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Abstract Managing cardiorenal syndrome in acute decompensated heart failure remains a major challenge in contemporary cardi-
ology. While pharmacological decongestion with diuretics is the cornerstone of therapy and is effective in most patients,
worsening renal function and diuretic resistance continue to pose challenges in selected cases. Device-based therapies
are increasingly explored to target key pathophysiological mechanisms underlying cardiorenal dysfunction. This expert re-
view builds on a conceptual framework for device-based therapies. Rather than cataloguing individual technologies, we apply
a functional framework that classifies devices according to their primary mode of action: reduction of venous or lymphatic
congestion (‘pullers’), augmentation of arterial perfusion (‘pushers’), and direct removal of sodium and/or fluid (‘removers’).
For each category, we integrate pathophysiological rationale with available clinical evidence, highlighting the predominance of
early-phase physiological evidence and the need for randomized studies demonstrating benefit beyond optimized contem-
porary medical care.

* Corresponding author. Email: jeroen.dauw@azorg.be

© The Author(s) 2026. Published by Oxford University Press on behalf of the European Society of Cardiology.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse,
distribution, and reproduction in any medium, provided the original work is properly cited.

920z 1snbny ¢ uo 1senb Aq £6/£9/8/S6 | BEAX/p/E | /o]0NJE/1Y2S8/W 0 dNo"OIWSPEI. WOJ) POPEOJUMO(]



Graphical abstract

Dauw et al.

Devices in Cardiorenal Medicine

4 Cardiac output

Pushers

T Renal perfusion

: Aortix
N/ el @ Second Heart

4 Renal TRAAS Reitan
perfusion '\. ModulHeart
Wl 1 Water & Na Removers

reabsorbtion

Direct fluid removal
Aquadex (venous ultrafiltration)
Aquapass (transdermal fluid removal)

| e

Clgt?agfsitllgrn Reprieve (real-time uNa tailored diuretic
Intersticial therapy)
Tisular
A
: Pullers
T Renal '
\ venous : 1 venous / lymphatic congestion
Y [Z pressure ¥-_ \ A Doraya
f 18] A { Lymphatic o preCARDIA
*s., TCentral clearance Nephronyx
venous -- WhiteSwell eLym
pressure

Devices in cardiorenal syndrome. The figure illustrates the different types of devices that can address the pathophysiology of cardiorenal syndrome in acute
heart failure. Dotted arrows indicate direct haemodynamic alterations in heart failure. Solid arrows indicate renal alterations in the context of heart failure.
Dotted lines indicate the contribution of devices in cardiorenal medicine. Sodium (Na), renin—angiotensin—aldosterone system (RAAS), sympathetic ner-

vous system (SNS), spot urinary sodium (uNa).

Keywords

Heart failure (HF) and chronic kidney disease (CKD) frequently coexist,
and their interaction contributes to a higher risk of congestion, recur-
rent hospitalizations and renal dysfunction.”* In acute decompensated
heart failure (ADHF), worsening renal function (WRF) often compli-
cates the clinical course.” While a rise in creatinine during decongestion
often does not reflect structural kidney injury,’ it may coincide with a
state of diuretic resistance or haemodynamic instability that limits the
effectiveness of pharmacological therapy.” In addition, definitions of
worsening renal function and diuretic resistance are not standardized
and may differ between acute and chronic settings, contributing to vari-
ability in patient characterization and treatment strategies.

Although most patients can be effectively decongested with opti-
mized pharmacological therapy, a subset remains difficult to manage be-
cause of persistent congestion, haemodynamic instability, or apparent
diuretic resistance. For these patients, a variety of devices are currently
in early-stage clinical or pre-clinical development and aim to target the
cardiorenal axis to facilitate decongestion.

The objective of this review is to provide a structured and mechan-
istic overview of device-based therapies in the context of cardiorenal
syndrome. This review categorizes these devices based on their pri-
mary physiological target: those that reduce renal venous hypertension
(‘pullers’), those that augment renal arterial flow (‘pushers’), and those
designed for the direct mechanical removal of sodium and fluid

Cardiorenal syndrome ® Acute heart failure ® Decongestion ® Device therapy ® Diuretic resistance

(‘removers’). By integrating available clinical evidence with underlying
pathophysiological rationale, this review aims to clarify the potential
role, limitations, and future directions of device-based strategies in
HF complicated by cardiorenal dysfunction. Of note, short- and long-
term mechanical circulatory support devices, such as left ventricular as-
sist devices (LVAD) and extracorporeal membrane oxygenation
(ECMO), are beyond the scope of this review as they primarily aim
to improve haemodynamics in general, rather than tackling cardiorenal
syndrome specifically. They have been extensively described
elsewhere.”

