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Abstract

Aims Non-pharmacological therapies for acute decompensated heart failure (HF) and cardiogenic shock have evolved
considerably in recent decades. Short-term mechanical circulatory support (MCS) devices can be used as circulatory backup.
While nearly all available devices use continuous flow, evidence indicates that pulsatile flow can be more effective. This study
presents the first experimental use of a novel counter-pulsatile left ventricular (LV) assist device (LVAD) with a primary focus
on assessing its feasibility and effectiveness.
Methods The pulsatile ventricular assist platform (pVAP) was applied in six porcine models of acute ischaemic HF with the
inlet in the left atrium and the outlet in the aorta. HF was induced through stepwise ligation of the left anterior descending
artery and its diagonal branches. The pVAP functioned driven by a conventional IABP console while LV pressure–volume (PV)
loops and standard haemodynamics with the device OFF and ON were recorded. Absolute values and percent variations were
compared using Mann–Whitney’s U test and Wilcoxon’s sign-rank test.
Results The device’s output flow is frequency dependent, with an output flow of 2.64 ± 0.22 L/min at 80 bpm. Activation
reduced the EDV [132 (90–145) vs. 118 (83–130) mL, P < 0.05], EDP 9 (6–10) vs. 6 (5–9) mmHg, P < 0.001], native cardiac
output [CON, 3.64 (2.88–6.71) vs. 1.67 (1.24–2.48) L/min, P < 0.001] and myocardial oxygen consumption [pressure–volume
area * heart rate (PVA*HR), 4592 (2944–9272) vs. 2901 (1915–4437) mJ, P < 0.001]. Contractility decreased, with
right-shifting the end-systolic PV relationship (ESPVR) while ESP and forward cardiac output COF were constant. The mean ar-
terial pressure increased [54 (48–60) vs. 49 (42–55) mmHg, P < 0.001] and mPAP decreased [10 (8–11) to 9 (7–10) mmHg,
P < 0.01]. The PV loop shifted left and downward. No changes occurred in the passive-elastic properties of the LV in diastole.
Conclusions The pVAP reduced the LV mechanical load while increasing systemic pressures and reducing pulmonary pres-
sures. Its functionality as an LVAD is characterised by consistent and predictable performance. Further research is necessary
to elucidate the physiological and clinical impact of the device in animals and, subsequently, in humans.
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Graphical Abstract

The pulsatile ventricular assist platform (pVAP) was connected to a membrane pump in six large swine models. The system,
driven by a conventional intra-aortic balloon pump console (IABP), was utilized to drain left atrial blood during systole and
to eject the collected blood back into the ascending aorta during diastole. Following the induction of acute ischemic left
ventricular failure, the system demonstrated an average flow of 2.64 L/min. The hemodynamic effect was characterized by
an elevation of the mean arterial pressure, which coincided with a reduction in the mechanical and metabolic demands on
the myocardium.
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Introduction

The global population is aging, leading to a rise in the overall
incidence of heart failure (HF). Cardiogenic shock (CS) repre-
sents the natural evolution of acute and chronic HF, manifest-
ing as a life-threatening state of hypoperfusion. The mortality
rate associated with CS remains high, ranging from 42% to
60% at 30 days post-discharge. In the context of cardiac sur-
gery, 27% of adult patients may develop some form of low
cardiac output syndrome (LCOS), a fact that has been associ-
ated with a 25-fold increase in postoperative mortality.1,2

Studies indicate that the early management of CS is associ-
ated with reduced mortality. Despite the continued use of
vasoactive drugs as a primary treatment option, their efficacy
has been questioned more over the last years due to
evidence pointing to worse survival rates.3,4 Alternatively,
doctors may employ short-term mechanical circulatory

support (MCS) as a bridging therapy for several weeks. In
the advanced stages of CS, MCS may mitigate the severity
of haemodynamic compromise.1 When initiated promptly, it
can also preserve neurological function, maintain end-organ
perfusion and reduce mortality.5

The primary objectives of MCS therapy are to enhance pa-
tient outcomes by optimizing systemic perfusion, unloading
the LV and decongesting the venous circulation.3,6,7 While
factors such as ease of use, cost-effectiveness and low
invasiveness are essential, it is crucial to consider whether
the device is physiologically appropriate, including the type
of flow it applies.

In this context, several studies suggest that pulsatile flow
(PF) is a more effective and physiological modality of
circulatory backup in comparison with continuous flow (CF).
While the initial generation of durable ventricular assist
devices (VADs) predominantly utilised pulsatile pumps,
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contemporary short- and long-term devices primarily rely on
CF. The preference for CF in long-term VADs is based on
evidence indicating a lower incidence of adverse events due
to technical failures.6–18 Nevertheless, the administration of
PF during surgery improves microcirculation and promotes a
faster decrease in lactate levels postoperatively.19 As such,
the development of new, user-friendly PF devices that can
be implanted without the necessity of cardiotomy may en-
hance the effectiveness of MCS, thereby potentially improv-
ing clinical outcomes.

This report details the experimental use of the novel pulsa-
tile ventricular assist platform (pVAP) as a left ventricular as-
sist device (LVAD) in large porcine models of acute ischaemic
HF. The main goal is to evaluate the prototype’s feasibility
and to document its haemodynamic signature.

