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Abstract

The regulatory landscape for device-based heart failure (HF) therapies has seen a major shift 

in the last 7 years. In 2013, the Food and Drug Administration (FDA) released guidance for 

early feasibility and first-in-human studies, encouraging device innovation and in 2016 the U.S. 

Congress authorized the Breakthrough Device Program to expedite access for Americans to 

innovative devices indicated for diagnosis and treatment of serious illnesses, such as HF. Since 
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December 2016 there has been an increase in the number of HF devices seeking approval through 

the breakthrough designation pathway. This has led to a rapid uptake in the development and 

evaluation of device-based HF therapies. Here, we review the current and future landscape of 

device therapies for chronic HF and associated comorbid diseases and the regulatory environment 

that is driving current and future innovation.

Condensed Abstract

Over the past years, there has been significant changes in the regulatory process for device-based 

heart failure (HF) therapies in the United States. This coupled with the authorization of the 

Breakthrough Device Program to expedite access to innovative devices indicated for diagnosis and 

treatment of serious illnesses, such as HF, has resulted in significant uptake in the development 

and evaluation of device-based HF therapies. We review the current and future landscape of 

device therapies for chronic HF and the regulatory environment that is driving current and future 

innovation.
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Despite recent positive trials with drug therapies for heart failure with reduced ejection 

fraction (HFrEF), the residual risk for these patients remains high. Also, there are no proven 

treatments for patients with heart failure and preserved ejection fraction (HFpEF). This 

underscores the need for continued development of innovative treatments for heart failure 

(HF), including devices. To accelerate innovation, allow earlier access to new therapies, and 

address unmet clinical needs, in 2013 the Food and Drug Administration (FDA) released 

guidance for early feasibility and first-in-human studies, encouraging device innovation to 

“address clinical needs and improve patient care, particularly when alternative treatments or 
assessments are unavailable, ineffective, or associated with a substantial risk” (1). In 2015, 

the FDA established the Expedited Access Program in an FDA Guidance Document, which 

in 2018 evolved to the Breakthrough Devices Program in an FDA Guidance Document 

to expedite Americans access to innovative devices indicated for diagnosis and treatment 

of serious illnesses, such as HF. To increase access to breakthrough technologies, the 

Centers for Medicare and Medicaid Services increased hospital reimbursement for these 

technologies (2).

The breakthrough device designation program (which replaced the earlier expedited access 

pathway) has changed the landscape of the approval process for devices targeting life-

threatening or irreversibly debilitating diseases or conditions. Novel clinical trial designs 

may be considered that allow for early market access by accelerating the development, 

assessment, and review processes, and linking reimbursement from the Centers for 

Medicare and Medicaid Services (CMS) to FDA marketing approval. The breakthrough 

device designation program aims to create a pre- and post-market balance in evidence 

generation while still meeting the statutory requirements for safety and effectiveness at 

the time of approval. As demonstrating improvements in cardiovascular mortality and HF 

hospitalization outcomes require more time and larger studies, the breakthrough device 
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designation program may permit assessing effectiveness via patient-centered outcomes such 

as functional capacity, quality of life, and biomarkers in the initial expedited phase of 

premarket approval (as long as safety is demonstrated). BeAT-HF was the first approved 

device-based HF program under this pathway (3). The Phase I (expedited phase) trial used 

6-minute walk distance, Minnesota Living With Heart Failure (MLWHF), and NT-proBNP 

as endpoints for premarket approval. Phase II (extended phase) used HF morbidity and 

cardiovascular mortality as endpoints. The Phase II trial was used as supplementary for the 

premarket approval submission and continued after obtaining the marketing approval. By the 

conclusion of these two phases, data on the composite of patient-centric outcomes, surrogate 

endpoints, and traditional cardiovascular outcomes will be available. To expedite and 

facilitate the access to these therapies, CMS waived the requirement that devices enrolled 

in the breakthrough device designation program show significant clinical improvement in 

2019 and increased reimbursement for such devices from 50% to 65% of device costs 

(4). Since 2019 a new Medicare coverage pathway through the Medicare Coverage of 

Innovative Technology (MCIT) provides national Medicare coverage for breakthrough 

device technology (5). Starting the day devices receive FDA market authorization the new 

pathway guarantees 4 years of coverage for the device to Medicare beneficiaries. Although 

this new ruling does not require clinical evidence generation during the 4 years, it is 

expected that manufacturers will be encouraged to voluntarily continue to generate evidence 

to support and expand on known health outcomes of their technology. Additional evidence 

generation under the umbrella of Medicare coverage could then strengthen clinical evidence 

and support future national coverage after the 4-year term.

REGULATORY CONSIDERATIONS

As we enter in an expanding era of device therapies for HF, a number of critical issues must 

be addressed:

1. Endpoints: The design, conduct and execution of device-based trials tend to be 

more complex, expensive, and difficult to conduct than either drug trials for HF 

or device-based trials for non-HF indications. Thus, many device-based HF trials 

tend to be smaller and not powered for “hard” clinical outcomes. A concerted 

effort to define appropriate endpoints is needed to meet the demands by 

patients, regulatory agencies, academia, companies and payors. Clarification of 

the relative utility of surrogate endpoints (e.g., change in LVEF and biomarkers), 

measures of functional capacity or quality of life (e.g., 6-minute walk distance, 

Kansas City Cardiomyopathy Questionnaire (KCCQ)/MLWHF) and clinical 

outcomes (e.g., death and HF hospitalizations), as well as the meaningful 

thresholds for improvement of these endpoints and optimal analytic methods 

are needed (6).

