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Heart failure (HF) constitutes a significant clinical problem and is associated with a sizeable burden for the
healthcare system. Numerous novel techniques, including device interventions, are investigated to improve clinical
outcome. Interventions regarding autonomic nervous system imbalance, i.e., baroreflex activation therapy; vagus,
splanchnic and cardiopulmonary nerves modulation; respiratory disturbances, i.e., phrenic nerve stimulation and
synchronized diaphragmatic therapy; decongestion management, i.e., the Reprieve system, transcatheter renal

venous decongestion system, Doraya, preCardia, WhiteSwell and Aquapass, are presented.

heart failure cardiorenal syndrome autonomic dysregulation

| 1. Introduction

Heart failure (HF) is a clinical syndrome resulting from structural and/or functional abnormality of the heart, leading
to elevated intracardiac pressures and/or insufficient cardiac output. Increased cardiac filling pressures and neuro-
hormonal disturbances resulting in fluid retention and redistribution are major factors responsible for congestion

development and acute decompensation in heart failure I,

As the HF pathophysiology is multidimensional, device interventions allow direct or indirect targeting of biological
HF pathways, e.g. methods to manipulate sympathetic nervous system (SNS) imbalance, respiratory dysregulation
or volume overload have been developed (Table 1). To preserve the research's coherence and compactness,
researchers decided not to describe all promising techniques, but they focused on selected pathophysiological

processes crucial in HF (Figure 1).
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Baroreflex activation therapy
Splanchnic nerve stimulation
Cardiac pulmonary nerve stimulation

Novel
therapeutic
devices in
heart failure

Reprive therapy®

Transcatheter renal venous system Phrenic nerve stimulation

(TRVD) and Doraya Catheter

preCARDIA
WhiteSwell®
AquaPass

Synchronized diaphragmatic therapy

Figure 1. Pathophysiological pathways addressed by novel therapeutic devices.

Table 1. Summary of the proposed novel methods.
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Method Mechanism Solution and Size Outcomes Evidence Adverse Events
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controlled MANCE, ' . p .
ial (S capacity, related serious
ivi . . ’ functional
Oyeracthlty D Stimulation of n =408 NT-proBNP, 6 SO ev_ent
(increased heart . . status and occurred in
. carotid bodies MHW, .
Baroreflex rate, arterial to restore MLWHF QOL decrease of seven patients.
activation pressure, RAAS . NT-proBNP &
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activity and trial patients. in quality of events between
negative cardiac n=95 life, NYHA control and
remodeling). class and therapy groups.
functional The overall rate
status 4 of implantation-
related
infections was
7.4%
Serious adverse
events occurred
ANTHEM-HF in 16 patients.
Multicenter, Change in: showed There was one
open-label, LVESV positive, death related to
uncontrolled EF, durable system
trial Adverse improvement implantation due
n =60 events. of cardiac to an embolic
function & stroke that
occurred 3 days
after surgery.
Splanchnic-
Single- HF 1, and
center, Splanchnic-
osbech cragem IS o avere
P ’ CVPPAMP events were
uncontrolled PCPW and
) PCWP . reported.
trials improvement
GSN ;
. . . n=11,n= of the cardiac
Excessive cardiac modulation ; -
filling pressure due reventin 15 index during
g pressur P ing exercise €1
to overactivity of exercise
SNS resulting in provoked
i i There were
. visceral visceral
Splanchnic - - three non-
. . vasoconstriction vasoconstriction ) .
nerve stimulation . serious device-
and rapid volume and subsequent REBALANCE lated ad
shift from visceral to  fluid shift from . WL felated adverse
. Change in: HF confirmed  events reported
central the visceral ) . .
: . mean PCPW the reduction in this study: HF
compartment during compartment to Multicenter, . . .
exercise the central prospective at rest and in exercise decompensation
. venous system uncontrolled’ 2leEEy i LTI
' ilof stud ' W). HFpEF and periprocedural
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Method

Cardiopulmonary
nerve stimulation

Phrenic nerve
stimulation

Asymptomatic
diaphragmatic
stimulation

Pathophysiological
Mechanism

Impaired LV
contractility and
relaxation.

Central apnea due
to periodic drop in
CO, partial
pressure to below
the threshold for
triggering the action
potential in the
respiratory center
caused by greater
sensitivity to carbon
dioxide leading to
potent stimulus of
rhythmic breathing.

High left ventricle
pre-load and after-
load pressures
increase remodeling
and HF
progression.

Solution

Stimulation of
the autonomic
system area
responsible for
LV contractility
resulting in
positive
lusitropic and
inotropic
effects.

Transvenous

stimulation of

phrenic nerve
during apneas.

Stimulation of
diaphragm
muscle fibers
synchronized
with cardiac
cycle to
decrease
intrathoracic
pressures.