Methods

Device

The main features of the pVAP have been described previ-
ously (Figure 1). The pVAP is a counter-pulsatile VAD pneu-
matically driven by a conventional IABP console. It collects
blood in systole into an extracorporeal membrane pump,
which is subdivided into a blood and a helium chamber. In
systole, the aspiration of gas from the helium chamber cre-
ates negative pressure and draws LV blood into the blood
chamber, while in diastole the re-inflation of the helium
chamber causes the blood to return to the arterial circulation
driven by a two-way valve. It can operate synchronically with
the patient’s heart or autonomously at a pre-set pumping
rate also referred to as internal mode, with a maximum pump
stroke volume of 45 mL.6,16

Animals and monitoring

Six healthy pigs, with a weight range of 69 to 87 kg, were ad-
ministered anaesthesia (isoflurane), sedation and continu-
ously monitored. All animals were cared for in accordance
with animal welfare ethics and guidelines. This study
was approved by the Niedersächsische Landesamt für
Verbraucherschutz und Lebensmittelsicherheit (LAVES) with
approval number 23-00361 on 12 August 2023.

Instrumentation

Real-time LV pressure–volume (PV) data were recorded using
a 7 Fr conductance catheter (CD Leycom B.V., Hengelo, the
Netherlands) and a dedicated console (Inca® PV Loop System,
CD Leycom B.V., Hengelo, the Netherlands). The conductance
catheter was inserted through the carotid artery and

positioned in the LV, with the pig-tail tip in the apex. Systemic
arterial blood pressure was monitored via the carotid artery.
Anticoagulation was maintained with unfractionated heparin,
with an ACT > 190 s. A Swan-Ganz catheter (Edwards
Laboratories, Santa Ana, CA, USA) was introduced through
the jugular into the pulmonary artery.

Implementation of the pVAP

The pVAP was configured in a left-atrium-to-aorta (LA-to-Ao)
setup, utilizing two distinct cannulas with diameters of 28 Fr
and 20 Fr, respectively (Bio-Medicus NextGen Cannulae,
Medtronic, Meerbusch, Germany). The pump’s outflow was
directed through the 20 Fr cannula inserted and positioned
in the ascending aorta. Concurrently, the pump inflow was
directed through the 28 Fr cannula from the LA (Figure 1).
The flow rate at the pump outlet was determined by means
of a flowmeter (Em-tech GmbH, Finning, Germany). Haemo-
dynamic assessments were conducted with the IABP console
(Getinge, Sweden) in activated (ON) and deactivated (OFF)
states. Multiple ON–OFF cycles were recorded at different
pre-set pumping rates.

Left ventricular failure

Acute ischaemic LV failure was induced by the ligation of the
D1 branch, followed by D2, and subsequently the distal LAD
(Figure 2A). Aortic pressure, heart rate (HR), rhythm and
pulse oximetry were continuously monitored. The pathophys-
iological model was established based on observing a clear
and sustained decline in aortic pressure. Baseline measure-
ments were taken with the pVAP deactivated before and
after coronary ligation. Subsequently, the MCS device was
activated, and haemodynamic responses were evaluated at
varying IABP frequencies.

Video analysis

The residual volume of the pump was evaluated through a
qualitative video analysis of the pump chamber. This analysis
explored the relationship between residual volume and
pump frequency under stable conditions: aortic pressure of
70/40 mmHg, HR of 80 bpm and 100% SpO2.

Data analysis

Conductance data were collected and analysed using
dedicated data acquisition and analysis software (Conduct
NT, CDLeycom, Hengelo, the Netherlands). Video analysis
was performed with ImageJ (Version 1.53, Wayne Rasband,
National Institutes of Health, USA). Quantitative data are
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presented as mean ± standard deviation (SD), mean with 95%
confidence interval (CI) or median with interquartile range
(IQR), as appropriate. Categorical data are presented as fre-
quencies and percentages. The pressure–volume area (PVA),
a surrogate to the myocardial oxygen consumption (MVO2),
together with the end-systolic pressure–volume relationship
(ESPVR) and the end-diastolic pressure–volume relationship
(EDPVR) were obtained and analysed as described
previously.16,17 The MVO2 estimation was calculated over a
1 min interval as HR * PVA, and the result was given in
millijoules (mJ). Haemodynamic measurements obtained in
a healthy state (HS) and a HF state (HF) were analysed using
the Mann–Whitney’s U test for absolute measurements and
Wilcoxon’s sign-rank test for percent variations. The
changes in ESPVR and EDPVR were graphed by plotting the
lines resulting from the mean and 95% confidence intervals
of the slope of the ESPVR (end-systolic elastance, Ees) and
the ESPVR-predicted end-systolic volume (ESV) at an end-sys-
tolic pressure (ESP) of 100 mmHg (V100). For the EDPVR, the
chamber stiffness coefficient (β) and V30 were used, where
V30 represents the EDPVR-predicted end-diastolic volume
(EDV) at a hypothetic end-diastolic pressure (EDP) of
30 mmHg. Cardiac power output (CPO) was calculated using
the forward cardiac output (COF) and the mean arterial
pressure (MAP) by the formula CPO = (COF * MAP)/451.

The terms native cardiac output (CON) and native stroke vol-
ume (SVN) were used to define the cardiac output and stroke
volume produced by the LV, respectively. P values were ad-
justed using the false discovery rate and Bonferroni correc-
tions. Tests were applied with a 5% alpha level using the R
statistical package, version 4.3.2 (R Foundation, Vienna,
Austria), and GraphPad Prism, version 10 (GraphPad Soft-
ware, San Diego, CA, USA).