2. Novel statistical approaches: The design of device-based trials might benefit 

from the adoption of novel statistical approaches. For example, the Finkelstein-

Schoenfeld is a hierarchical test that combines a time to event measure (like 

death) with longitudinal measures (nonfatal events like hospitalization for HF) 

(7). In extension of the Finkelstein-Schoenfeld method, the win ratio approach 
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allows for prioritization of clinical outcomes, testing of hierarchical outcomes, 

and incorporation of patient-centered endpoints (8). Finally, Bayesian analysis 

can integrate new study data with existing data, thus reducing uncertainty (9).

3. Sham design: Sham-controlled device-based trials are the closest counterpart 

to placebo-controlled drug studies as they minimize bias during the follow-up 

phase by blinding all but the proceduralists (who should not be involved in the 

later care of the patient). Compared to placebo-controlled trials, however, sham-

controlled trials are more complex; the appropriate sham is often debated; there 

are ethical issues if procedural risks cannot be minimized; and there is a greater 

risk of inadvertent unblinding (10). The FDA has advocated for alternative trial 

designs when blinding is not feasible. A focus on more objective endpoints with 

blinded evaluation may reduce the need for sham designs, although placebo, 

nocebo and Hawthorne effects, and ascertainment and other biases are not easily 

dismissed.

4. Safety evaluation: The evaluation of device-related safety plays an important role 

in the approval process. Since device trials tend to be smaller in size, regulatory 

agencies have to rely not only on the pre-approval safety evidence but also on 

post approval surveillance of device therapies. A continued effort to strike a 

balance between accelerated access to the clinical market and continued safety 

surveillance is needed. Innovative efforts for safety evaluation, including the use 

of alternative data sources such as post approval registries are underway.

Since December 2016 there has been an increase in the number of devices seeking FDA 

approval through the breakthrough designation pathway, including a total of 330 device 

therapies as of August 2020, 88 of which were cardiovascular (Supplemental Figure 1). 

Herein we review the current and future landscape of device therapies for chronic HF and 

associated comorbid diseases and describe the regulatory environment that is driving current 

and future innovation (Central Illustration).

VALVE THERAPIES

I. Devices to treat mitral regurgitation

Primary or degenerative mitral regurgitation (MR) is due to pathology of the mitral valve 

itself, usually due to fibroelastic deficiency or Barlow’s disease, in patients typically with 

normal left ventricular (LV) systolic function (11). If untreated, primary MR can result in 

LV dysfunction and HF. In contrast, secondary or functional MR commonly develops due 

to LV dysfunction and HF that lead to mitral leaflet tethering from dislocated papillary 

muscles, papillary muscle dyssynchrony with reduced closing forces, and valve tenting due 

to increased left atrial pressure. In a small proportion of patients pure annular dilatation, 

usually due to chronic atrial fibrillation, can also result in lack of leaflet coaptation and 

secondary MR (12). The prognosis in HF patients who develop secondary MR is clearly 

worse, with a direct quantitively relationship between the severity of secondary MR and 

both death and hospitalizations for HF (13). Until recently, though, it was uncertain whether 

reducing secondary MR would improve long-term prognosis as it does nothing to directly 

address the underlying LV dysfunction. More than 60 transcatheter mitral valve repair or 
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replacement devices have been developed to treat HF patients with primary or secondary 

MR. Herein we review those that have or are being investigated in pivotal safety and 

effectiveness randomized trials.

MitraClip (Abbott).—The MitraClip device, a cobalt-chrome implant, allows for an edge-

to-edge repair of the mitral valve, restoring coaptation of the anterior and posterior mitral 

leaflets, thereby reducing MR (14,15). The procedure utilizes a transfemoral venous access 

and transseptal puncture (16). In patients with primary MR, percutaneous repair of MR with 

MitraClip compared to surgical interventions is safe and improves quality of life, functional 

class, and left ventricular size, although in an early randomized trial was found to not be as 

effective as mitral valve surgical repair (15). The MitraClip device received FDA approval 

for primary MR in 2013 for patients at prohibitive risk for surgical mitral valve repair.

In contrast to primary MR, surgery has not been convincingly shown to be effective in 

secondary MR; rather, guideline-directed medical therapy (GDMT) for HF is standard 

of care, in addition to cardiac resynchronization therapy (CRT) for eligible patients. The 

Cardiovascular Outcomes Assessment of the MitraClip in Patients with Heart Failure 

and Secondary Mitral Regurgitation (COAPT) trial has provided a new option for the 

management of selected patients with primary or secondary MR in HF (17). COAPT was 

an open-label, randomized, controlled trial in 614 patients with moderate-severe or severe 

secondary MR, with left ventricular ejection fraction (LVEF) of 20–50%, and New York 

Heart Association (NYHA) class II-IV symptoms despite maximally-tolerated GDMT and 

CRT if appropriate. MitraClip reduced HF hospitalizations at 24 months by 47%, lowered 

all-cause mortality, and improved quality of life and 6-minute walk distance (Figure 1). 

