].
In heart failure hemodynamics, the use of PAD pressure can
serve as a surrogate for left-sided ﬁlling pressures, including left
atrial pressures [21]. Abnormal elevations in left atrial pressures,
speciﬁcally, are linked to worsening heart failure symptoms [4,22].
Ultimately, remote hemodynamic monitoring trials have shown
positive results due to the ability to reduce left atrial pressure. The
importance of left atrial pressure is further underscored by a move
towards direct left atrial pressure monitoring, which are currently
being developed and may have improved ﬁdelity over pulmonary
arterial pressure monitoring [23].
Special consideration needs to be given to a subset of heart
failure patients who present with dyspnea on exertion but have
normal resting left atrial pressures on invasive testing. When considering these patients, it is important to understand that the primary symptom burden occurs with effort and not while inactive.
It follows then that measurements acquired in a resting state may
not reveal symptom etiology. If, after eliminating other causes of
dyspnea, these patients undergo invasive exercise hemodynamic
testing, substantial elevations in left-sided ﬁlling pressures may
be noted and generally correspond to symptom onset [24]. Importantly, these patients, despite normal resting measurements, are at
risk of poor heart failure outcomes [25]. From these collective data
rises a need to directly treat elevated left atrial pressures in HF
patients.
Left atrial decompression as a therapeutic strategy
Selective left atrial decompression as a therapeutic strategy for
heart failure likely traces its roots to observations from other patient populations. Historically, patients with left-sided valve disease and concomitant atrial septal defects tend to have better outcomes than would be expected with left-sided valve disease alone,

with the postulated mechanism being the presence of left-right
shunting across the interatrial septum allowing decompression of
the left atrium [26]. Conversely, closure of atrial septal defects, either surgically or by transcatheter techniques, can result in abrupt
elevations of left atrial pressures and precipitate the onset of acute
heart failure [27,28]. These observations suggest that anatomic manipulation of the atrial septum can allow modulation of left atrial
pressures, and by extension, heart failure.
Such ideas led to the use of percutaneous balloon septostomy
in severe, refractory cases of heart failure complicated by hypoxemia and pulmonary edema while being treated with extracorporeal membrane oxygenation [29-32]. In one small series of 9 patients, blade septostomy followed by balloon septostomy resulted
in a 50% reduction in left atrial pressures; moreover, 7 of the 9 patients survived [32]. In a larger series of 64 patients, balloon septostomy resulted in a 66% reduction in left atrial pressures without
developing right-left shunting [30].
Importantly, from the smaller study, post septostomy shunts
had long-term patentcy in only two of the 7 survivors, implying only transient therapeutic beneﬁts from this approach if applied to more chronic scenarios [32]. When considering chronic
heart failure patients, more durable solutions are needed and have
prompted the development of device-based shunt therapies as
a novel therapeutic strategy. At present, three main designs exist, and all remain investigational with ongoing clinical testing to
prove safety and eﬃcacy.
Interatrial shunt device
The InterAtrial Shunt Device (IASD, Corvia Medical, Tewksbury,
MA, USA) is a nitinol device with a 19 mm outer diameter and a
central opening diameter of 8 mm designed to sit across the interatrial septum [Fig. 1A]. Delivery of the device occurs by obtaining
femoral venous access (16 Fr) followed by a standard trans-septal
puncture. The IASD delivery system is then placed across the atrial
septum, the left atrial disc is exposed and retracted to the septum, and the right atrial disc is unsheathed to secure the device
in place. Device placement creates a reinforced anatomic communication between the left and right atria that physiologically allows a pressure-dependent left-to-right ﬂow. [Fig. 1B and 1C]. The
goal of the device is to allow left atrial decompression when left
atrial pressures would be at their highest values, thus mitigating
hemodynamically-driven dyspnea.