Results

HF model

Coronary ligation resulted in progressive haemodynamic de-
terioration. A decrease in contractility was evident with a
rightward shift in the ESPVR, as demonstrated by a notable
increase in V100 despite unchanged Ees, significant decreases
in MAP, and a reduction in CPO (Figure 2B). The pressure–
volume loops demonstrate a rightward shift, indicating an
overall increase in LV volumes, a decrease in pressure
build-up (downward displacement of the upper side of the
PV loop) and a reduction in internal area, representative of
stroke work (SW) and SVN (Figure 4, dashed brown loops).

Figure 1 (A) Schematic illustration of the pVAP design and operation. (B) External view. (C) Implantation method used in the experiment, with can-
nulation of the ascending aorta and left atrium.
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Pump flow

Figure 3A depicts the in vivo recordings of pump outflow and
inflow, which reveal mean values of outflow ranging from
1.35 ± 0.27 L/min (40 bpm) to 2.64 ± 0.22 L/min (80 bpm).
Similarly, the inflow reaches 2.8 L/min at an HR of 90 bpm.
The backflow is 0.1 L/min at 40 bpm and reaches its
maximum of 0.2 L/min at 80 bpm.

Pump stroke volume

The pump’s stroke volume (i.e., the volume of blood expelled
per pump cycle) tends to reach its peak at lower frequencies,
around 40 to 50 bpm, and gradually decreases as the pump
frequency rises (Figure 3B). The video analysis demonstrates
that at 40 bpm, only a restricted area of the membrane
extends outward into the gas chamber of the pump,

Figure 2 (A) Induction of acute left ventricular failure by ligation of the main epicardial arteries. (B) Haemodynamic changes from healthy to heart
failure state. Data are shown as means and 95% confidence intervals. P values are obtained using Mann–Whitney’s U test. The results demonstrate
that acute left ventricular dysfunction was effectively induced.

pVAP: Pulsatile LVAD performance in heart failure 4175

ESC Heart Failure 2025; 12: 4171–4183
DOI: 10.1002/ehf2.15410

 20555822, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.15410 by C

ochrane Slovenia, W
iley O

nline L
ibrary on [22/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



indicating a minimal residual volume within the blood cham-
ber. In contrast, at 120 bpm, a substantial portion of the
membrane protrudes outward into the gas chamber, indicat-
ing a higher residual volume. The findings demonstrate a de-
finitive correlation between pump outflow and frequency. At
lower frequencies (40 bpm), the membrane has sufficient
time for displacement, resulting in near-complete ejection
of blood. Conversely, at higher frequencies, the pneumatic
ejection of blood is constrained by the shorter diastolic times,
resulting in incomplete emptying of the blood chamber.

Haemodynamic changes

The absolute haemodynamic changes observed with the ac-
tivation of the pVAP (including before and after the induc-
tion of HF) are exposed in Figures 4 and 5. Before activating
the pVAP, the EDV was 132 (90–145) versus 118 (83–130)
mL after activation (P < 0.05); and the EDP was 9 (6–10)
versus 6 (5–9) mmHg (P < 0.001). The ESV exhibited a more
heterogeneous response, with a reduction observed in some
cases. However, the predominant trend was toward in-
crease, with a median value of 65 (42–81) mmHg at baseline
versus 72 (53–99) mmHg post-activation (P < 0.05). The ESP
remained constant with no statistically significant changes

[55 (52–60) vs. 56 (51–63) mmHg, P = NS]. The mean pulmo-
nary arterial pressure (mPAP) exhibited a mild reduction [10
(8–11) vs. 9 (7–10) mmHg, P < 0.01]. Conversely, the sys-
temic circulation demonstrated the opposite trend, with a
MAP of 54 (48–60) mmHg post-activation compared with
49 (42–55) mmHg pre-activation (P < 0.001). The pVAP
resulted in a reduction in contractility, as evidenced by a
significant decline in +dP/dtMAX and a notable decrease in
the CON, from 3.64 (2.88–6.71) to 1.67 (1.24–2.48) L/min
(P < 0.001). While the COF remained unaltered, a
discernible decline was observed in the PVA * HR, which
decreased from 4592 (2944–9272) to 2901 (1915–4437) mJ
(P < 0.001). In the PV plane, the ESPVR exhibited a right-
ward shift, a characteristic indicative of negative inotropy
(Figure 6, upper panels).

Differences between HS and HF states

HF has led to a distinct pattern of changes in relation to
pre-ligation (HS), as exposed in Figures 6 and S1. The mPAP
was significantly reduced in the HF state but not in HS. The
observed increase in the MAP was statistically significant in
both states but reached a greater numerical magnitude in
HF. Even though CON significantly decreased in both states,