The COAPT trial led to the approval of the MitraClip in 2019 in the US for secondary 

MR. A smaller (N=307) randomized controlled trial of MitraClip (Multicentre Study of 

Percutaneous Mitral Valve Repair MitraClip Device in Patients With Severe Secondary 

Mitral Regurgitation [MITRA-FR]) (18) found no difference in HF outcomes at 12 months 

(18). The COAPT trial had more stringent criteria for GDMT prior to enrollment and 

included a population with more severe MR and less left ventricular dysfunction and 

excluded severe TR and right heart failure, perhaps underlying the discordant results 

between these trials (19). The ongoing Reshape-HF2 (A Clinical Evaluation of the Safety 

and Effectiveness of the MitraClip System in the Treatment of Clinically Significant 

Functional Mitral Regurgitation; NCT02444338) and the EVOLVE-MR (MitraClip for the 

Treatment of Moderate Functional Mitral Regurgitation; NCT03705312) aim to provide 

additional evidence regarding the effectiveness and the appropriate use of MitraClip in HF. 

Additionally, a number of other device solutions are under investigation (14).

Other edge-to-edge devices have been developed, the most notable being the PASCAL 

device (Edwards Life Sciences). After a series of promising pilot studies (20–22) the 

device received the CE mark and is currently being investigated in pivotal randomized 

approval trials in primary MR (CLASP IID; NCT03706833) and secondary MR (CLASP 

IIF; NCT03706833).

Carillon Mitral Contour System (CARILLON®).—The Carillon mitral contour system 

(CMCS) is an indirect percutaneous device placed into the coronary sinus, which 
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when cinched reduces the annular anterior-posterior diameter thereby making it a mitral 

annuloplasty system (23). The procedure utilizes a transjugular venous access (24). The 

REDUCE FMR (CARILLON Mitral Contour System® for Reducing Functional Mitral 

Regurgitation) trial randomized 120 patients with NYHA class II-IV, LVEF of <50%, and 

functional MR grade 2+ or more on medical therapy (23). At 12-month follow-up there 

was a median 22.4% decrease in mitral regurgitant volume in the CMCS group compared 

to a 1.5% increase in the control group. The CMCS resulted in a significant decrease 

in LV end-diastolic and end-systolic volume, and improvement in 6-min walk distances 

and NYHA functional class (23). The CMCS is CE marked. The ongoing sham-controlled 

CARILLON trial (NCT03142152) is enrolling 352 heart failure patients with similar criteria 

as in REDUCE FMR to evaluate the clinical safety and effectiveness of this device in HF 

patients.

Transcatheter mitral valve replacement.—Medtronic’s Intrepid transcatheter mitral 

valve replacement (TMVR) system is a nitinol, self-expanding, dual frame valve with 

a circular outer fixation frame and an inner stent frame that houses a tri-leaflet bovine 

pericardium valve and is delivered via a 35-French transapical sheath (25,26). In the 

Intrepid Global Pilot Study, implantation of the Intrepid TMVR system in patients with 

symptomatic and severe MR, no more than minimal MV calcification, and LVEF ≥20% 

resulted in reduction in MR severity to mild or none in all patients, and improved symptoms 

and quality of life (27). The APOLLO (Transcatheter Mitral Valve Replacement With 

the Medtronic Intrepid™ TMVR System in Patients With Severe Symptomatic Mitral 

Regurgitation; NCT03242642) study is an ongoing, non-randomized, open-label, pre-market 

trial that aims to establish efficacy of the Medtronic Intrepid TMVR system in patients with 

moderate to severe or severe symptomatic MR and LVEF >30% who are not candidates for 

approved transcatheter repair or conventional MV surgery. Similarly, the Abbott’s Tendyne 

is bioprosthetic, repositionable, and retrievable TMVR system that is delivered via a 34-

French transapical sheath (28,29) (CE marked). In the Tendyne Global Feasibility Trial, 

implantation of the Tendyne TMVR system in patients with grade 3 or 4 MR resulted 

in reduction in MR severity to mild or none in all patients (28). The SUMMIT (Clinical 

Trial to Evaluate the Safety and Effectiveness of Using the Tendyne Mitral Valve System 

for the Treatment of Symptomatic Mitral Regurgitation; NCT03433274) study is another 

ongoing trial with a randomized, parallel assignment design that aims to investigate safety 

and efficacy of the Tendyne TMVR in symptomatic patients with moderate to severe or 

severe MR or severe mitral annular calcification and LVEF ≥25%.

Transcatheter mitral valve replacement has been a rapidly growing field (30,31) with several 

other devices currently under development and investigation, such as Edwards SAPIEN 

M3 System (NCT04153292), Edwards SAPIEN 3 (NCT01808287), Edwards EVOQUE Eos 

(NCT02718001), Neovasc Tiara™ (NCT02276547), Abbott’s Cephea, (32) and HighLife™ 

(NCT02974881).

II. Devices to treat tricuspid regurgitation

Severe tricuspid regurgitation (TR) is associated with right ventricular dysfunction and 

has been strongly associated with mortality, HF hospitalizations and poor quality of life 
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(33). However, surgery for isolated TR is rarely performed (34), and due to the frequent 

co-existence of LV dysfunction and other comorbidities, it is uncertain the extent to which 

correcting TR might improve prognosis in HF. Numerous transcatheter devices have been 

developed for TR repair or replacement (35), to date the most widely studied of which is the 

TriClip.

TriClip (Abbott).—TriClip is a minimally invasive, device-based, transcatheter edge-to-

edge repair system that is similar to MitraClip (CE marked). The TRILUMINATE (Trial 

to Evaluate Treatment With Abbott Transcatheter Clip Repair System in Patients With 

Moderate or Greater Tricuspid Regurgitation; NCT03227757) is a single-arm, multi-center 

study of 85 patients with moderate or greater TR who underwent TriClip implantation (36). 