The creation of an interatrial shunt creates a mismatch between
pulmonary and systemic ﬂow (Qp:Qs), and carries a risk of worsening right-sided heart failure. Traditionally, however, Qp:Qs ratios
< 1.5:1 are known to be well-tolerated and without deleterious
right-sided changes. Based on patients affected by congenital atrial
septal defects, such shunts are typically not considered for primary
closure (which, theoretically, should counterbalance current clinical
practice aimed at closing PFOs, not creating them) [33]. This parameter was integrated into the design of the IASD, which targets
a Qp:Qs of 1.3:1 and increased ﬂow with activity, and ultimately
yielded the inner diameter of 8 mm using computational modeling [34].
The IASD underwent initial safety and feasibility testing in the
Reduce Elevated Left Atrial Pressure in Patient with Heart Failure (REDUCE LAP-HF) trial [35]. REDUCE LAP-HF was a multicenter, unblinded, single-arm study that enrolled HFpEF patients
(EF >40%) with exertional dyspnea graded at NYHA class II or
worse. Primary eligibility was based on the presence of elevated
left atrial pressures (assessed by the pulmonary capillary wedge
pressure [PCWP] > 15 mmHg at rest or ≥ 25 mmHg with exercise) and right atrial pressures that were lower than left atrial
pressures. Invasive exercise hemodynamics were assessed using a
recumbent bike and a prescribed graded exercise routine based on
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Fig. 1. A: InterAtrial Shunt Device (IASD, Corvia Medical Inc., Tewkesbury, MA,USA).
Reproduced with permission from Corvia.
Figure 1B: Schematic illustrating IASD device placed across atrial septum allowing
for ﬂow from the left atrium to the right atrium. Reproduced with permission from
Corvia.
Figure 1C: Transthoracic echo with color Doppler demonstrating ﬂow from the left
atrium to the right atrium. Reproduced with permission from Corvia.

previously published protocols, starting at 0 W with an increase
of 20 W after three-minute intervals to a point of patient-reported
exhaustion or PCWP values ≥ 25 mmHg [36]. A total of 68 patients
were enrolled, of which 64 underwent device implant. Mean EF
was 47%, with most patients being NYHA functional class III (46%).
The study evaluated co-primary endpoints comprised of safety and
performance of the IASD at 6 months as well as changes in clinical status (functional capacity). No complications were reported
related to the insertion of the device either at the time of implant
or at the 6-month mark [35].
REDUCE LAP-HF demonstrated placement of an IASD resulted in
a reduction in left atrial pressures at rest in 52% of patients, lower
exercise left atrial pressures in 58%, and 39% showing a reduction
in both phases. Sustained left-to-right shunting was demonstrated
at 6 months, with an average resting Qp:Qs of 1.06:1 and an average Qp:Qs of 1.27:1 at peak exercise [35].
The same cohort of patients was followed for one year, with 60
patients achieving follow up through 12 months (3 patient deaths,
including one due to stroke, and one lost to follow up between 6
and 12 months). In the patients evaluated at 1 year, 6-minute walk
distance was greater at 12 months compared to baseline (363 m
vs 331 m), and NYHA functional class was overall improved, with
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most patients achieving functional class I or II. Minnesota Living
with Heart Failure scores were likewise improved at 12 months
[37]. Taken together, the 6 and 12 month results of REDUCE LAP-HF
suggested sustained hemodynamic and clinical beneﬁts with the
use of the IASD while maintaining a favorable safety proﬁle.
Following the results of REDUCE LAP-HF, a Phase 2 randomized trial was conducted to focus on the HFpEF phenotype with
exercise-induced hemodynamic abnormalities (speciﬁcally, those
with an exercise PCWP ≥ 25 mmHg) [38]. The resultant REDUCE
LAP-HF I trial was a randomized, multi-center trial comparing the
IASD to placebo (sham procedure). Primary inclusion criteria were
an NYHA functional status ≥ III, and exercise PCWP ≥25 mmHg,
and a right atrial pressure less than left atrial pressure estimations.