Renal dysfunction during ADHF arises from a complex interplay among
congestion, altered haemodynamics, and adaptive renal responses
(Graphical Abstract)®'? In this context, alterations in venous capaci-
tance and venous tone, including changes in stressed blood volume,
contribute to fluid redistribution and increased cardiac filling pressures,
even in the absence of major changes in total blood volume." Venous
congestion is increasingly recognized as a major contributor to cardior-
enal dysfunction, particularly through elevations in right-sided cardiac
filling pressures.'®'* Increased right atrial and central venous pressures
are directly transmitted to the renal venous circulation, potentially lead-
ing to a reduction in the effective renal perfusion gradient despite
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Devices to reduce renal venous pressure (‘pullers’). The figure illustrates the different types of pullers. The top left image shows the po-
sitioning of each device within the venous—lymphatic system: inferior vena cava (IVC) and superior vena cava (SVC)

preserved systemic arterial pressure. Under these conditions, impaired
venous drainage and rising interstitial pressure may constrain renal
blood flow and filtration, even in the absence of major reductions in ar-
terial pressure or cardiac output, with direct theoretical consequences
for natriuresis and diuretic response.16 These changes may impair so-
dium excretion, contributing to the dissociation between estimated
glomerular filtration rate, cardiac output, and diuretic response."”

Elevated intra-abdominal pressure can further impair renal venous
drainage and reduce effective filtration pressure, independent of sys-
temic haemodynamics'®?° At the same time, the lymphatic system,
which normally facilitates the clearance of interstitial fluid, may become
overwhelmed in the setting of sustained venous hypertension, limiting
its capacity to buffer rising tissue pressures*'=2°

In addition to venous congestion, impaired renal perfusion may con-
tribute to renal dysfunction during decompensation. Renal function is
more closely related to effective arterial perfusion pressure than to car-
diac output itself, and autoregulatory mechanisms can preserve renal
blood flow and glomerular filtration across a broad range of haemo-
dynamic conditions.?® Consequently, low cardiac output, although pre-
sent in a subset of patients with ADHF,%’ does not necessarily translate
into impaired renal function.?® Nevertheless, when effective renal per-
fusion becomes critically compromised and autoregulatory capacity is
exceeded, reduced arterial perfusion may contribute to worsening re-
nal function, neurohormonal activation, and impaired sodium hand-
Iing.g‘28 The relative contribution of congestion and impaired
perfusion varies across patients and over time,®*® contributing to the
marked heterogeneity in renal response and treatment effects ob-
served in clinical practice.*

Beyond haemodynamic abnormalities, alterations in tubular sodium
handling represent a third component of cardiorenal dysfunction.
Neurohormonal activation, reduced distal sodium delivery, and

structural adaptation of the nephron increase sodium avidity and blunt
the natriuretic response to loop diuretics.*'®*® This dissociation be-
tween administered diuretic therapy and natriuretic response is a defin-
ing feature of diuretic resistance.”

Renal dysfunction and impaired decongestion arise from varying
combinations of venous congestion, altered perfusion, and tubular
adaptation, often superimposed on pre-existing structural kidney dis-
ease™*32 This provides the rationale for complementing pharmaco-
logical decongestion with device-based strategies targeting these
specific aspects of pathophysiology.

In line with the role of venous congestion in the pathophysiology of car-
diorenal dysfunction, several device-based strategies have been devel-
oped to reduce venous pressures and improve renal outflow
conditions (Figure 7). These so-called ‘puller’ devices aim to facilitate de-
congestion by reducing venous and/or lymphatic congestion, thereby
potentially improving the transrenal perfusion gradient and improving
diuretic responsiveness. Importantly, pullers do not directly remove so-
dium or fluid, but are intended to act as adjuncts to pharmacological de-
congestive therapy by targeting venous congestion as a key limiting
factor.