At 6-month follow-up TR severity was reduced by one grade or more in 86% of the patients 

and only 6% of patients experienced a major adverse event. The TRILUMINATE Pivotal 

Trial (NCT03904147) is an ongoing randomized trial of 700 subjects that aims to investigate 

the effectiveness and safety of the TriClip device in symptomatic patients with severe TR 

and NYHA class II or more despite optimal medical therapy.

Transcatheter tricuspid valve replacement has been a rapidly growing field with several 

other devices currently under development and investigation, such as Edwards EVOQUE 

(NCT02718001), Neovasc Tiara™ (NCT02276547), Abbott’s Cephea, (32) and HighLife™ 

(NCT02974881).

AUTONOMIC MODULATION

I. Baroreflex Activation Therapy

Baroreflex dysfunction results in autonomic dysregulation (i.e., parasympathetic system 

withdrawal and sympathetic system overactivation) that has been related to the development 

and progression of HF (37). Afferent input to the baroreflex originates from the carotid 

sinus and aortic arch receptors, which are stimulated by arterial distension. The baroreflex 

regulates the efferent sympathetic and parasympathetic output via the rostral ventrolateral 

medulla and nucleus ambiguous (38). Baroreflex activation therapy (BAT) stimulates the 

carotid baroreceptor via electrical impulses from an implanted pulse generator (in the 

pectoral region) resulting in a centrally mediated decrease in sympathetic activity and an 

increase in the parasympathetic outflow (Figure 2, Panel A-B) (39,40). HOPE4HF was 

a randomized phase II trial of 146 patients with NYHA class III HF with LVEF ≤35%, 

where BAT with the Barostim™ neo™ system resulted greater improvements in NYHA class 

(55% vs. 24%, p=0.002), MLWHF score (−19.5±4.2, p<0.001), and 6-minute walk distance 

(58.1±19.8 meters, p=0.004) at 6 months (41). Freedom from major adverse neurological 

and cardiovascular events (MANCE) was 97.2%. There was also a reduction in N-terminal 

pro-brain natriuretic peptide (NT-proBNP) levels in the treatment group compared with 

an increase in the control group (−69.0 pg/ml vs. 129.5 pg/ml; p=0.02). LVEF was also 

improved. The subsequent confirmatory pivotal Baroreflex Activation Therapy for Heart 

Failure (BeAT-HF) trial was a randomized, parallel-group trial of 408 patients with NYHA 

class II-III with LVEF ≤35% comparing BAT plus medical therapy to medical therapy alone 

(two phases: expedited and extended) (42). Compared to the control group, patients treated 
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with BAT were shown to have an improvement in quality of life, 6-minute walk distance, 

and a reduced level of NT-proBNP at 6 months (42). Neither HOPE4HF or BeAT-HF 

(expedited) were adequately powered or had follow-up long enough to determine whether 

BAT reduced death or HF hospitalizations. Based on the results of expedited phase of the 

BeAT-HF trial, the FDA approved the Barostim™ neo™ system in 2019 for the improvement 

of HF symptoms of HF in patients NYHA Class III (or Class II with a recent history of 

Class III) patients, LVEF ≤35% and NT-proBNP <1600 pg/mL who are not CRT candidates. 

The extended phase of BeAT-HF is ongoing, and the presentation of the morbidity and 

mortality results is expected in 2022.

II. Vagus Nerve Stimulation

Excessive activation of the sympathetic nervous system (SNS) and decreased 

parasympathetic nervous system (PNS) activity occur as adaptive mechanisms to cardiac 

injury, congestion and decreased stroke volume (43,44). Chronic SNS stimulation and PNS 

depression accelerate cardiovascular stress (tachycardia, higher afterload, increased oxygen 

consumption) and ventricular remodeling (44). The stimulation of the vagus nerve has been 

introduced in an attempt to counter these long-term deleterious effects (45–47).

Three trials laid the foundation for vagus nerve stimulation (VNS) in HF (Figure 2, Panel 

C-D). The Autonomic Neural Regulation Therapy to Enhance Myocardial Function in Heart 

Failure (ANTHEM-HF) study was an uncontrolled, open-label pilot study in which 60 

patients with NYHA class II-III symptoms, LVEF ≤40%, and LV end-diastolic diameter 

(LVEDD) between 50–80 mm were randomized to left versus right cervical Cyberonics 

VNS system implantation (48). There were significant improvements in LVEF, LV diameter, 

NYHA class, 6-minute walk distance, and MLHFQ scores. Only one device-related serious 

adverse event occurred at 6 months. There were 173 device-related, nonserious adverse 

events with mild dysphonia, cough, and oropharyngeal pain being most common. The 

Increase of Vagal Tone in Heart Failure (INOVATE-HF) was a randomized, open-label trial 

of patients with NYHA class III symptoms, LVEF ≤40%, and LVEDD between 50–80 mm 

who were randomized to VNS (BioControl CardioFit system) versus medical therapy (49). 

The VNS group improvement in NYHA class, 6 min walk distance, and KCCQ score at 12 

months, but there was no improvement in mortality or HF-related clinical events (49). In the 

Neural Cardiac Therapy for Heart Failure (NECTAR-HF) trial, 96 patients with NYHA class 

II-III, LVEF ≤35%, LVEDD ≤55 mm, and QRS duration <130 ms were randomized 2:1 to 

active or inactive VNS; the VNS was switched on in the inactive group at 6 months (50). 