Figure 3 Relationship between IABP console’s pumping rate and pump flow (A), pump’s stroke volume (B) and residual volume (C). The different re-
sidual volumes can be appreciated in the three bottom panels, where lower frequencies lead to a smaller protrusion of the membrane pump at end-
diastole.
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Figure 4 Invasively recorded left ventricular pressure–volume loops before and after activation of the pVAP.
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COF showed a trend toward a slight increase in HF, whereas
in HS, it remained unchanged. Despite showing significantly
higher slopes, the net effect over the ESPVR was a shift to
the right in both states, as indicated by significant increases
in V100. However, this effect was non-significant in the HS
state (Figures 6A). Despite this discrepancy, the PVA*HR sig-
nificantly decreased in both states, and a similar phenome-
non was observed in SVN (Figure S2). Ventricular–arterial cou-
pling, represented by the ratio Ees/Ea, where Ea stands for
end-systolic arterial elastance, significantly improved in both
states, with the best results observed in HF. The activation
of MCS in HF or HS did not change the lusitropic performance
during the ventricular filling phase. Although significant
changes were observed in the chamber stiffness constant
(β), they did not significantly shift the EDPVR in the pres-
sure–volume plane, as demonstrated by the unchanged
values of V30 and by the overlapping EDPVR curves and 95%
confidence intervals in Figure 6B. Nevertheless, the active re-
laxation phase, as described by the time constant of pressure

decay in the active relaxation phase (Tau) was significantly
prolonged by up to 14% (Figure S1).

IABP cycling rate

Figure S3 illustrates that the haemodynamic response is con-
tingent upon the pumping rate. The mPAP only decreased in
the HF state, with a peak effect around 90 bpm. The pumping
rate did not modify the MAP, CPO, EDV, ESP and SVN effects.
mPAP, ESV, EDP and PVA * HR showed more evident changes
between 80 and 100 bpm.

In both cases, with and without LV failure, the activation of
pVAP induced a sudden shift of the PV-loops to the left and
downward, as illustrated in Figure 4. This leftward shift is
more consistently observable on the right side of the PV
loop, representing the isovolumetric contraction phase
and the LV preload. The left side of the loop, representing
the isovolumetric relaxation phase, may either shift in

Figure 5 Absolute values of haemodynamic measurements taken before and after activation of the pVAP. P values were calculated using the Mann–
Whitney U test for two samples. Pressure and volume unloading are denoted by significant reductions in EDP and EDV, as well as in the CON. Pulmo-
nary pressures decreased, and systemic pressures increased, while the myocardial oxygen consumption was reduced. A significant reduction in CON

also indicates LV unloading while COF is kept constant. The reduction in +dP/dtMAX suggests both the presence of LV unloading and contractility re-
duction. EDV: End-diastolic Volume. EDP, end-diastolic pressure; ESV, end-systolic volume; ESP, end-systolic pressure; PVA * HR, product of the pres-
sure–volume area and heart rate; mPAP, mean pulmonary artery pressure; MAP, mean arterial pressure; COF, forward cardiac output.
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alignment with the right side or, paradoxically, shift to the
right, resulting in the centralization of the ESV relative to
the PV loop. This phenomenon was observed more clearly
in HF cases than in cases without HF (HS), as evidenced in
Figure S3.

Discussion

This study reports the first experience with a novel pulsatile
MCS device and demonstrates it to be feasible and effective
as an LVAD. With a median output flow of 2.64 L/min, the
pVAP unloaded the LV and optimized systemic and pulmo-
nary pressures. The pVAP was more effective at pumping
rates between 80 and 90 bpm during acute ischaemic LV
failure.

Given that the pressure head is greater in the ascending
aorta than in the pulmonary trunk, the LVAD configuration
required larger cannulas than the RVAD configuration so as
to achieve a matching output flow, which is shown in a previ-
ous study.6 The larger diameters created less resistance
against the blood flow, enabling the pVAP to generate a com-
parable output despite overcoming higher pressures. The
findings consistently demonstrated a close relationship be-
tween pumping rate and output flow in this context. Low
rates were observed to increase the volume ejected per cycle
while reducing the number of cycles per minute. In contrast,
high rates exhibited the opposite effect. In both situations,
the output was lower than in the optimal range, which stays
between 80 and 90 bpm. This interplay is driven by the mate-
rial properties of the membrane pump.18 Moreover, the in-
verse relationship between the device’s output flow and out-
put pressure, which is the pressure at the outlet chamber

Figure 6 Graphic evaluation of the mechanical properties of the left ventricle before and after activation. The two left plots show the ESPVR (top) and
EDPV (bottom) lines before (black) and after (dashed red) activation, with 95% confidence intervals. The intervals overlap, indicating the absence of
changes in a healthy state. On the right, the same disposition after coronary ligation indicates diverging ESPVR intervals. This points to lower contrac-
tility once the device is activated during acute ischaemia.
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(i.e., the aorta), may explain the enhanced performance ob-
served in acute HF.6 Notably, the pathophysiology of the LV
failure condition results in lower output pressures in combi-
nation with higher inlet pressures inside the congested ven-
tricle. This facilitates flow generation by the device, resulting
in slightly higher output flows compared with the same
device under healthy conditions.6,7,9

The pVAP resulted in a notable and prompt reduction in
the EDP (Figures 5, S1 and S3). When considered alongside
the observed increase in the MAP, this suggests an enhance-
ment in the myocardial perfusion pressure, which in turn is a
therapeutic goal in ischaemic conditions.14 Notably, the pVAP
optimized both the EDP and the MAP irrespective of the
pathophysiological state (HS or HF) and the effect was resil-
ient against alterations in the pumping rate (Figure S3).