Doraya

The Doraya catheter (Revamp Medical, Netania, Israel) is an intravascu-
lar device designed to reduce renal venous congestion by modifying
venous pressure conditions within the inferior vena cava. The device
is positioned in the inferior vena cava below the level of the renal veins
and introduces a controlled, partial narrowing of the caval lumen
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without causing complete obstruction. This creates a pressure gradient
within the inferior vena cava, resulting in lower venous pressure at the
level of the renal veins. The first-in-human feasibility study examined the
use of the Doraya catheter in nine AHF patients. The procedure ap-
peared safe, as there were no adverse events related to the device.333*
The device created a pressure gradient in the inferior vena cava and re-
sulted in a reduction in renal venous pressures. These haemodynamic
changes were associated with increases in diuresis and improvements
in congestion markers, although interpretation is limited by the small
sample size and lack of a comparator group.>* A larger-scale study is
currently in progress (NCT05876078).

PreCardia

The preCARDIA system (Abiomed, Danvers, MA, USA) targets venous
congestion through intermittent modulation of central venous return.
The device operates via cyclical balloon occlusion of the superior vena
cava, consisting of repeated periods of partial occlusion (typically sev-
eral minutes) followed by brief balloon deflation, allowing controlled
and reversible reductions in central venous and cardiac filling pressures.
The superior vena cava accounts for approximately 30% of the venous
return and its occlusion was shown to result in a modest reduction in
filling pressures without a significant effect on blood pressure or cardiac
output in a first-in-human study.*® Initial feasibility of this approach has
been evaluated in 30 ADHF patients in the single arm VENUS-HF early
feasibility study, where observations included reductions in right atrial
pressure and pulmonary capillary wedge pressure, accompanied by in-
creases in urine output, without evidence of haemodynamic instabil-
ity.36 An expanded report, adding another 30 patients with a
second-generation device to the same early feasibility study, has subse-
quently showed consistent haemodynamic effects in a larger cohort.>’
Current evidence remains mechanistic in nature, and whether these
physiological effects translate into meaningful clinical benefit remains
unknown.

Nephronyx perfusor

The Nephronyx perfusor (Nephronyx Ltd., Modiin, Israel) is a fully
intravascular, self-expanding device designed to reduce renal venous
congestion by facilitating passive renal venous outflow. The device is de-
ployed percutaneously in the inferior vena cava at the level of the renal
veins and remains entirely within the vasculature, without the need for
external connections or active energy delivery. Its mechanism of action
relies on local modification of caval blood flow. By creating a segment of
accelerated flow within the inferior vena cava, the device is intended to
generate a localized reduction in intraluminal pressure adjacent to the
renal vein ostia. This pressure gradient may promote passive drainage
from the renal veins into the cava, thereby lowering renal venous pres-
sure and reducing renal venous afterload. Importantly, the Nephronyx
system does not actively pump blood and does not involve extracor-
poreal circulation. The device is retrievable and can be removed percu-
taneously using standard snaring techniques. Clinical experience with
this approach remains confined to early feasibility and proof-of-concept
evaluation, and further studies are required to better define its physio-
logical effects, safety profile, and potential clinical role.

WhiteSwell eLym™ system

The WhiteSwell eLym™ System (WhiteSwell, Ltd., Galway, Ireland) re-
presents a distinct puller strategy by targeting lymphatic rather than
purely intravascular congestion. The device is designed to facilitate
thoracic duct drainage into the venous circulation, thereby enhancing
lymphatic outflow despite an elevated central venous pressure.’® The
eLym™ System is a catheter-based system placed near the thoracic
duct outflow at the bifurcation of the left internal jugular and subclavian
veins. Using controlled local pressure modulation at the thoracic duct
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outflow, the device aims to facilitate lymphatic drainage into the venous
circulation and reduce interstitial congestion. Importantly, this ap-
proach is intended to support lymphatic drainage and reduce interstitial
congestion, but does not replace pharmacological decongestive therapy
aimed at sodium removal. Preclinical studies demonstrated proof of
concept for direct interstitial decongestion.’® More recently, data
from the ongoing prospective, multicentre, single-arm Decongestion
of Excess Lymphatic Fluid via the Thoracic Duct in Acute
Decompensated Heart Failure (DELTA-HF) study further supported
the feasibility of thoracic duct decompression in patients with ADHF
and fluid overload.*® However, current evidence remains limited to
early-phase, non-randomized studies relying predominantly on surro-
gate congestion markers, while procedural complexity, anatomical con-
straints, and safety considerations may limit broader applicability.
Additionally, while the device aims to improve extravascular conges-
tion, it does so by moving the fluid intravascularly. As such, proper pa-
tient selection will be critical as patients with very high filling pressures
could theoretically worsen.