There was no significant difference in mortality or hospitalization between groups; the trial, 

did, however, show a reassuring safety profile of VNS (50).

VNS is CE marked and has since received a breakthrough designation and two trials 

are ongoing, one in HFrEF in 800 patients (Autonomic Regulation Therapy to Enhance 

Myocardial Function and Reduce Progression of Heart Failure with Reduced Ejection 

Fraction; ANTHEM-HFrEF; NCT03425422) (51) and the other in HFpEF in 50 patients 

(Autonomic Neural Regulation Therapy to Enhance Myocardial Function in Patients with 

Heart Failure and Preserved Ejection Fraction; ANTHEM-HFpEF; NCT03163030) (52).
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III. Splanchnic Nerve Modulation

A recently introduced treatment pathway for HF targets the splanchnic vascular 

compartment. Evidence suggests that even in the absence of an increase of total body fluid, 

HF exacerbation can occur due to disruption of intravascular fluid distribution (53,54). The 

splanchnic vascular compartment is a major reservoir for intravascular blood volume and has 

an important role in volume redistribution in HF (55). Since splanchnic nerves control the 

arterial and venous vascular tone of this vascular compartment, modulation of these nerves 

has been attempted as a potential therapy in HF (56–59). Initial investigations of temporary 

splanchnic nerve blockade (SNB) included small populations of HF patients (Figure 3) 

(60–62). In hospitalized patients, SNB improved cardiac output and decreased filling 

pressures (N=11) (61). In ambulatory HF, SNB resulted in a reduction of exercise wedge 

pressure, improved cardiac index, and favorably changed exercise performance (N=15) (62). 

The safety and efficacy of SNB was investigated via unilateral surgical resection of the 

greater splanchnic nerve (N=11). At 3 months, patients demonstrated a reduction in peak 

exercise wedge pressure (−5.1±5.0 mmHg; p=0.041). Peak oxygen consumption improved 

by +2.5±3.0 ml/kg/min and +2.5±2.9 ml/kg/min at 6 and 12 months, respectively (both 

p<0.05) (63). Ongoing efforts are investigating the safety and efficacy of minimally invasive, 

long-term SNB in HFpEF (NCT04592445 and NCT04575428).

ELECTROPHYSIOLOGIC MODULATION

I. Cardiac Contractility Modulation

HFrEF is characterized by abnormal intracellular calcium handling impacting mechanical 

and electrophysiologic function (64). Most attempts to improve outcomes in HFrEF 

targeting contractility have failed (65–67). Cardiac contractility modulation (CCM) therapy 

(OPTIMIZER System by Impulse Dynamics) delivers a biphasic, long-duration (~20 

milliseconds), high-voltage (~7.5 V) electrical signal to the septum of the right ventricle 

during the absolute refractory period (Figure 4, Panel A-B) (68–70). As the delivery of the 

electric signals occurs during refractory period, it does not result in myocardial contraction 

but leads to structural and functional changes in the myocardium including molecular 

changes, enhanced contractility, and decreased left ventricular volume (71). These changes 

likely occur due to augmentation of intracellular calcium within the cardiomyocyte as a 

result of increased extracellular calcium influx and calcium-induced calcium release from 

the sarcoplasmic reticulum (70).

The OPTIMIZER system is CE marked and was given a breakthrough device designation 

in 2015, with FDA approval in 2019 based on the results of the FIX-HF-5C (Evaluate 

Safety and Efficacy of the OPTIMIZER® System in Subjects With Moderate-to-Severe 

Heart Failure; NCT01381172) trial. This was a randomized trial of 160 patients with 

NYHA class III-IV symptoms, LVEF 25–45%, and QRS duration <130 ms. Compared to 

medical therapy, patients with CCM had a lesser decline in peak VO2 (difference of 0.82 ml 

O2/kg/min, with a 0.989 probability for CCM to be the superior), and improved MLHFQ, 

NYHA class and 6-minute walk distance at 12 and 24 weeks (71). The CCM group had 

fewer composite events of cardiac death or HF hospitalization at 24 weeks (2.9 vs 10.8%, 

p=0.028). Eighty percent of patients remained free of device-related adverse events. The 
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findings of the pivotal CCM trial were supported by a meta-analysis of 4 RCTs showing 

improved peak VO2, 6-minute walk distance, and MLHFQ (72). Early experience from a 

European registry indicates benefits on cardiovascular and HF hospitalization (73). Further 

investigation is planned for patients with HFpEF.

II. Electrical microcurrent therapy

Electrical microcurrent therapy is a novel therapy that consists of an intravenously-placed 

coil lead in the right ventricle and an intrapericardial patch lead, both of which are connected 

to a microcurrent generator (C-MIC system by Berlin Heals) implanted in a subcutaneous 

pocket (74). Microcurrent stimulation of cardiomyocytes results in intracellular and 

extracellular changes that can lead to reverse remodeling of cardiomyocytes (75). In a 

recently presented uncontrolled study in 8 HF patients, the C-MIC system resulted in 

improvement in LVEF from 30.9±4.2% at baseline to 43.3±4.4% after 1 month, decrease in 

LVEDD from 63.6±3mm at baseline to 55±2.9mm after 2 months, and increase in 6-minute 

walk distance from 186.8±37.2m at baseline to 416.7m after 1 month (74).