Trial Design
and Size

Single-
center, first-
in-human,
proof-of-
concept
study
n=15

Multicenter,
randomized,
open-label
study
n=151

Single-
center,
randomized,
open-label
study n =33

Primary
Outcomes

Adverse
events.

Reduction in
AHI and
freedom from
serious
adverse
events

LVEF
improvement

Evidence

A proof-of-
concept study
showed
improvement
of LV
contractility
and an
increase in
mean arterial
pressure
without
affecting the
heart rate &

The remedé
System
Pivotal Trial
showed
significant
reduction in
AHI, arousal
index,
desaturation
and apnea
episodes. It
also revealed
improvement
in quality of
life, sleep

structure and
EF 9L

EPIPHRENIC
Il Study
showed

significant
improvement
of LVEF,
maximal
power on
effort,
reduction in

NYHA class,
without

differences in

6-min walking
test or BNP

concentration
[12][13]

Adverse Events

No device-
related serious
adverse events
were reported.

Cumulatively, 21
(14%) serious
adverse events
were observed
in 5-year follow-
ups (15; (10%)
in the first 12
months). It
predominantly
included
electrode
dysfunction,
electrode
dislocation and
infection of the

implantation site
[10]

Three patients
were excluded
due to
dysfunctional
diaphragmatic
electrode. No
adverse events
were observed
[12]
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Method

Reprieve system

Transcatheter

renal venous

decongestion
system

Doraya Catheter

Pathophysiological
Mechanism

Problems with
controlling
decongestive
therapy to avoid too
rapid diuretic
response and
hypovolemia and,
on the other hand,
providing too much
fluid, which worsens
volume overload.

Congestion in renal
veins.

Congestion in renal
veins.

Solution

Sustaining the
accurate fluid
balance by
measuring the
urine output
and providing
the exact
amount of
replacement
solution to
achieve preset
fluid balance.

Transfemoral
inserted flow
pump, which
reduces renal
vein pressure to
the desired
level.

Partial
obstruction of
the flow in the

inferior vena
cava below the

level of the

renal veins
reduces renal
vein pressure

Trial Design

and Size

Multicenter,
non-
randomized,
open-label
study
n=15

Non-
randomized,
single-
center,
prospective,
open-label,

studies, both

n=19

No results
have been

published so

far.

First in-
human,
single-arm,
open-label
study
n=9

Primary
Outcomes

Freedom from
serious
adverse

events during

procedural
recovery or
acute therapy

Device and
procedure-
related
adverse
events and
decongestive
efficacy

Device and
procedure-
related
adverse
events,
technical and
procedural
feasibility

Serious
adverse
events.

Evidence

VisONE study
showed
improvement
in LVEF and
life quality
(evaluated in
SF-36);
extended
walking
distance
during the 6
MWT was
observed at a

1-year follow-
up. 22

Higher urine
output and
decrease in
CVPin
comparison to
the baseline.
Actual fluid
loss did not
exceed target
fluid loss at
the end of
therapy in
every patient
[14]

The trial to
evaluate
TRVD was
terminated
prematurely,
no results
have been
published so
far.

The catheter
was
successfully
deployed in
all patients.
Clinical
symptoms, as
well as
diuresis and

Adverse Events

No adverse
events were
observed during
procedural
recovery, acute
therapy (primary
outcome) and in
12month follow-
up (secondary
outcome) 231

No serious
adverse events
were observed.

One case of
hypokalemia
occurred.

No results have
been published
so far.

No device-
related or
embolic events
were reported.
One serious
procedure-
related adverse
event: bleeding
hematoma from

HF remains a major medical problem and is associated with a high occurrence of rehospitalization and deaths,

which constitute a huge problem for patients as well as healthcare systems worldwide 22, Given that, numerous

methods to improve outcome in HF have arisen, some including device-based treatment techniques.

| 2. Targeting Autonomic Nervous System Regulation

2.1. Potential Pathophysiological Target
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Method

preCARDIA

WhiteSwell

[22]

AquaPass

[23]

Pathophysiological

Mechanism

Increased right
ventricle preload.

Increased preload
causes lymphatic
congestion, which
impairs interstitial
drainage and
exacerbates
oedema.

Insufficient urine
volume removal.

2.2.1. Existing Evidence

Several clinical

studies have evaluated the effectiveness

Solution

Obstruction of
the superior
vena cava
leading to an
intermittent
decrease in
preload.

Reduction in
the pressure in
the area of
lymphatic duct
outflow into

venous vessels.

Enhancing the
sweat rate to
remove fluid
directly from

interstitial
space.