Puller devices are associated with potential risks inherent to invasive
catheter-based therapies. These include complications related to vascu-
lar access, such as local bleeding or vascular trauma, as well as risks as-
sociated with device positioning and manipulation. In addition, current
puller-based approaches are limited by short treatment duration and
typically require systemic anticoagulation, which may increase the risk
of bleeding events in this fragile patient population.

In contrast to puller-based approaches that primarily target venous and
lymphatic congestion, pusher devices are designed to augment forward
flow and arterial perfusion in patients with HF (Figure 2). The underlying
rationale is that improving renal haemodynamics may facilitate decon-
gestion in selected patients.

Aortix

The Aortix system (Procyrion, Houston, TX, USA) is a micro-axial
pump temporarily implanted in the descending aorta above the renal
arteries. The device augments forward flow by accelerating blood
flow through the aorta and its branches, including the renal arteries,
with the aim of improving arterial perfusion and renal blood flow.
Preclinical studies showed reductions in left ventricular pre- and after-
load and systemic vascular resistance, accompanied by increases in renal
artery flow of up to 36% and renal perfusion pressure of up to 75%.*1?
An early feasibility study in patients with ADHF, persistent congestion
and WREF reported improvements in both left- and right-sided filling
pressures.** Device support was associated with increased urine out-
put, net fluid loss and measures of diuretic response. In the single-arm
study, a sustained trend towards improvement lasting up to 30 days
after device removal was observed following use of the device, together
with reductions in dyspnoea and NT-proBNP levels, and decreases in
loop diuretic doses. Most adverse events were related to vascular ac-
cess, including bleeding or vascular injury, some requiring endovascular
or surgical intervention, with no reports of pump malfunction or
thrombosis. Patients with hypotension or requiring high-dose inotropic
support were excluded from these early studies.

Following these pilot observations, the randomized DRAIN-HF trial
(NCT05677100) is currently underway to evaluate safety, decongestive
efficacy, and 30-day outcomes in a similar patient population with an in-
sufficient response to high-dose intravenous loop diuretics.

Reitan

The Reitan catheter pump (CardioBridge, Hechingen, Germany) em-
ploys a rotating propeller enclosed within a cage to generate a pressure

920z 1snbny ¢ uo 1senb Aq £6/£9/8/S6 | BEAX b/ | /o[01E/1YS8/W 0 dNO"OIWSPEI. WOoJ) POPEOJUMO(]



Device therapies in cardiorenal syndrome

Pushers

Aortix

i
0
A
X
2
\J
CJ

Reitan . Second Heart ModulHeart

Axial aortic flow

Mechanism pump

Localized pressure
augmentation

Miniaturized
cardiac pump

Descending aorta
pulsatile balloon

Primary target Renal perfusion

Renal perfusion

Renal & systemic

Renal perfusion perfusion

Intended effect T Renal artery flow

T Renal artery flow

T Perfusion in low-
output states

T Renal artery
pulsatility

Developement stage Pivotal

First-in-human

Early feasibility Early feasibility

Devices to enhance renal perfusion (‘pushers’). The figure illustrates the different types of pushers. All these devices are positioned in the
suprarenal aorta and increase renal perfusion. The top left image depicts the general mechanism of action of these devices

gradient and augment aortic blood flow. The device is implanted in the
descending aorta below the left subclavian artery and provides greater
circulatory support than an intra-aortic balloon pump, while remaining
less invasive than axial-flow ventricular assist devices.

The system was initially evaluated in a first-in-man safety and feasibil-
ity study in patients undergoing high-risk percutaneous coronary inter-
vention, showing effective haemodynamic support with minimal
haemolysis.44 Subsequently, the Reitan catheter pump was studied in
patients admitted with ADHF, low cardiac index and significant renal
dysfunction requiring inotropic or mechanical support.* In this pro-
spective multicentre experience, device support was associated with
a significant increase in cardiac index, accompanied by reductions in
central venous pressure and improvements in urine output. These
haemodynamic changes were paralleled by a reduction in serum cre-
atinine and an increase in estimated glomerular filtration rate, despite
no net increase in diuretic or inotropic therapy. More recently, a
first-in-man case report described use of the 10F next-generation
Reitan catheter pump in a patient with severe cardiorenal syndrome,
reporting favourable haemodynamic effects and increasing urine output
during short-term suppor‘t.46

With respect to safety, higher pump speeds were associated with
mild haemolysis, reflected by transient increases in plasma free haemo-
globin that remained below the upper reference limit, together with a
small post-procedural decrease in haemoglobin concentration.