RESPIRATORY MODULATION

I. Phrenic Nerve Stimulation for Central Sleep Apnea

Central sleep apnea (CSA) is characterized by alternating phases of apnea and hyperpnea 

due to a loss of neural drive to breathe and is estimated to be present in 40% of patients with 

HFrEF and 20% of HFpEF (76). Patients with HF tend to have a chronic hyperventilatory 

state (76–78) with episodic falls in PaCO2 below the apnea threshold, and Cheyne Stokes 

respiration (79,80). CSA contributes to HF progression by oxidative stress, inflammation, 

and endothelial dysfunction induced by episodes of hypoxia-reoxygenation and sympathetic 

hyperactivation (81–83).

The Canadian Continuous Positive Airway Pressure for Patients with Central Sleep Apnea 

and Heart Failure (CANPAP) trial investigated continuous positive airway pressure (CPAP) 

in HFrEF with CSA (84). The trial was terminated early as it did not show any benefit of 

CPAP. The Treatment of Sleep-Disordered Breathing with Predominant Central Sleep Apnea 

by Adaptive Servo Ventilation in Patients with Heart Failure (SERVE-HF) trial investigated 

an adaptive servo-ventilation system in a similar patient population and showed an increase 

in all-cause and cardiovascular mortality in the servo-ventilation group (85).

An alternative approach targets the phrenic nerve via an implantable, device-based approach 

(remedē System, Respicardia, Inc.) (CE marked) (Figure 4, Panel C-D). Phrenic nerve 

stimulation (PNS) during sleep leads to diaphragmatic contraction, restoring normal 

breathing and stabilizing PaO2 and PaCO2 during sleep (86). The remedé System Pivotal 

Trial Study was a randomized trial of PNS in 151 patients with moderate to severe 

CSA (87). The trial showed significant reduction in apnea-hypopnea index (AHI) and 

improvement in quality of life and oxygenation with PNS at 6 months (87). PNS had 

consistent effects on CSA severity with improved quality of life in patients with HF (70% 

of all enrolled) and without HF (88). PNS showed a good safety profile (92% freedom 
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from adverse events at 12 months) (88). Based on these data, the remedē system was FDA 

approved as a treatment option for moderate to severe CSA in 2017.

II. Asymptomatic diaphragmatic stimulation

Asymptomatic diaphragmatic stimulation (ADS) is a novel therapy that involves 

trans-abdominal laparoscopic implantation of the VisONE ADS system that delivers 

diaphragmatic stimulation pulses at asymptomatic outputs gated with cardiac cycles (89). 

This results in modulation of intrathoracic pressure with enhancement of preload, afterload, 

and stroke volume. The VisONE Heart Failure Study (NCT03484780) was a pilot, single-

arm trial that investigated ADS therapy in 15 patients with LVEF ≤35%, NYHA class 

II-III symptoms, and no ventricular dyssynchrony. Preliminary data showed improvement 

in cardiac output, LVEF, and 6-minute walk distance with decrease in heart rate and no 

complications at 1 month (89). The device was granted a breakthrough device designation 

status in 2020.

STRUCTURAL INTERVENTIONS

I. Inter-Atrial Shunting

An increase in the left atrial filling pressures with exercise is pathognomonic in HF (90,91). 

The rise of left atrial and pulmonary pressures is a key determinant of exercise limitation 

in both HFrEF and HFpEF. Creating a small left to right shunt may reduce exercise-related 

increases in left atrial pressure (92). A series of devices have been developed to create a 

permanent controlled left-to-right shunt to decompress the left atrium (Figure 5). Pivotal 

sham-controlled randomized trials have been initiated to assess the safety and effectiveness 

of two of these devices.

The InterAtrial Shunt Device (IASD, Corvia Medical) is a self-expanding metal stent with 

a double-disc shape and a central opening that is implanted in the atrial septum to creates 

inter-atrial communication (93,94). The Reduce Elevated Left Atrial Pressure in Patients 

With Heart Failure (REDUCE LAP-HF; NCT01913613) trial was an open-label, single arm, 

phase 1 study that evaluated the IASD in 68 patients with HFpEF (93). At 6 months, 58% of 

the patients had reduced pulmonary capillary wedge pressure (PCWP) during exertion and 

there were no peri-procedural or device-related complications (93). This was followed by the 

Reduce Elevated Left Atrial Pressure in Patients With Heart Failure 1 (REDUCE LAP-HF I; 

NCT02600234) trial, which was a randomized, sham-controlled trial in 94 HFpEF patients 

(94). IASD treatment decreased PCWP during exercise and there were no complications 

at 1-month follow-up (94). The device is CE marked and the FDA granted the IASD 

a breakthrough device designation in 2019. REDUCE LAP-HF II (NCT03088033) is an 

ongoing randomized, sham-controlled trial studying the efficacy and safety of IASD in 608 

subjects with HFpEF.

