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5.1 Introduction
Heart failure can be classified based on ejection fraction (EF) into those with preserved (HFpEF; EF ≥ 50%), mid-range 
(HFmrEF; EF 40%–50%), or reduced (HFrEF; EF < 40%) left ventricular systolic function. This separation somewhat 
correlates with differences in associated risk factors, pathophysiology, and clinical trajectory [1,2]. The clinical burden of 
HFpEF and HFmrEF combined now exceeds that of HFrEF, a relationship that is anticipated to continue to diverge [3–5]. 
This may reflect more thorough surveillance, the incorporation of specific indices into imaging and hemodynamic studies, 
and the increasing prevalence of hypertension, diabetes, obesity, and other comorbidities. In addition to the growing preva-
lence, mortality among those with relatively preserved ejection fraction is comparable to that of HFrEF. Unfortunately, 
there is a paucity of effective therapies for this group of patients [4].

5.2 Clinically available solutions
The pharmacologic therapies that are the cornerstones of for treatment of HFrEF have not produced reliably improved out-
comes in those with EF > 40%. This is apparent in national and international society guideline documents—there are only 
two high level recommendations: (1) the use of medications to control hypertension and (2) the use of diuretics in setting 
of volume overload [2,6]. As left atrial pressure is elevated in patients with heart failure irrespective of ejection fraction, 
device-based strategies to reduce it have been developed in effort to alleviate symptoms and improve outcomes in heart 
failure.

5.3 Clinical trials and experimental treatments
The concept of selective left atrial decompression developed in tandem with the realization that many patients with dyspnea 
had normal resting hemodynamics, though no other clear cause for symptoms. In fact, it was only when patients with unex-
plained dyspnea were subjected to exercise, that pronounced elevations in left atrial pressure were observed and implicated 
[7]. In addition to serving as the physiological substrate of dyspnea, elevated left atrial pressures (or surrogate pulmonary 
capillary wedge pressures) are associated with poorer functional status, a greater incidence of heart-failure hospitalization, 
and increased long-term mortality [8].

Interatrial shunt therapies have been created in effort to permit left-to-right atrial flow, with the expectation of selective 
reductions in left atrial pressure and alleviation of pulmonary venous congestion, and dyspnea. The theoretical benefit of an 
iatrogenic shunt has conceptual roots. For example, there are many reports of patients with left-sided valve disease, and a 
coincident atrial septal defect that fared better than would be anticipated, presumptively due to the left atrial pressure relief 
provided by the congenital shunt. In one of these reports, a woman with severe mitral stenosis and an atrial septal defect 
lived until 74 years old, and survived 11 pregnancies [9]. Others have observed prompt elevations in left atrial pressure 
after surgical or transcatheter closure of an atrial septal defect, and the onset of clinical heart failure in a subset [10,11].

Percutaneous balloon septostomy has been used with variable success among patients with refractory heart failure and 
hypoxemia, in effort to decompress the heart and attenuate pulmonary edema [12–15]. In one series, nine patients with 
severe left ventricular failure requiring extracorporeal membrane oxygenation received blade and balloon interatrial septos-
tomy. The authors observed left atrial decompression with a reduction in left atrial pressure by approximately 50%. Among 
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the seven survivors, only two of the defects remained patent at 2 months, underscoring the transient nature of balloon atrial 
septostomy [12]. A larger series (n = 64) with refractory pulmonary edema receiving extracorporeal membrane oxygenation 
also underwent balloon septostomy (mean diameter 22 mm). All patients experienced left atrial decompression, with an 
average 66% reduction in left atrial pressure and the absence of right-to-left flow [13].

Collectively, these represent an understanding that left atrial pressure is implicated in dyspnea and pulmonary edema, 
and that in some instances an interatrial communication may be clinically beneficial. To date, two devices have entered 
clinical trials, and a third device, initially evaluated in pulmonary hypertension, is now undergoing pilot heart failure stud-
ies. In the paragraphs that follow, we will review each of these devices, existing data, and ongoing considerations for this 
class of technologies.