Similarly, pronounced reductions in SVN were observed in
both states and at varying pumping rates. In conjunction with
CON, SVN exhibited the most substantial reductions compared
with the ‘off’ state, decreasing by up to 50% at 90 bpm. This
finding aligns with previous observations with short-term
LVADs.16 Moreover, the lack of variation in COF suggests that
the device effectively replaced the native heart by taking
over a relevant fraction of its mechanical load. Negative
inotropy was demonstrated by multiple parameters, includ-
ing right-shifting of the EPSVRs and significant reductions in
the +dP/dtMAX. The latter is more widely adopted as a marker
of contractility despite its load dependence. This reduction
contrasts with the observed absence of change in the ESP,
which might be attributed to the concurrent increase in
MAP. This finding is consistent with previous reports on
micro-axial flow devices.20

It should be mentioned that most measurements in the
present study were taken using non-synchronized pulsatile
support instead of synchronized support. The use of
non-synchronized support was more frequent than expected
because the pVAP’s performance is rate-dependent, while
the native HR was not uncommonly out of that ideal range.
As consistently demonstrated in the present study and in
previous experiments with the same device, pumping rates
below 70 and above 90 bpm substantially reduce the pump’s
stroke volume. In situations of tachycardia or bradycardia with
instability, the device should be set to non-synchronized mode
with a self-triggering rate of 80 bpm.6,7,16 The lack of synchro-
nization may have attenuated the unloading effect on intra-
ventricular end-systolic pressures due to phase shift, a
phenomenon whereby the systolic stroke of both the device
and native heart coincide and diverge at regular periods due
to different frequencies. The result is an increase in aortic
impedance and, consequently, higher afterload with less ef-
fective end-systolic unloading.6,21 Additionally, the absence
of ESP variation in the presence of a 6% to 25% increase in
the MAP (Figures S1 and S3) indicates pressure decoupling
between the LV and the ascending aorta, which is the hallmark
of a functioning LVAD.9

The pVAP shares several similarities with the iVAC2L, a
CE-marked percutaneous transvalvular LVAD that uses the
same design of membrane pump connected to a
bi-directional flow catheter to propel LV blood using
counterpulsation. Two prospective cohorts and one large
retrospective registry including patients undergoing
iVAC2L-assisted HR-PCI reported increases in both MAP
and CO.10 In 2022, Bastos et al. documented the effects of
the iVAC2L on the cardiac dynamics of 27 patients receiving
iVAC2L with the same indication (elective high-risk PCI in
stable patients), showing that iVAC2L reduced the PVA
while increasing the MAP and the CPO. Decreases were
documented in ESP, EDV and PVA, which aligns with the
changes observed with the pVAP with the exception of
the ESV, which diverged. The current results also did not
replicate the increments in EDP, SVN (also referred as SV-

GLOBAL) and in the pulmonary pressures documented in the
PULSE trial.9

The ESV increase observed in the current experiment is
similar to previous results with a LA-to-Ao configuration.22,23

Methodological differences explain such discrepancies. In
the PULSE, measurements were taken before and after PCI
in stable compensated human subjects, who were
revascularized according to the latest standards of care.
While it is well established that the effects of VADs have
better detectability in dysfunctional and overloaded ventri-
cles, especially when it concerns partial support, several in-
dividuals had normal LV function despite having a high-risk
profile.6 This fact, added to the increase in venous return
caused by the MCS, the use of preload-boosting interven-
tions (IV fluid bolus) to treat transitory post-puncture vaso-
vagal reflexes and the increased risk of periprocedural aortic
regurgitation due to the transvalvular setup,24 may have re-
duced the magnitude of the end-diastolic unloading in the
PULSE study.9

The present results, in contrast, were obtained in a
pre-clinical experimental setting where the device could be
applied with better assessment and control of confounders.
Measurements were taken in a decompensated state thus
adding detectability. Moreover, there was no need for cross-
ing the aortic annulus which prevented the occurrence of
iatrogenic aortic regurgitation. Since the cardiovascular
response to MCS reflects the physiological conditions within
which it is applied, the pVAP only reduced the mPAP in the
HF state (Figure S3).22 The findings of the present study
alongside those from the PULSE trial suggest that the
observed differences are most likely a result of different
haemodynamic contexts, different support modalities
(LV-to-Ao vs RA-to-Ao) and different pump outflows (1.4 vs
2.6 L/min).9

The activation of the pVAP resulted in a significant reduc-
tion in the PVA, which is a strong positive correlate of
MVO2. MVO2 reduction is a desirable strategy in the treat-
ment of myocardial ischaemia. Two decades ago, Meyns
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et al. demonstrated in ovine models of acute left anterior
myocardial infarction that LV assist devices significantly
reduced MVO2. That reduction correlated strongly with a
reduction in infarct size. Moreover, the application of partial
support equivalent to 50% of the baseline CO was sufficient
to achieve a notable reduction in MVO2, as previously
described.6,9,16,18,25 In light of the aforementioned evidence,
the hypothesis that the pVAP may hypothetically reduce
infarct size in average-sized human beings should warrant
confirmatory studies.