Second heart assist

The Second Heart Assist (Second Heart Assist Inc., Salt Lake City, UT,
USA) system is a catheter-based, propeller-driven mechanical circula-
tory support device housed within a stent cage and deployed in the des-
cending aorta above the renal arteries. By augmenting pulsatile aortic

flow, the device is intended to increase arterial perfusion, including re-
nal arterial flow, while reducing left ventricular afterload.

Early clinical and mechanistic studies suggest generation of up to ap-
proximately 2.5 I/min of additional pulsatile flow, with associated in-
creases in renal artery flow of up to 50%.* A distinctive feature of
the second-generation Second Heart Assist Freedom system is its wire-
lessly powered, driveline-free design, potentially allowing ambulatory
support.

Current evidence remains limited to first-in-man and early clinical ex-
perience, without randomized data or demonstrated benefit on hard
clinical outcomes.

ModulHeart

The ModulHeart system (Puzzle Medical Devices, Montreal, Canada)
consists of three small axial-flow pumping elements positioned in par-
allel within the descending aorta. Forward flow is augmented by distrib-
uting the pumping work across multiple low-speed axial pumps. This
design intends to increase in aortic flow and perfusion pressure while
limiting shear stress and potentially reducing the risk of haemolysis.

The system has been evaluated as a cardiorenal mechanical circula-
tory support device during high-risk percutaneous coronary interven-
tion in a first-in-man clinical experience including four male patients.
Device support was associated with reductions in central venous pres-
sure, pulmonary artery pressure and left ventricular end-diastolic pres-
sure, together with an increase in cardiac index.*® In addition, urine
output increased within 15 min after implantation, while serum creatin-
ine remained stable over the subsequent 24 h. No signs of haemolysis
were reported during device support. An early feasibility study evaluat-
ing the ModulHeart system in patients with ADHF and diuretic resist-
ance is currently planned (NCT06174623).
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Pusher-based devices share the objective of augmenting arterial per-
fusion but differ substantially in pumping principles, invasiveness, and in-
tended duration of support. Although several devices have been
associated with favourable haemodynamic changes, effects on natri-
uresis and durable decongestion remain uncertain. In addition, several
of these technologies function primarily as temporary circulatory sup-
port systems rather than renal-targeted therapies.

The available clinical evidence remains limited to small, single-arm,
early feasibility studies demonstrating haemodynamic and short-term
physiological effects without robust outcome data. Furthermore, these
devices require large-bore arterial access and systemic anticoagulation,
which may limit broader applicability. From a cardiorenal perspective,
pusher-based strategies may be most relevant in selected patients
with true low-output physiology, but they should currently be regarded
as investigational adjuncts rather than established therapies.

In contrast to strategies targeting haemodynamics, ‘remover’ devices aim
to directly reduce congestion through active sodium and/or fluid removal
(Figure 3). These approaches either enhance diuresis under controlled
conditions or provide alternative routes for sodium and fluid removal be-
yond the kidneys, including extracorporeal or transcutaneous strategies.

Reprieve system

The Reprieve System® (Reprieve Cardiovascular, Milford, MA, USA) is
a semi-automated diuretic infusion platform designed to individualize

sodium and fluid removal during ADHF. The system integrates a bed-
side console with a Foley catheter and intravenous access, enabling real-
time monitoring of urine output and IV loop diuretic administration.
Based on urine volume and calculated natriuresis, the system semi-
automatically adjusts loop diuretic dosing and concomitant isotonic
saline infusion to achieve a predefined net fluid balance while avoiding
excessive intravascular volume depletion. By coupling loop diuretic ad-
ministration to urinary sodium excretion, Reprieve aims to optimize
natriuresis rather than fluid removal alone.

In early feasibility studies (TARGET-1 and TARGET-2), use of the
Reprieve system was associated with substantially higher urine out-
put and effective sodium removal compared with preceding conven-
tional diuretic therapy, alongside stable blood pressure and
preservation of renal function.*” A subsequent early feasibility study
in patients hospitalized with ADHF similarly demonstrated precise
and controllable volume removal without clear evidence of impaired
renal perfusion.”® More recently, the randomized pilot Fluid manage-
ment of Acute decompensated heart failure Subjects Treated with
Reprieve System (FASTR) trial evaluated the Reprieve system against
optimal diuretic therapy in patients hospitalized for ADHF.>" The use
of the Reprieve system resulted in faster decongestion and shorter
duration of intravenous diuretic treatment without an increase in
safety events. However, the study remained limited by its pilot design
and reliance on physiological and decongestive endpoints rather than
hard clinical outcomes. The FASTRII trial is currently ongoing
(NCT06898515), which incorporates some harder clinical end
points, but again will largely rely on physiologic endpoints given its
modest sample size.
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Aquadex®: extracorporeal ultrafiltration