There are three interatrial shunt devices that have been developed and are in clinical trials.

5.3.1 The InterAtrial Shunt

Corvia InterAatrial Shunt Device (IASD; Corvia Medical, Tewksbury, MA, USA) is the most thoroughly and scientifically 
evaluated interatrial shunt device to date. It is a one-piece nitinol device, with an outer diameter of 19 mm and a central 
opening that is 8 mm in diameter (Fig. 5.1, top). After femoral venous access (16 Fr) and standard trans-septal puncture, 
the delivery system (Fig. 5.1, bottom) is placed across the septum, the left atrial disk is exposed and retracted to the septum, 
and then the right atrial disk is unsheathed creating an interatrial communication (shunt) with pressure-dependent dynamic 
left-to-right flow (Fig. 5.2). In the heart failure population, this can decompress the left atrium and alleviate pulmonary 
venous hypertension. The 8 mm shunt diameter was selected based on a computer simulation in which the shunt diameter 
was varied, and the effects on left-to-right shunt (Qp:Qs) at rest and with exercise were simulated. At this diameter, the 
anticipated Qp:Qs was 1.3:1, and flow increased dynamically with activity [16]. Among adults with congenital atrial septal 
defects, shunts < 1.5:1 are generally well tolerated, occur without dilation or hypertrophy in right-sided heart chambers, 
and do not require closure [17]. After implantation of the IASD, dual antiplatelet therapy is recommended for 6 months, 
unless the patient is already receiving an oral anticoagulant (Table 5.1).

The original REDUCE-LAP HF trial was performed to assess safety and device performance [18]. This was a multi-
center, nonrandomized, prospective, open-label, single-arm study. A total of 64 patients with NYHA II or greater heart fail-
ure symptoms and an ejection fraction greater than 40% were implanted. Hemodynamic criteria for participation included 
pulmonary capillary wedge pressure either at rest (>15 mmHg) or with exercise (>25 mmHg), and a right atrial pressure 
that was lower than left atrial pressure. Primary performance endpoints included successful device implantation, reduction 
in wedge pressure after 6 months, and persistent left-to-right shunting. Primary safety endpoints included periprocedural 
and 6-month major adverse cardiac and cerebrovascular events (death, stroke, myocardial infarction, or a systemic embolic 
event), or need for cardiac surgical device removal. Secondary outcomes included quality-of-life measures. The mean core 
laboratory determined ejection fraction of the cohort was 47%, most were NYHA III (72%), and hypertension was preva-
lent (81%). At 6 months, 42 patients (71%) had reduction in wedge pressure either at rest or during exercise (Fig. 5.3) and 

FIGURE 5.1 InterAtrial Shunt Device (IASD®; Corvia Medical Inc., Tewksbury, MA, USA) with delivery system. Adapted with permission from 
Corvia.
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FIGURE 5.2 (A) Schematic of Corvia IASD after implantation. (B) Transthoracic echo with color Doppler demonstrating left to right shunt [18].  
Reproduced with permission from Corvia.

Table 5.1 Comparison of interatrial shunt devices.
Device Manufacturer Population Mechanism Unique features

IASD Corvia	Medical	Inc. HFpEF	and	
HFmrEF

Bidirectional shunt First	device	tested	in	HF
Most robust data at this point

V-Wave V-Wave	Ltd HFpEF,	HFrEF Unidirectional	shunt Bovine	pericardial	tri-leaflet	valve	to	prevent	
paradoxical	embolism	and	shunt	reversal

AFR Occlutech HFpEF,	HFrEF Bidirectional Shunt Repositionable,	Retrievable
Comes	in	various	sizes