The evidence on effectiveness gathered in this experiment
adds to previous works, where the pVAP has been success-
fully used to support the right ventricle.6 The easiness of im-
plantation, customizability, and compatibility with standard
IABP consoles may increase the availability of MCS to a
broader range of patients and geographies, adding one more
option to the devices already in the market. The Berlin Heart
(BH) EXCOR (Berlin Heart, GmbH, Berlin, Germany) uses a
similar membrane-pump-based system that is available for
bi-ventricular support (BiVAD). The BH has been used in
paediatric and adult patients. Current evidence on the use
of BH in adults shows favourable survival rates between
50% and 80%, but also points to high rates of haemorrhagic
and thrombo-embolic events.26 The Heartmate 3 (Abbott
Laboratories) is a centrifugal CF LVAD that is primarily
intended for durable support but can also serve as a
temporary bridge to transplant or to decision. It is not
intended as a BiVAD, even though it can be applied ‘off-
label’ in the RV27; and it cannot receive an oxygenator to
provide VA-ECMO. The pVAP, in contrast, stands out for its
versatility and a potentially higher benefit–cost ratio as it
can be used according to the patient’s needs as LVAD,
RVAD,6 BiVAD or VA-ECMO (data in press); and is
compatible with any standard IABP consoles, circumventing
the additional costs associated with training personnel and
handling the system at local level.

Even though the present study did not include a system-
atic assessment of safety parameters, several remarks can
be placed in this aspect. First, no signs of significant
haemolysis were observed. This goes in line with previous re-
sults with the iVAC2L, where the maximum observed levels
of plasma free haemoglobin (pFHb) recorded in healthy por-
cine models was 1.29 mg/dL using centrifugation-based pFHb
detection (data not published). In humans, the use of iVAC2L
has been associated with a non-significant increase in median
pFHb from 26 to 38 mg/dL.3 According to evidence, pneu-
matic systems such as the iVAC are less haemolytic than
micro-axial pumps.8 As an example, in the ISAR-shock trial,
the median levels recorded with micro-axial pumps stayed
around 45 to 50 mg/dL and the difference was statistically
significant compared with baseline pre-activation.28 Accord-
ing to recent ELSO definitions, levels of pFHb between 50
and 100 mg/dL are considered moderate haemolysis.29 Anec-
dotal evidence shows that replacing a micro-axial flow device

with an iVAC2L halved the pFHb levels when severe
haemolysis (130 mg/dL pFHb) developed in a patient who
used VA-ECMO for several days due to an acute myocarditis
complicated by CS.8

In general, the pVAP may be useful for peri- and post-oper-
ative MCS during open cardiac surgery in patients who show
a greater likelihood of circulatory collapse. It can also help as
a bridging tool for the treatment of ongoing CS due to LV fail-
ure, especially in cases where the conventional trans-aortic
approach is contra-indicated due to factors such as aortic ste-
nosis or aortic valve prostheses. Due to the surgical implanta-
tion, the pVAP is not primarily suitable for the catheterization
laboratory but can be helpful in operating rooms and inten-
sive care units.

The HF model employed in this study effectively
reproduced acute ischaemic LV failure with haemodynamic
instability. The swine model is especially advantageous in this
context, given its remarkable organ size, coronary anatomy
and physiology similarities to humans.30 Furthermore, intra-
cardiac monitoring allowed for a more comprehensive
evaluation of the haemodynamic effects of the new device.
However, the unloading performance may have been
underestimated due to using non-synchronized support as
the animal’s HR occasionally reached values out of the
optimal range for the device’s performance. In order to avoid
this issue, future studies should include pacing at 80 bpm in
all measurements.

It is currently unclear whether synchronized
counter-pulsatile support could result in more pronounced
levels of LV unloading compared with non-synchronized or
CF support. This is a question that should be addressed in
future investigations. Such data could also offer insights
over a longer time frame, during which changes in chamber
stiffness—absent in the current study—might become more
detectable. Furthermore, additional elucidation of the influ-
ence of this MCS modality on cerebral and microvascular
perfusion at the end organs is imperative, as is a compre-
hensive assessment of its safety and efficacy profile when
utilised in human subjects. And finally, results of experi-
ments testing the pVAP’s performance as VA-ECMO and as
BiVAD, as well as its safety profile in the short and long
term, are expected to provide additional evidence in the
near future.

Conclusions

The pVAP exhibited favourable performance in large animal
models of acute LV failure, demonstrating consistent and pre-
dictable haemodynamic support when used in a LA-to-Ao
LVAD configuration. Further research is required to elucidate
its safety and efficacy in the long term under different
configurations.
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Clinical perspectives

• The pVAP is a new surgically implanted VAD capable of
providing approximately 2.6 L/min on top of the patient’s
cardiac output.

• The device effectively unloads the LV, reduces myocardial
metabolic needs and elevates systemic pressures.

• Its simple design allows for fast implantation after which it
can be driven by a conventional IABP console. This feature
expands its availability to most hospitals.

• This is a pre-clinical study. Additional questions that
require further clarification include the effect of its
pulsatility on the heart and end-organs compared with de-
vices applying CF in the short and long term, and its safety
profile including its potential for vascular complications
and its potential for haemolysis.
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Figure S1. Absolute values of haemodynamic measurements
pre- and post-activation, with percent variations. P-values
were obtained using the Wilcoxon’s Rank-sum test against a
null hypothesis of zero variation. Data is exposed as medians
and interquartile range. The intervals show means and 95%
confidence intervals for the percent variations.
Figure S2. The Density plot shows that the pVAP reduced SVN
similarly in the healthy state and after coronary ligation. The
device did not change COF, and a greater proportion of posi-
tive values were observed after coronary ligation.
Figure S3. Absolute values of haemodynamic measurements
in relation to pumping rate.