Extracorporeal ultrafiltration allows for the direct removal of isotonic
fluid independent of renal function. The Aquadex SmartFlow® system
(Nuwellis, Eden Prairie, MN, USA) is a portable ultrafiltration platform
developed specifically for HF patients. It allows controlled removal of
plasma water through a venovenous extracorporeal circuit using a fil-
tration membrane, typically through a small central venous catheter.
Ultrafiltration rates are generally kept low (approximately 100—
250 ml/h) to achieve gradual net fluid removal with the goal of reducing
the risk of intravascular depletion.

Clinical experience with ultrafiltration in ADHF has included several
randomized and non-randomized studies, with mixed findings. In the
UNLOAD trial, which enrolled 200 patients, ultrafiltration was asso-
ciated with greater weight loss at 48 h (5.0 vs 3.1 kg) and fewer HF re-
hospitalizations at 90 days compared with intravenous diuretics.>* In
contrast, the CARRESS-HF trial, which randomized 188 patients with
cardiorenal syndrome compared a stepped pharmacologic diuretic
strategy with ultrafiltration using the Aquadex system and found no su-
periority of ultrafiltration with respect to weight loss, while renal func-
tion worsened and adverse events, including hypotension and bleeding,
were more frequent in the ultrafiltration group.>® Subsequently, the
AVOID-HF trial enrolled 224 patients and found a longer time to first
HF event with ultrafiltration, but was terminated prematurely and
therefore remained inconclusive.>*

In line with these findings, current ESC HF guidelines recommend
that ultrafiltration should be considered in selected patients with per-
sistent congestion refractory to optimized medical therapy.>®> To
date, ultrafiltration remains the device-based decongestive strategy
supported by the largest body of clinical trial data and likely has a
more potent direct decongestive effect than the majority of therapies
described above. However, its notable absence in routine clinical care
of AHF patients underscores the challenges these devices will face.

Aquapass®: sweat-inducing therapy

Aquapass® (AquaPass Medical Ltd., Israel) is a non-invasive, wearable
device designed to promote fluid and sodium removal by enhancing
sweat production. The system consists of externally applied heating ele-
ments that increase local skin temperature for several hours, thereby
stimulating eccrine sweat gland activity and inducing controlled
perspiration.

Clinical evaluation of Aquapass® has so far been limited to early
feasibility studies in hospitalized patients with HF. These small, non-
randomized studies demonstrated that controlled sweat induction is
feasible without major haemodynamic or renal instability.>>’
Experience has also been extended to short-term outpatient use fol-
lowing hospital discharge, suggesting technical feasibility beyond the in-
hospital setting.>”

The non-invasive nature of Aquapass® distinguishes it from other
device strategies and avoids risks related to vascular access or extracor-
poreal circulation. In addition, current evidence remains confined to
small feasibility studies, and the contribution of sweat-induced fluid re-
moval to sustained decongestion, as well as long-term adherence and
skin tolerance, requires further evaluation.

Direct sodium removal

Direct sodium removal (DSR) is a therapeutic concept specifically de-
signed to promote sodium removal through intermittent infusion of a
sodium-free solution into the peritoneal cavity, allowing sodium diffu-
sion followed by drainage. Clinical experience with this approach has
primarily been obtained using the Alfapump DSR system (Sequana
Medical, Belgium), an implantable subcutaneous pump connected to a
peritoneal catheter and adapted from its original indication in refrac-
tory ascites.

In two exploratory, single-arm studies, DSR therapy was associated
with near normalization of diuretic responsiveness, lasting for several
months, in patients with advanced HF and severe diuretic resistance>®.
However, catheter failure (occlusion) was extremely frequent, and clin-
ical development of the Alfapump system for the HF indication has
been discontinued.

Non-device thermal fluid removal

strategies

Although sauna therapy is not a device-based intervention, controlled
thermal exposure using standardized infrared systems may be consid-
ered as part of non-pharmacological approaches to fluid removal.>
In patients with HF, small studies and meta-analyses have reported im-
provements in symptoms, exercise capacity, and surrogate markers
such as natriuretic peptide levels®® 3 However, these data are limited
and heterogeneous, and their relevance for decongestion in cardiorenal
syndrome remains uncertain. Importantly, systemic vasodilation and
heat exposure may raise safety concerns in vulnerable HF patients.
Therefore, sauna therapy should be considered separately from device-
based decongestive strategies.