FIGURE 5.3 REDUCE-LAP data demonstrating change in pulmonary capillary wedge pressure (PCWP) and work normalized PCWP at max 
exercise. Reproduced with permission from Hasenfuss et al. [18].
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there were improvements in NYHA functional class, Minnesota Living with Heart Failure Questionnaire, and 6-minute 
walk test distance [19]. The 1-year follow-up on these patients was reported at the European Society of Cardiology Meeting 
in 2018 (Fig. 5.4). At this time, all shunts remained patent, exercise associated reductions in pulmonary capillary wedge 
pressure were again observed, and the improvements in functional status (exercise time, MLWH NYHA class) were main-
tained. There was a small increase in right ventricular size at 6 months, which did not progress at 12 months; right ventricu-
lar function was maintained. At 12 months, death had occurred in three patients, and one patient had suffered a stroke [28].

A randomized double-blinded sham-controlled trial followed shortly thereafter. REDUCE-LAP HF I randomized 44 
patients to either the IASD or a sham control procedure [20]. Eligible patients were randomized immediately following ex-
ercise right heart catheterization. Inclusion required NYHA ≥ III, an exercise pulmonary capillary wedge pressure (PCWP) 
≥ 25 mmHg, with left atrial pressure at least a 5 mmHg greater than right atrial pressure. At 1 month there was a significant 
∼3–5 mmHg reduction in exercise PCWP compared to control, and there were no periprocedural adverse events. One-
year follow-up was recently reported [21]. All shunts were patent, and 81% of patients had not experienced a heart failure 
hospitalization. This reduction, in this underpowered study, compared to control, was nearly significant (P = 0.06) as was 
improvement in NYHA class (P = 0.08).

To date, the aggregate safety profile of the IASD has been encouraging. In a total of 97 publicly reported cases, 1 and 
2 year survival has been 96% and 91% and freedom from stroke 99%, respectively. There has been no identified thrombus 
on the device, they have uniformly remained patent, and none have required closure or surgical explant.

REDUCE-LAP HF II (NCT03088033), a double-blinded sham-controlled pivotal clinical trial with the same hemody-
namic entry criteria, has commenced with the goal of randomizing 608 patients to the IASD or control (1:1). Primary out-
comes include aggregate cardiovascular mortality or nonfatal stroke; total rate of HF events requiring intravenous diuresis 
and change in KCCQ (Kansas City Cardiomyopathy Questionnaire) at 12 months.

5.3.2 V-Wave device

The V-Wave® device (V-Wave Ltd, Caesarea, Israel) is an hour-glass shaped nitinol frame, covered with ePTFE in effort 
to prevent tissue ingrowth (Fig. 5.5). The initial 5 mm central opening generation of this device contained a one-way valve 
to restrict flow in one direction: left to right. However, early clinical testing identified a high rate of pannus infiltration and 
shunt stenosis or occlusion at 12 months. The second-generation device with a 5.1 mm central opening has established 
patency through 6 months in animal models [23]. The device is implanted after femoral venous access (14 Fr), standard 
trans-septal puncture in the middle of the fossa ovalis. The fully deployed device provides an interatrial connection that is 
5 mm in diameter. The recommendation is for 6 months of dual antiplatelet therapy, and aspirin 81 mg thereafter.

Preclinical evaluation utilized an ovine model of microembolization-induced ischemic cardiomyopathy. Twenty-one 
were evaluated: 14 received V-Wave implants and the remaining 7 were sham controls. Both groups were followed with 
echocardiography and hemodynamics for 12 weeks. At study termination, the V-Wave group had higher ejection fraction 
(46 ± 11% vs. 18 ± 3%), lower-left atrial pressure (14 ± 3 mmHg vs. 25 ± 5 mmHg), and right atrial pressure (8 ± 4 mmHg 
vs. 15 ± 4 mmHg; all P < 0.05). There was also an apparent survival advantage among those that received the V-Wave 
device (13/14 vs. 4/7, P = 0.047) [24].