The V-Wave® interatrial shunt device is an hourglass-shaped device which in its initial 

design contained a valve to ensure a unidirectional flow from the left to right atrium (95). It 

was the first inter-atrial shunt device to be studied in HFrEF; with 10 patients implanted, 8 

patients had improvement in NYHA class, PCWP and quality of life at 3-month follow-up 

Fudim et al. Page 11

J Am Coll Cardiol. Author manuscript; available in PMC 2023 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT03484780
https://clinicaltrials.gov/ct2/show/NCT01913613
https://clinicaltrials.gov/ct2/show/NCT02600234
https://clinicaltrials.gov/ct2/show/NCT03088033


(96). In a multicenter, single-arm, open-label study with 38 patients, NYHA class II-IV 

symptoms regardless of LVEF who underwent V-Wave implantation, 78% had improvement 

in NYHA class and 74% had improved quality of life at 3 months (97). At 12 months, there 

was only one major adverse neurological or cardiac event (97). However, the device lost 

efficacy in nearly half of cases because of late valve-related pannus formation. The device 

is CE marked and the FDA granted the device a breakthrough device designation status 

in 2019. The Reducing Lung Congestion Symptoms in Advanced Heart Failure (RELIEVE-

HF; NCT03499236) study is an ongoing multicenter, randomized trial of the V-Wave device 

(without the internal valve) in 400 patients with NYHA class III and IV with no restrictions 

for LVEF.

II. Basilar ventriculoplasty

Accucinch System—The Accucinch Guided Delivery system (Ancora Heart, Inc., Santa 

Clara, CA.) is a direct device-based, catheter-delivered basilar ventriculoplasty system 

that involves the implantation of anchors under the posterior mitral annulus resulting in 

reduction of the septal-free wall dimension, approximation of the papillary muscles and 

the mitral leaflets, and reduction of the left ventricle volume (Supplemental Figure 2) (98). 

The FDA has granted this device breakthrough device designation status, and a series of 

studies are underway to evaluate its safety and performance in patients with HF, with or 

without functional mitral regurgitation (the CorCinch-EU; NCT03183895, CorCinch-FMR; 

NCT02806570 and CorCinch-HFrEF; NCT03533517).

III. Left ventricular reconstruction

Ischemic cardiomyopathy and LV remodeling is characterized by expansion and thinning 

of the LV wall and loss of the typical LV elliptical shape, leading to an increase in the 

wall tension and inefficient ventricular contraction (99,100). Surgical ventricular reshaping 

established the concept of LV reconstruction as a potential treatment for selected patients 

with HF (101–103). The less invasive ventricular enhancement (LIVE) system, also known 

as the Revivent TC ventricular enhancement system (BioVentrix; San Ramon, CA, USA), 

consists of a series of tethered anchors that are inserted during a hybrid interventional/

surgical procedure on the beating heart that excludes regions of transmural infarction 

involving the apical-anterior-septal aspect of LV (Supplemental Figure 3) (104). In 82 

HFrEF patients with myocardial infarction resulting in LV dilatation and akinetic or 

dyskinetic wall motion in the anteroseptal, anterolateral, and/or apical regions, implantation 

of the Revivent TC ventricular enhancement system improved LVEF (29±8% from baseline 

vs. 34±9% at 12 months, p<0.005) and reduced LV end-systolic (74±28 mL/m2 vs. 54±23 

mL/m2, p<0.001) and end-diastolic (106±33 mL/m2 vs. 80±26 mL/m2, p<0.0001) volume 

index at 12 months (105). Quality of life (MLHFQ 39 vs. 26 points, p<0.001) and 6-minute 

walk test (363 m vs. 416 m, p<0.001) improved in parallel (105). The Revivent TC 

ventricular enhancement system is CE marked and the FDA granted a breakthrough device 

designation status in 2019. The BioVentrix Revivent TC™ System Clinical Study (ALIVE; 

NCT02931240) is an ongoing IDE approval trial that aims to establish effectiveness and 

safety of the Revivent TC ventricular enhancement system in 84 treated patients with NYHA 

class III or IV symptoms, LVEF <45% and LV end-systolic volume index ≥50 mL/m2 

compared with 42 concurrent untreated controls.
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VOLUME MANAGEMENT

Peritoneal direct sodium removal

Peritoneal direct sodium removal (DSR) is a non-renal approach to prevent and treat volume 

overload in HF. DSR utilizes a zero-sodium peritoneal solution (10% dextrose) to drive 

sodium removal as a result of the large gradient between extracellular fluid and the solution 

(106). In a study in 10 patients receiving peritoneal dialysis (PD) for end-stage renal disease 

who underwent randomization and crossover to DSR solution or standard PD solution, DSR 

solution resulted in greater sodium removal (P<0.001) and more fluid removal (106). The 

RED DESERT (Alfapump Direct Sodium Removal; NCT04116034) study is an ongoing 

trial to investigate the feasibility and safety of the Alfapump DSR system in HF patients who 

are resistant to diuretic therapy.

SUMMARY OF EVIDENCE

The following FDA-approved device-based therapies may be considered in patients with HF.

HFrEF

a. In patients with LVEF 20–50%, moderate-severe or severe functional MR, 

LVESD of ≤ 7cm and NYHA class II-IV despite maximally tolerated GDMT 

and CRT if appropriate, MitraClip implantation may be considered.

b. In patients with LVEF 25–45%, and QRS duration <130 ms. and NYHA 

class III-IV despite maximally tolerated GDMT, cardiac contractility modulation 

therapy may be considered.

c. In patients with LVEF ≤35% and NYHA class II-III despite maximally tolerated 

GDMT, baroreflex activation therapy may be considered.

HF regardless of LVEF

a. In patients with moderate to severe CSA regardless of LVEF, phrenic nerve 

stimulation may be considered.

CONCLUSION

Innovation in device-based therapies has seen a major change in the last decade. A 

number of device-based therapies have been recently approved for HF and increasingly 

present an integral building block in the management of different phenotypes of HF. 