The primary endpoint was reduction in exercise PCWP at 1 month
along with standard safety endpoints. A total of 44 patients were
enrolled in a 1:1 fashion. At 1 month follow up, exercise PCWP was
signiﬁcantly lower in the IASD group, and no major adverse events
were reported [39]. Subsequent analysis through the 1 year mark
demonstrated a one class improvement in NYHA functional classiﬁcation (conducted by blinded observers), and suggested a reduction
in heart failure hospitalizations with the IASD. Noteworthy was the
fact that all IASD devices were patent at 1 year, and no differences
in adverse events between groups was seen [40].
Although encouraging, the results of the Phase 2 REDUCE LAPHF I trial do not represent deﬁnitive proof of IASD eﬃcacy in
improving heart failure outcomes. More deﬁnitive evidence is
expected from the pivotal randomized trial, REDUCE LAP-HF II
(NCT03088033), currently being conducted. The trial has a target
enrollment of 608 patients that will be randomized to IASD implant or a control arm. Inclusion criteria are similar to REDUCE
LAP-HF I, with key criteria including age ≥40 years, EF ≥40%, current or recent NYHA Class III HF, recent need for intravenous diuretics, and exercise PCWP ≥ 25 mmHg (with PCWP greater than
RAP ≥5 mmHg [41]. Although not speciﬁcally mentioned in the
study design, the age criteria likely represents an effort to screen
out patients less common forms of HF, including congenital and inﬁltrative disorders, in favor of a more “average” phenotype; indeed
the mean age of HfPEF patients in the U.S. is >70 years [42]. In addition to safety measures, the primary outcome will be incidence
of worsening heart failure and changes in measured quality of life
through 24 months. Although biomarker analysis is not included
in the primary or secondary endpoint analysis, planned subgroup
analysis will focus on biomarker data [41]. Until these results are
available, the IASD device will remain a promising, but unproven
and investigational device.

V-Wave device
The V-Wave device (V-Wave Ltd, Caesarea, Israel) is another
device designed for placement across the interatrial septum. Although it is a nitinol structure similar to the IASD, it has a unique
hourglass shape with an ePTFE covering aimed at preventing tissue ingrowth [43] [Fig. 2]. Early iterations also included a one-way
valve to ensure only left-to-right shunting [43]. This preliminary
valve design, however, demonstrated a high rate of shunt stenosis
or occlusion at 12 months due to pannus inﬁltration of the valve
[44]. A design modiﬁcation preserved the hour-glass shape but
eliminated the valve component; instead, a 5.1 mm central opening
was created. The V-Wave device is delivered via femoral venous access (14 Fr) following an interatrial septal puncture. The left atrial
portion is expanded within the left atrium and then secured back
to the interatrial septal. Device deployment is completed with the
expansion of the right atrial portion [43]. In preclinical studies, the
V-Wave device showed improvements in left atrial pressure, right
atrial pressure, ejection fraction, and survival [45].
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Fig. 2. A: Preliminary design of the V-Wave device (V-Wave Ltd., Caesarea, Isreal)
including ePTFE coating and the incorporation of a one-way valve. Reproduced with
permission from V-Wave.
Figure 2B: Computed tomography imaging and reconstruction of the V-Wave device
post implant. Reproduced with permission from V-Wave.

Early clinical studies were conducted using the original V-Wave
device (with valve design). A 10 patient proof-of-concept study was
conducted among patients with HFrEF (EF ≤40%) who were NYHA
functional class III or IV with a PCWP ≥15 mmHg. No periprocedural complications were noted; however one patient died prior
to the speciﬁed 3-month follow up. Of surviving patients, 89% improved to NYHA functional class I or II, and 6-minute walk distance
improved by 75 m. From a hemodynamic standpoint, PCWP and
cardiac output both improved at 3 months [46].
A follow up, non-randomized trial enrolling 38 patients was
conducted thereafter. In this trial, a mix of HFrEF and HFpEF
patients were included. The ﬁrst generation V-Wave device was
successfully implanted in all patients, with only 1 periprocedural
complication (pericardial tamponade). Despite early initial success,
one-year follow up results were diminished due to reduced shunt
patency in 50% of the patients (either stenosis or closure). As mentioned, pannus inﬁltration was implicated in the loss of patency,
which eventually prompted the design of a second-generation device. In patients who maintained shunt patency, however, improvements were noted in ejection fraction, 6-min walk distance, and
PCWP [44].