References

1. Ouweneel DM, Eriksen E, Sjauw KD, van
Dongen IM, Hirsch A, Packer EJ, et al.
Percutaneous mechanical circulatory
support versus intra-aortic balloon pump
in cardiogenic shock after acute myocar-
dial infarction. J Am Coll Cardiol 2017;
69:278-287. doi:10.1016/j.jacc.2016.10.
022

2. Duncan AE, Kartashov A, Robinson SB,
Randall D, Zhang K, Luber J, et al. Risk
factors, resource use, and cost of postop-
erative low cardiac output syndrome.
J Thorac Cardiovasc Surg 2022;163:
1890-1898; e10. doi:10.1016/j.jtcvs.
2020.06.125

3. den Uil CA, Van Mieghem NM, Bastos
MB, Jewbali LS, Lenzen MJ, Engstrom
AE, et al. Primary intra-aortic balloon
support versus inotropes for decompen-
sated heart failure and low output: a
randomised trial. EuroIntervention
2019;15:586-593. doi:10.4244/EIJ-D-
19-00254

4. Francis GS, Bartos JA, Adatya S.
Inotropes. J Am Coll Cardiol 2014;63:

2069-2078. doi:10.1016/j.jacc.2014.01.
016

5. Singh SK, Vinogradsky A, Kirschner M,
Sun J, Wang C, Kurlansky P, et al. Me-
chanical circulatory support during sur-
gical revascularization for ischemic car-
diomyopathy. Ann Thorac Surg 2024;
S0003-4975(24)00073-0. doi:10.1016/
j.athoracsur.2024.01.017

6. Knigge S, Dogan G, Deniz E, Ismail Y,
Optenhöfel J, Schana L, et al.
Hemodynamical evaluation of a new
surgically implanted pulsatile right ven-
tricular assist device driven by a conven-
tional intra-aortic balloon pump con-
sole. ASAIO J 2024;70:734-740.
doi:10.1097/MAT.0000000000002197

7. Bastos MB, van Wiechen MP, Van
Mieghem NM. PulseCath iVAC2L:
Next-generation pulsatile mechanical
circulatory support. Future Cardiol
2020;16:103-112. doi:10.2217/fca-
2019-0060

8. Tschöpe C, Alogna A, Faragli A, Klingel K,
Schmidt G, Heilmann TW, et al. Case re-

portfirst-in-manmethod description: left
ventricular unloading with iVAC2L dur-
ing veno-arterial extracorporeal mem-
brane oxygenation: from veno-arterial
extracorporeal membrane oxygenation
to ECMELLA to EC-iVAC®. Front
Cardiovasc Med 2020;7:563448.
doi:10.3389/fcvm.2020.563448

9. Bastos MB, McConkey H, Malkin O, den
Uil C, Daemen J, Patterson T, et al. Effect
of next generation pulsatile mechanical
circulatory support on cardiac mechan-
ics: the PULSE trial. Cardiovasc Revasc
Med 2022;42:133-142. doi:10.1016/j.
carrev.2022.03.013

10. Bulum J, Bastos MB, Hlinomaz O, Mal-
kin O, Pawlowski T, Dragula M, et al.
Pulsatile left ventricular assistance in
high-risk percutaneous coronary inter-
ventions: short-term outcomes. J Clin
Med 2024;13:5357. doi:10.3390/
jcm13185357

11. Letsou GV, Pate TD, Gohean JR, Kurusz
M, Longoria RG, Kaiser L, et al. Im-
proved left ventricular unloading and

4182 S. Knigge et al.

ESC Heart Failure 2025; 12: 4171–4183
DOI: 10.1002/ehf2.15410

 20555822, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.15410 by C

ochrane Slovenia, W
iley O

nline L
ibrary on [22/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529


circulatory support with synchronized
pulsatile left ventricular assistance com-
pared with continuous-flow left ventric-
ular assistance in an acute porcine left
ventricular failure model. J Thorac
Cardiovasc Surg 2010;140:1181-1188.
doi:10.1016/j.jtcvs.2010.03.043

12. Schmitto JD, Shaw S, Garbade J,
Gustafsson F, Morshuis M, Zimpfer D,
et al. Fully magnetically centrifugal left
ventricular assist device and long-term
outcomes: the ELEVATE registry. Eur
Heart J 2024;45:613-625. doi:10.1093/
eurheartj/ehad658

13. Strueber M, Schmitto JD, Kutschka I,
Haverich A. Placement of 2 implantable
centrifugal pumps to serve as a total ar-
tificial heart after cardiectomy. J Thorac
Cardiovasc Surg 2012;143:507-509.
doi:10.1016/j.jtcvs.2011.07.034

14. Dogan G, Hanke JS, Alhumood K, Tarazi
R, Riebandt J, Wiedemann D, et al.
Three-month outcomes after the im-
plantation of two HeartMate 3 devices
in total artificial heart configuration. J
Cardiovasc Surg (Torino) 2023;64:
121-129. doi:10.23736/S0021-9509.22.
12445-6

15. Schmitto JD, Hanke JS, Rojas SV, Avsar
M, Haverich A. First implantation in
man of a new magnetically levitated left
ventricular assist device (HeartMate III).
J Heart Lung Transplant 2015;34:
858-860. doi:10.1016/j.healun.2015.03.
001