In humans, initial proof of principle and safety of the generation 1 device was established in 10 patients with 
HFrEF and NYHA III or greater symptoms. Implantation was successful in all patients with no periprocedural com-
plications. One patient died before the 3 month follow-up (ventricular tachycardia), and eight of nine remaining in the 
cohort had an improvement in NYHA class. There was a significant reduction in PCWP at 3 months (mean 6 mmHg; 
P = 0.035) [23].

FIGURE 5.4 Twelve-month follow-up of REDUCE-LAP. (A) Changes in New York Heart Association Class. (B) Minnesota Living with Heart Failure Score. 
(C) Six-minute walk distance. (D) Work-normalized pulmonary capillary wedge pressure at peak exercise. Reproduced with permission from Kaye et al. [19].
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The combined open label study data from 38 patients (30 HFrEF, 8 HFpEF) ensued. Implant success was 100%. 
There was one procedural pericardial tamponade that required pericardiocentesis. At 1 year, there were two deaths, 
non-device-related); no strokes were observed in the cohort. Patency rates however were suboptimal. Half (50%) of the 
cohort had absent left to right flow (14%) or reduced left to right flow (36%) at 1 year follow-up. Histology implicated 
pannus infiltration as the source of reduced flow. Interestingly, this was observed less frequently among patients with 
lower ejection fractions, or higher baseline left atrial pressures. Among the 50% of patients with patent shunts, pulmonary 
capillary wedge pressure declined (P = 0.009) and ejection fraction improved (P = 0.007) as did 6-minute walk distance 
(P = 0.001) [29].

“Reducing Lung CongestIon Symptoms in Advanced Heart Failure” (RELIEVE-HF; NCT03499236) is a randomized 
controlled trial with the second-generation V-Wave device. Estimated enrollment, including approximately 120 roll-in 
patients, is 500 patients with HFpEF or HFrEF and NYHA III or greater heart failure symptoms. Study participants will be 
randomized to the device or sham procedure control. First enrollments occurred in September 2018.

5.3.3 Atrial flow regulator

The atrial flow regulator (AFR; Occlutech, Istanbul, Turkey) was initially studied in severe pulmonary hypertension, al-
though left-sided failure trials are now ongoing. This device is a nitinol mesh device composed of two flat disks with a 1- to 
2-mm connecting neck and central fenestration that enables bidirectional flow (Figs. 5.6 and 5.7). It is available in 6, 8, 
and 10 mm sized fenestrations. The device self-centers prior to release and conforms to the atrial septum. It is reposition-
able and retrievable after deployment, and there are a variety of sizes to choose from. Depending on the size elected, it is 
delivered via a 10–12 Fr sheath in the femoral vein.

The initial experience with this device involved a 54-year-old woman with severe irreversible pulmonary hyperten-
sion [26]. Implantation was successful and was associated with right-to-left shunting and a manifest in part by a decrease 
in arterial saturation (from 95% to 89%). The patient experienced functional improvement at 6 weeks. More recently, 
a nonrandomized single-center study was performed to assess feasibility, safety, and efficacy in 12 patients with severe 
pulmonary hypertension, right heart failure, and syncope. All devices were implanted successfully and were patent at last 

FIGURE 5.5 V-Wave® Device (V-Wave Ltd, Caesarea, Israel). Panel A demonstrates the initial V-Wave device, comprising an ePTFE-coated nitinol 
frame, with a one-way valve. The valve was removed in subsequent iterations of the device due to decreased shunt patency. Panels B, C, D are transesopha-
geal images of the V-Wave device deployed in the interatrial septum. (E) Color doppler is used to demonstrate shunt patency and direction. (F) Computed 
tomography imaging and reconstruction of the device post implant. Reproduced with permission from Amat-Santos et al. [22] and Guimarães et al. [33].
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follow-up (median 189 days, range 10 to 296 days). There was a significant improvement in symptoms as well with relief 
of syncope, improved 6-minute walk distance (377.3 ± 33.2 to 423 ± 31.32 m), and increased cardiac output (2.36 ± 0.52 
to 2.89 ± 0.56 L/min/m2) [25].