Remover strategies differ substantially in their mechanisms of decon-
gestion. While some approaches aim to optimize diuretic-driven natri-
uresis, others rely on direct extracorporeal fluid removal, peritoneal
sodium extraction, or sweat-mediated fluid loss. Currently, extracor-
poreal ultrafiltration remains the only remover strategy supported by
randomized data and incorporated into clinical guidelines, albeit with
a restricted indication in selected patients with refractory congestion.
In contrast, the other remover-based technologies are only supported
by early feasibility studies and physiological endpoints. In the absence of
robust clinical outcome data, their role in routine clinical practice re-
mains unclear.

Interpretation of device trials in cardiorenal dysfunction has been
challenging because of heterogeneity in patient selection and study
design. The multiplicity of devices and therapeutic strategies re-
flects the limited evidence on the optimal decongestion approach
to improve clinical outcomes. The optimal reference diuretic treat-
ment remains to be clearly defined and standardized across clinical
settings (ADHF, cardiogenic shock, advanced HF, etc.). Many trials
enrol patients under a broad cardiorenal label that encompasses di-
verse clinical presentations and pathophysiological states. Changes
in kidney function during decongestive therapy are frequently used
both to define cardiorenal involvement and to assess treatment re-
sponse, even though such changes are highly dynamic, context-
dependent, and not necessarily indicative of clinically relevant
renal injury.’

Appropriate patient selection based on the intended physiological
target of the device remains essential. In practice, venous congestion,
altered sodium handling, and changes in renal perfusion rarely occur
in isolation, but represent interrelated manifestations of the decompen-
sated HF state. Device evaluation should acknowledge this overlap
rather than rely on rigid phenotypic categorization. In addition, back-
ground medical therapy prior to inclusion (e.g. intravenous diuretic dos-
ing, combination strategies, infusion protocols, and vasoactive
treatments) is often insufficiently standardized. Similarly, there is no
consensus on how to define key inclusion criteria such as diuretic resist-
ance, congestion, or low cardiac output, further contributing to hetero-
geneity across studies.

For devices applied during acute decompensation and intended
for short-term use, the initial objective should be to demonstrate a
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Typical objectives and endpoints across stages of device development in cardiorenal syndrome

Development
stage

Primary objective

Preclinical/in vitro  Technical feasibility and mechanistic validation

First-in-human Initial safety and proof of concept in humans

Early feasibility

effects

Pilot trial Preliminary evaluation of clinical benefit versus optimized
contemporary care

Pivotal trial Evaluation of incremental clinical benefit and safety versus

optimized contemporary care

Post-marketing

reproducible physiological effect under controlled conditions before
proceeding to larger outcome studies. Early-phase investigations should
therefore minimize confounding by concomitant intravenous therapies
where feasible and focus on direct haemodynamic effects, natriuretic
response, urine output, renal function, and objective measures of con-
gestion. This is particularly relevant as recent studies evaluating intensi-
fied pharmacological decongestion strategies have demonstrated
improvements in natriuresis and diuresis without consistent effects
on hard clinical outcomes.®**> Such studies establish whether the pro-
posed mechanism of action results in measurable decongestion or
haemodynamic improvement.

Following demonstration of reproducible physiological efficacy, a
randomized pilot study should evaluate the device against contempor-
ary medical care before proceeding to larger outcome trials.
Subsequent pivotal randomized studies should evaluate device ther-
apy on top of optimized contemporary decongestive care versus op-
timized care alone, preferably using sham-controlled designs when
technically and ethically feasible. Importantly, the comparator arm
should reflect current HF management standards, as optimization of
pharmacological decongestion and guideline-directed therapy alone
may already substantially improve decongestion and clinical out-
comes®**® Device-based interventions should therefore demon-
strate benefit beyond what can be achieved with structured
contemporary medical care. Importantly, improvements in natri-
uresis, decongestion, haemodynamics, or other surrogate endpoints
should not be assumed to translate into improved long-term clinical
outcomes. Given their invasiveness, procedural risks, and costs, mean-
ingful clinical benefit will need to be demonstrated before adoption in
routine clinical practice.

Most current technologies have been developed for temporary use
during ADHF, which remains the most appropriate setting for initial
evaluation. However, the role of repeated or longer-term device ther-
apy remains largely unexplored.