16. Bastos MB, Malchin O, Knigge S, Dogan
G, Deniz E, Schmitto JD. Pulsatile ven-
tricular assist platform: a novel surgi-
cally implanted ventricular assist device.
JACC Basic Transl Sci 2024;9:451-453.
doi:10.1016/j.jacbts.2024.02.009

17. Bastos MB, Burkhoff D, Maly J, Daemen
J, den Uil CA, Ameloot K, et al. Invasive

left ventricle pressure–volume analysis:
overview and practical clinical implica-
tions. Eur Heart J 2020;41:1286-1297.
doi:10.1093/eurheartj/ehz552

18. Niclauss L, Segesser LK. PulseCath iVAC
3LTM hemodynamic performance for
simple assisted flow. Interact Cardiovasc
Thorac Surg 2011;12:912-913.
doi:10.1510/icvts.2010.264051

19. O’Neil MP, Fleming JC, Badhwar A, Guo
LR. Pulsatile versus nonpulsatile flow
during cardiopulmonary bypass: micro-
circulatory and systemic effects. Ann
Thorac Surg 2012;94:2046-2053.
doi:10.1016/j.athoracsur.2012.05.065

20. Nix C, Ishikawa K, Meyns B, Yasuda S,
Adriaenssens T, Barth S, et al. Compari-
son of hemodynamic support by impella
vs. peripheral extracorporeal membrane
oxygenation: a porcine model of acute
myocardial infarction. Front Cardiovasc
Med 2020;7:99. doi:10.3389/fcvm.
2020.00099

21. Vandenberghe S, Segers P, Antaki JF,
Meyns B, Verdonck PR. Hemodynamic
modes of ventricular assist with a rotary
blood pump: continuous, pulsatile, and
failure. ASAIO J 2005;51:711-718.
doi:10.1097/01.mat.0000179251.
40649.45

22. Burkhoff D, Sayer G, Doshi D, Uriel N.
Hemodynamics of mechanical circula-
tory support. J Am Coll Cardiol 2015;
66:2663-2674. doi:10.1016/j.jacc.2015.
10.017

23. Weil BR, Konecny F, Suzuki G, Iyer V,
Canty JM Jr. Comparative hemodynamic
effects of contemporary percutaneous
mechanical circulatory support devices
in a porcine model of acute myocardial
infarction. JACC Cardiovasc Interv 2016;
9:2292-2303. doi:10.1016/j.jcin.2016.
08.037

24. Butala B, Yu R, Schorr R, Gologorsky E.
Periprocedural dynamics of aortic regur-
gitation in patients supported with an
impella left ventricular assist device. J
Cardiothorac Vasc Anesth 2020;34:
659-662. doi:10.1053/j.jvca.2019.09.
024

25. Meyns B, Stolinski J, Leunens V,
Verbeken E, Flameng W. Left ventricular
support by catheter-mounted axial
flow pump reduces infarct size. J Am
Coll Cardiol 2003;41:1087-1095.
doi:10.1016/s0735-1097(03)00084-6

26. Hulman M, Artemiou P, Durdik S,
Lesny P, Gasparovic I, Goncalvesova E.
Berlin heart EXCOR implantation in
adult patients, outcomes and complica-
tions: short report. Bratisl Med J 2025;
126:76-81. doi:10.1007/s44411-025-
00032-9

27. Schumer E, Slaughter MS. Biventricular
and isolated right ventricular support.
In: Gregoric ID, Myers TJ, Mihalj M,
eds. Management of acute and chronic se-
vere heart failure. Cham: Springer; 2024.

28. den Uil CA, Daemen J, Lenzen MJ,
Maugenest AM, Joziasse L, van Geuns
R, et al. Pulsatile iVAC 2L circulatory sup-
port in high-risk percutaneous coronary
intervention. EuroIntervention 2017;12:
1689-1696. doi:10.4244/EIJ-D-16-
00371

29. Extracorporeal Life Support Organiza-
tion. (2024, April 15). ELSO registry
data definitions. https://www.elso.org.
Accessed 15 April 2024

30. Zhou B, Honor LB, He H, Ma Q, Oh JH,
Butterfield C, et al. Adult mouse epicar-
dium modulates myocardial injury by
secreting paracrine factors. J Clin Invest
2011;121:1894-1904. doi:10.1172/
JCI45529

pVAP: Pulsatile LVAD performance in heart failure 4183

ESC Heart Failure 2025; 12: 4171–4183
DOI: 10.1002/ehf2.15410

 20555822, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ehf2.15410 by C

ochrane Slovenia, W
iley O

nline L
ibrary on [22/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529
https://www.elso.org
https://doi.org/10.1172/JCI45529
https://doi.org/10.1172/JCI45529

	First evaluation of a novel pulsatile LVAD: Feasibility and haemodynamic impact in acute heart failure
	Abstract
	The pulsatile ventricular assist platform (pVAP) was connected to a membrane pump in six large swine models. The system, driven by a conventional intra‐aortic balloon pump console (IABP), was utilized to drain left atrial blood during systole and to e...
	Introduction
	Methods
	Device
	Animals and monitoring
	Instrumentation
	Implementation of the pVAP
	Left ventricular failure
	Video analysis
	Data analysis

	Results
	HF model
	Pump flow
	Pump stroke volume
	Haemodynamic changes
	Differences between HS and HF states
	IABP cycling rate

	Discussion
	Conclusions
	Clinical perspectives

	Acknowledgements
	Funding
	Supporting Information
	References