Testing of the second-generation device (i.e., without valve) is
currently underway. With an aim to enroll and randomize 500 patients to either V-Wave implant or a control arm, the Reducing
Lung Congestion Symptoms in Advanced Heart Failure (RELIEVEHF, NCT03499236) trial seeks to evaluate the safety of the V-Wave
device while also evaluating a composite endpoint of death, heart
transplant or ventricular assist device implantation, heart failure
hospitalizations, and change in 6-min walk distance. Unlike the
REDUCE LAP-HF II study of the IASD, the V-Wave device will be
tested across a broad range of ejection fractions, not just in HFpEF
patients. Similar to the IASD, the V-Wave device remains investigational and without deﬁnitive evidence of eﬃcacy until these trial
results become available.
Atrial ﬂow regulator
The Atrial Flow Regulator (AFR; Occlutech, Istanbul, Turkey)
represents a third device aimed at affecting interatrial ﬂow in heart

Fig. 3. A: Atrial Flow Regulator device (AFR; Occlutech, Istanbul, Turkey) [42].
Figure 3B: AFR device as seen by three-dimensional echocardiography [42].

failure patients. The device is comprised of two nitinol mesh discs
that anchor the device across the interatrial septum leaving a central canal open [Fig. 3]. Three sizes are available (6, 8, and 10 mm,
corresponding to canal diameter), which are delivered via femoral
venous access (10–12 Fr based on device size) following a transseptal puncture. The placement of the AFR allows for bidirectional
ﬂow depending on intracardiac hemodynamics [47].
Initial experience with the AFR system has not been with standard heart failure patients, but rather has involved patients with
pulmonary hypertension. For these patients, in whom severe right
heart failure can occur, the creation of a right-to-left shunt could
be beneﬁcial. Indeed, case-reports and small case series have been
presented in which the AFR was successfully implanted and generated the desired right-to-left shunt. Moreover, the patients in
whom the device was implanted had signs of clinical improvement. The AFR device remained patent through short term follow
up [47,48].
Because the AFR has the capacity for bidirectional ﬂow, its use
in heart failure to decompress the left atrium has been postulated.
The Pilot Study to Assess Safety and Eﬃcacy of a Novel Atrial Flow
Regulator in Heart Failure Patients (PRELIEVE; NCT03030274) is
currently enrolling as the ﬁrst step to evaluate the hypothesis that
the ASR can improve outcomes in HFrEF patients. Pending results,
additional trials will likely be required to prove potential beneﬁts.
Conclusions
The prominent role played by elevated left atrial pressures in
heart failure symptom etiology and prognosis is driving novel solutions aimed at decompressing the left atrium. Current pharmacologic therapies may achieve lower left atrial pressures, but do
so through indirect mechanisms involving preload and afterload.
Newer, device-based therapies are under development with the
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goal of allowing direct reduction in left atrial pressures through
the creation of a left-to-right shunt.
In addition to short- and intermediate-term improvements in
heart failure, attention will need to be paid to complications related to device implant and maintenance. Current trials are evaluating procedural safety, which is of particular importance given
the need for a transseptal puncture. Previous investigational devices utilizing transseptal techniques were plagued by complications [49]; but experience with the technique has matured since
that time and will hopefully minimize adverse events. Additionally, the presence of a ﬁxed device on the interatrial septum may
lead to late complications similar to those seen when PFO closure
devices are implanted. Such complications include the late formation of thrombus on the device, and/or an increased incidence of
atrial arrhythmias [50]. Answers to these questions may not come
from pivotal trial results; therefore ongoing diligence to monitor
and evaluate patients receiving interatrial shunt devices will be required in the long term.
Despite these concerns, unique design aspects, as well as application to a range of heart failure patients, provides immense
potential for therapeutic improvements; however such devices remain investigational at this point while ongoing clinical trials build
an appropriate evidence base to support their use.
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