Trial Design
and Size

Multicenter,
prospective,
single-arm
exploratory
safety and
feasibility,
open-label,
trial
n=30

The animal
model study,
n =7 sheep,
used in1
human,n=1

Feasibility
and short-
term
performance,
single-arm,
open-label
study,
n=16

Primary
Outcomes

Freedom from
device or
procedure-
related
serious
adverse
events

Serious
adverse
events.

Serious
adverse
events,
treatment
tolerance,
ability to
control skin
temperature
between 33
and 38
Celsius
degrees).

and safety

Evidence

natriuresis,
improved 2

Successful
decrease in
right atrial
pressure and
PCWP,
increase in
net fluid
balance and
urine output
[16]

Examined in a
ovine model.
Trend toward

improved
oxygenation
an diuresis
was noticed
17

The
procedure
was safe in
HF patients,
successful
weight loss
was
observed.
Increased
skin
temperature
without
elevating core
temperature
above
average was
achieved in
each patients
18

Adverse Events!riven by

the injection 2l role in
Mot 1 (PNS).
sequelae. sure and
vascular
No device or 3 S.eve.ral
procedure- (Ictivation
related serious
adverse events afferent
were observed. Ises are
S to the
or SNS
No adverse rretion of
events were  eceptors
rep?,ﬁ?:al: " itors 29,
application. Jents [21]
(RAAS),
elevates
[ although
, and the
No adverse
event occurred.
he ANS.
ing PNS
rease of
pressure

of BAT. A multicenter, prospective,

randomized, controlled trial-Baroreflex Activation Therapy for Heart Failure (BeAT-HF, NCT02627196)-showed
that in the group of 264 patients with the FDA-approved enrolment criteria for BAT (EF < 35%, NT-proBNP < 1.600
pa/mL, NYHA functional class Il and without Class | indication for CRT), BAT is a safe procedure that significantly

improves quality of life, exercise capacity and functional status, while it decreases NT-proBNP and reduces the

number of HF hospitalizations per year. The study reported that the overall major adverse neurological and

cardiovascular event-free rate was 97.2%, while the system and procedure-related complication event-free rate

was 85.9% [2. Cardiovascular mortality and HF morbidity rates are still under investigation (1200 participants, 5

years of observation, NCT02627196) Dell'Oro et al. demonstrated that in the group of seven patients who
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completed follow-up, BAT significantly improved EF (from 32.3 + 2 to 36.7 + 3% in 43 months, p < 0.05) and
reduced heart failure-related hospitalization rate. There were no side effects reported in this study &l Apart from

HF, BAT is also widely investigated as a potential drug-resistant arterial hypertension treatment (23!,

2.2.2. Weaknesses or Unexplained Issues

Despite positive early results, there is a need for further, well-powered clinical trials before BAT can be
incorporated into HF clinical practice. BAT needs at least larger-scale research that includes longer follow-up, a
higher number of patients and clarified outcomes with mortality risks 24, The study performed by Dell'Oro et al.

was not registered as a clinical trial.

2.3. Vagus Nerve Stimulation

Vagus nerve stimulation (VNS) is an autonomic system modulation that aims to level autonomic system imbalance
by increasing PNS activity. Electrostimulation of the easily accessed right cervical vagus nerve induces

neurohormonal reactions that buffer the overactivity of SNS [22],

2.3.1. Existing Evidence

The Neural Cardiac Therapy for Heart Failure (NECTAR-HF, NCT01385176, 95 participants, 63 randomized to
therapy) trial was the first study that evaluated the usefulness of VNS in HFrEF. It showed improvements in quality
of life, NYHA class and exercise capacity without changes in echocardiographic measures (primary endpoint
defined as the change in left ventricle end-systolic diameter) in the VNS treated patients. There were no significant
differences in the serious adverse event (SAE) rates between the control and therapy groups. The overall rate of
implantation-related infections was 7.4% 1. The Autonomic Regulation Therapy for the Improvement of Left
Ventricular Function and Heart Failure Symptoms (ANTHEM-HF, NCT01823887, 60 participants) uncontrolled
design study delivered information about the safety of this procedure, and it showed positive, durable
improvements in cardiac function and echocardiography parameters after 6 months of treatment. Additionally, this
study confirmed significant improvement in NYHA functional class and exercise tolerance. One death related to the
device implantation procedure caused by an embolic stroke that occurred 3 days after surgery in a patient suffering
from extensive atherosclerosis of the carotid arteries was reported 2. The promising application of VNS may be
heart rate-dependent stimulation, which, apart from balancing the autonomic system, restores physiological

relations [28],

2.3.2. Weakness or Unexplained Issues

Although VNS has a significant positive impact on a patient’s functional status, it does not impact the prognosis 27,
The ANTHEM-HF study was conducted without a control group, which is a significant limitation. To exclude the
placebo effect and assess the safety of the procedure, there is a need for a randomized, controlled clinical trial 2!,
Moreover, positive echocardiographic changes are not reported by any studies [ZZ. Interestingly, positive functional

changes observed during VNS therapy are not accompanied by NT-proBNP serum level decrease.
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2.4. Splanchnic Nerve Modulation