Currently approved and novel therapies that are the pipeline allow in most cases to target a 

structural or neurohormonal abnormality that are not directly amendable to pharmacological 

therapeutic interventions. Further, device-based therapies have the advantage to operate 

independent of patient adherence. Given the more invasive nature and inherent risk 

of device-based therapies, they are primarily developed and approved for patients with 

persistent symptomatic or progressive disease despite optimal GDMT. Notably, devices are 

not replacing pharmacological therapies but rather complement them or fill gaps in areas 

without any proven medical therapies such as HFpEF. Thus, device-based therapies for HF 

should be considered complementary to pharmacological therapy.
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Abbreviations

FDA Food and Drug Administration

HF heart failure

HFpEF heart failure with preserved ejection fraction

HFrEF heart failure with reduced ejection fraction

KCCQ Kansas City Cardiomyopathy Questionnaire

LVEF left ventricular ejection fraction

MLWHQ Minnesota Living With Heart Failure

MR mitral regurgitation

NT-proBNP N terminal pro brain natriuretic peptide
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Highlights

• Device therapies have become an integral part of heart failure (HF) 

management.

• The Breakthrough Device Program has expedited the access to device-based 

HF therapies.

• Critical issues related to evidence generation and approval of HF device 

therapies remain to be addressed.
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Central Illustration: 
FDA-approved and breakthrough designated device therapies. FDA-approved and 

breakthrough designated devices in the heart failure space split out by heart failure subtype 

(HFrEF, HFpEF and LVEF independent)

Abbreviations: HFrEF= heart failure with reduced ejection fraction, HFpEF= heart failure 

with preserved ejection fraction. FDA= food and drug administration, LVEF= left ventricular 

ejection fraction. TR= tricuspid regurgitation
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Figure 1. 
Device therapy for mitral valve regurgitation

Mitral regurgitation development and progression in heart failure is mostly secondary to 

annular dilatation and leaflet tethering, papillary muscle desynchrony, and valve tenting 

due to increased left atrial pressure (A). MitraClip is a cobalt-chrome implant that allows 

for an edge-to-edge repair of the mitral valve (B). (C) Results of the COAPT trial (17). 

Abbreviations: AO= Aorta, LA= left atrium, LV= left ventricle.
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Figure 2. 
Baroreflex activation therapy and vagus nerve stimulation

Baroreflex activation therapy: (A) The baroreflex signals mainly originate from the carotid 

sinus and aortic arch (stimulated by arterial distention). These signals inhibit the rostral 

ventrolateral medulla. Consequently, the sympathetic activity in various organs decreases. 

From (38). (B) The effect of baroreflex activation therapy on exercise capacity, quality of 

life, and the level of N-terminal pro-brain natriuretic peptide. From (42).

Vagus Nerve Stimulation: (C) Device-based stimulation of the vagus nerve can counteract 

the excessive activation of the sympathetic nervous system (SNS) and decreased 

parasympathetic nervous system (PNS) activity seen in heart failure. (D) INOVATE-HF 

trial as well as other trials showed that vagus nerve stimulation can improve quality of life. 

From (49). Abbreviations: BS= brain stem, SA= sino-atrial, AV= atrioventricular.

Fudim et al. Page 24

J Am Coll Cardiol. Author manuscript; available in PMC 2023 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Splanchnic nerve modulation

The splanchnic vascular compartment is a major a reservoir for intravascular blood volume 

and has an important role in volume redistribution in heart failure (A). Splanchnic nerves 

control the arterial and venous vascular tone of this vascular compartment; and therefore, 

splanchnic nerve block can be a potential treatment modality in heart failure (B). Fudim et 

al showed improvement in right atrial pressure, mean arterial pressure, pulmonary arterial 

mean pressure, and wedge pressure after a temporary block of the splanchnic nerve in 

patients with heart failure (C).

Fudim et al. Page 25

J Am Coll Cardiol. Author manuscript; available in PMC 2023 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Cardiac contractility modulation and phrenic nerve stimulation

OPTIMIZER System delivers a biphasic, long-duration, high-voltage electrical signals to the 

septum of the right ventricle during the absolute refractory period, resulting in myocardial 

changes that lead to enhancement of contractility (A). The results of the OPTIMIZER 

system on peak VO2 are shown in (B).

Phrenic Nerve Stimulation: (C) Device-based phrenic nerve stimulation during sleep in 

patients with central sleep apnea leads to diaphragmatic contraction, and thus, restoring 

normal breathing and stabilizing the level of oxygen and cardon dioxide throughout sleep. 

(D) Device-based phrenic nerve stimulation (using remedē System) results in improvement 

in the apnea-hypopnea index (AHI). From Costanzo MR, Ponikowski P, Javaheri S, 

Augostini R, Goldberg L, Holcomb R, Kao A, Khayat RN, Oldenburg O, Stellbrink C, 

Abraham WT and remede System Pivotal Trial Study G. Transvenous neurostimulation for 

central sleep apnoea: a randomised controlled trial. Lancet. 2016;388:974-82.
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Figure 5. 
Interatrial shunt devices.

Patients with heart failure typically have increased left atrial pressure with subsequent 

pulmonary congestion. Creating a permanent, dynamic, controlled left-to-right shunt can 

decompress the left atrium in heart failure (A). Different interatrial shunt devices are shown 

in (B). Interatrial shunt devices result in a decrease in the pulmonary capillary wedge 

pressure, and thus, improvement in pulmonary congestion (C) (94).
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