An international open-label nonrandomized trial is ongoing for patients with HFpEF and HFrEF with NYHA III or 
greater and at least 1 heart failure hospitalization in the preceding 12 months. The Pilot Study to Assess Safety and Efficacy 
of a Novel Atrial Flow Regulator in Heart Failure Patients (PRELIEVE; NCT03030274) has primary outcome measures 
that encompass device safety, stability, and shunt patency.

FIGURE 5.6 Atrial flow regulator (AFR; Occlutech, Istanbul, Turkey). Top: the AFR device. Bottom: AFR implantation. After trans-septal puncture 
(A), the delivery sheath is passed across the septum (B). One at a time disks are deployed a straddling the septum (C, D). Confirmation of fenestration 
patency with contrast injection and direct visualization can then be performed (E, F). Reproduced with permission from Rajeshkumar et al. [25].
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5.4 Preclinical technologies
The authors are not aware of additional preclinical technologies that target left atrial decompression.

5.5 Emerging concepts and innovations
There is consensus that left atrial decompression imparts improvements in functional status and can alleviate cardiac dyspnea. 
Whether these results are durable and have favorable effects on overall outcomes remains the focus of ongoing trials. As the 
clinical devices described before show promise in heart failure populations, whether they also have utility among patients with 
moderate or greater mitral or aortic valve disease is of interest, as is a potential role for these devices in advanced pulmonary 
hypertension. Additionally, future device iterations are likely forthcoming. Among these, reliable mechanisms to prevent para-
doxical embolism and enable simple extraction or closure may be incremental developments. Other iterations, such as direct 
pressure, flow monitoring, and/or rhythm monitoring, might also be clinically useful as the safety and efficacy of additional 
drug- or device-based therapies are introduced. With the proliferation of devices for heart failure and valve disease, those that 
are capable of integrating multiple components will have a strategic advantage within the portfolio of cardiovascular therapies.

There are also left atrial devices in early development, designed for heart failure or other indications. The “Left Atrial 
Appendage Shunt” [31] is a device that intends to create a channel between the left atrial appendage and another cardiovas-
cular target structure (inferior vena cava or pulmonary artery). Although not a device for the heart failure population, it is 
intended to increase flow in the left atrial appendage and thereby provide some degree of stroke prophylaxis. The authors 
are aware of no preclinical or clinical trials for this device.

Another left atrial device with a U.S. patent is a form of ventricular assist device, implanted into the left atrium, and 
connecting to the aorta, with flow driven by an “impellar” [32]. The intent of the device is to unload and reduce wall stress 
in patients with poorly functioning left ventricles. The authors are aware of no preclinical or clinical trials for this device.

5.6 Conclusions, future challenges and opportunities
While the existing data for interatrial shunt therapies show promise, the long-term consequences remain unknown. For 
example, the effect of chronic left-to-right shunt on right ventricular size and function will be important to ascertain. Expe-
rience from pediatric and adult populations with small atrial septal defects suggests that abnormalities in the atrial septum 
typically only manifest in right heart symptoms after decades, and the devices described herein (up to ∼1.3) are perhaps un-
likely to result in considerable chronic remodeling. Current guidelines for the care of adults with congenital heart diseases 
[11] do not recommend therapy for asymptomatic patients without right atrial or ventricular enlargement with Qp:Qs of 
1.5:1 or lower. Other concerns include the possibility of paradoxical embolus, or atrial arrhythmias—the latter being often 
poorly tolerated by patients with HFpEF and observed with other devices implanted in the atrial septum [27]. Longer-term 
follow-up will be necessary to establish the risks and benefits of these devices.

FIGURE 5.7 Echocardiography after atrial flow regulator implantation. (A) Enface view using 3D transesophageal echo. (B) Transesophageal 
color doppler. (C) Transthoracic agitated saline used to demonstrate shunt. Reproduced with permission from Rajeshkumar et al. [25].
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