The splanchnic nerves are responsible for autonomic innervation of the upper abdominal viscera (e.g., liver) and
are highly connected with splanchnic vascular volume management, primarily caused by visceral vasoconstriction
during exercise. The visceral vascular bed is a natural reservoir of blood volume that can be quickly relocated for
an urgent need (like hypovolemia, hemorrhage, or exercise). Redistribution of blood volume from the extra-thoracic
compartments into the central circulation is believed to be a significant contributor to elevated filling pressures in
HF patients, including HF with preserved ejection fraction (HFpEF) [&l. Modulation (blockage or partial blockage) of
the splanchnic nerves (SNM) decreases sympathetic tone. It thereby prevents the rapid shift of blood from the

splanchnic bed to the central circulation during physical exercise.

SNM may protect the central venous system from acute volume redistribution and subsequent cardiac filling
pressure increase 281, SNM is reached by uni- or bilateral chemical, electrical or surgical greater splanchnic nerve

blockage.

2.4.1. Existing Evidence

The splanchnic-HF 1 (NCT02669407) and 2 (NCT03453151) trials reported promising effects of SNM therapy in
both acute decompensated (ADHF) and chronic heart failure (CHF). Eleven ADHF patients with advanced HFrEF
underwent bilateral temporary percutaneous splanchnic nerve block with lidocaine. In this group, significant
reduction in pulmonary capillary wedge pressure (from 30 £ 7 mmHg at baseline to 22 + 7 mmHg at 30 min, p <
0.001) and an increase in cardiac index (from 2.17 + 0.74 L/min/m? at baseline to 2.59 + 0.65 L/min/m? at 30 min p

= 0.007) were reported &, Similar findings were provided by a study of 18 CHF patients who underwent the same
procedure [, In HFpEF, permanent ablation of the right greater splanchnic nerve resulted in the reduction of
intracardiac filling pressures during exercise, as early as 24 h after the procedure 22, Moreover, a European two-
center study investigated the feasibility of permanent surgical right-sided SNM for the treatment of HFpEF (Surgical
Resection of the Greater Splanchnic Nerve in Subjects Having Heart Failure with Preserved Ejection Fraction,
NCT03715543) demonstrated a significant reduction of PCPW at a 3-month follow-up and significant improvement
in NYHA class and quality of life at 12 months after the procedure 28, The early results of the REBALANCE-HF
study (NCT04592445, the ongoing multicenter evaluation of splanchnic ablation for volume management in
HFpEF) delivered auspicious results. In the group of 18 enrolled patients, the 20 W exercise PCWP and peak
exercise PCWP decreased significantly 1 month after the procedure. At least one NYHA class improvement was
experienced by 39% of patients at 1 month and 50% at 3 months after the SNM procedure. This study reported
three non-serious device-related adverse events (AE): HF decompensation due to periprocedural fluid overload,

transient hypertension and back pain following ablation [&l.

2.4.2. Weakness or Unexplained Issues

Safety and efficacy of SNM in the treatment of HF needs to be further investigated. Current scientific reports are

based on small patient populations and very limited follow-ups. Notably, the abovementioned studies were proof-of-
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concept clinical trials without a control group. Additionally, a unified procedure for HF SNM application must be
established 28],

2.5. Cardiac Pulmonary Nerve Stimulation

This method uses anatomical relations between pulmonary arteries and the cardiac autonomic system elements.
An endovascular delivered electrode placed in pulmonary arteries stimulates the surrounding autonomic nerves
resulting in positive lusitropic (increasing relaxation of the myocardium during diastole) and positive inotropic
(increasing myocardial contractility) effects without an influence on heart rate. Thus, this percutaneous device has
at least theoretical potential to improve cardiac function and systemic perfusion and facilitate decongestion in
ADHF [,

2.5.1. Existing Evidence

The first in-human, proof-of-concept, uncontrolled study (NCT04814134) revealed promising cardiac pulmonary
nerve stimulation (CPNS) effects. CPNS in HF resulted in LV contractility improvement and an increase in mean
arterial pressure without affecting the heart rate. Moreover, the CPNS 2 Feasibility Study demonstrated short-term
safety (no SAE reported) and feasibility in chronic HF patients undergoing a catheterization procedure or

implantable cardioverter-defibrillator/cardiac resynchronization therapy implantation £,

2.5.2. Weakness or Unexplained Issues

CPNS is a concept that needs further investigation. Well organized clinical trials are required to provide information

about CPNS effectiveness, safety and impact on outcomes.
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