The typical objectives and evidentiary expectations across different
stages of device development are summarized in Table 1.

Beyond the device-specific considerations discussed above, several
major limitations continue to restrict the clinical integration of

Reproducibility of physiological efficacy and decongestive

Long-term safety, effectiveness, and patient selection

Typical endpoints

Flow dynamics, pressure changes, device performance, biocompatibility

Procedural success, acute haemodynamic effects, immediate safety
signals

Changes in congestion markers, diuretic response, renal parameters,
symptoms

Changes in congestion markers, diuretic response renal parameters,
symptoms, exploratory clinical outcomes

HF hospitalization, mortality, quality of life, safety endpoints

Rare adverse events, durability of effect, real-world utilization

device-based therapies in cardiorenal syndrome (Table 2). Most
available evidence comes from small, early-phase or proof-of-concept
studies focused on haemodynamic or surrogate physiological
endpoints, generally without a control group or outcome data. The
risk of bias is substantial, particularly because many studies lack any
form of controls, include highly selected patients, and compare
device-based interventions with control strategies that may differ in
monitoring intensity, background decongestive therapy, or frequency
of clinical follow-up.

Study heterogeneity further limits interpretation. Patient selection,
definitions of diuretic resistance, congestion, haemodynamic profiles,
and treatment response vary widely across studies, making cross-
device comparisons difficult. In addition, treatment response may
depend on whether the device mechanism matches the dominant
pathophysiological driver in an individual patient. Venous congestion,
impaired perfusion, and altered sodium handling often coexist and
evolve during decompensation and treatment, which may partly ex-
plain variable effects across studies. Finally, the invasive nature, pro-
cedural complexity, and resource requirements of the majority of
these devices restrict their applicability to selected patients and spe-
cialized centres.

Congestion remains a key determinant of symptoms, hospitalization,
and organ dysfunction in HF. In most patients, decongestion can be
achieved with pharmacological therapy when applied within a struc-
tured and optimized treatment strategy. Device-based approaches
have been developed as adjuncts to medical therapy, when congestion
persists despite appropriate care.

These devices target different, often overlapping components of car-
diorenal pathophysiology, including venous congestion, altered renal
perfusion, lymphatic dysfunction, and impaired renal sodium handling.
Their mechanisms, invasiveness, and clinical maturity vary widely, and
it remains unclear which patients could benefit from these devices.
At present, most devices remain in an early stage of development,
with predominantly mechanistic and physiological signals rather than
proven clinical benefit. Extracorporeal ultrafiltration remains the
most extensively studied device-based strategy and the only one incor-
porated into clinical guidelines, with a restricted indication in selected
patients with refractory congestion.

Future studies should first demonstrate reproducible physiological
efficacy, followed by randomized evaluation against optimized
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Major limitations and challenges of
device-based therapies in cardiorenal syndrome

Evidence-based limitations

* Predominance of small, early-phase or proof-of-concept studies;

limited randomized evidence

Reliance on surrogate physiological markers (e.g. central

hemodynamics) rather than clinical outcomes

Predominantly observational data with limited internal validity

Lack of sham-controlled designs, increasing susceptibility to bias

Limited evidence of sustained clinical benefit beyond physiological

effects

Endpoint and definition heterogeneity

* Inconsistent reporting of efficacy metrics (e.g. urine output,
natriuretic response, biomarkers)

* Heterogeneous and non-standardized endpoints

* Lack of standardized definitions (e.g. diuretic resistance)

+ Limited ability to perform reliable cross-device comparisons

Patient selection and generalizability

* Invasive profile limiting applicability to selected patients

* Unclear identification of optimal responder populations

* Dependence on haemodynamic profile and congestion phenotype
* Likely most relevant in advanced HF populations

* Limited scalability

Procedural and organizational requirements

* Need for specialized clinical settings (e.g. advanced HF units,
ICU-level care)

* Requirement for trained personnel

* Need for strict intraprocedural monitoring

* Institutional expertise and infrastructure requirements

Safety and risk considerations

* Procedural risks and device-related complications

* Adverse events requiring careful monitoring

Economic and health-system impact

* Direct device-related costs

* Implementation and training requirements

* Increased personnel and resource utilization
* Broader health-economic implications

* Potential limitations in real-world availability

contemporary decongestive therapies. Larger, methodologically robust
trials will be required to determine whether these devices improve clin-
ical outcomes beyond existing pharmacological strategies.
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