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Abstract: Cardiogenic shock (CS) is part of a clinical syndrome consisting of acute left ventricular
failure causing severe hypotension leading to inadequate organ and tissue perfusion. The most com-
monly used devices to support patients affected by CS are Intra-Aortic Balloon Pump (IABP), Impella
2.5 pump and Extracorporeal Membrane Oxygenation. The aim of this study is the comparison
between Impella and IABP using CARDIOSIM© software simulator of the cardiovascular system.
The results of the simulations included baseline conditions from a virtual patient in CS followed by
IABP assistance in synchronised mode with different driving and vacuum pressures. Subsequently,
the same baseline conditions were supported by the Impella 2.5 with different rotational speeds.
The percentage variation with respect to baseline conditions was calculated for haemodynamic and
energetic variables during IABP and Impella assistance. The Impella pump driven with a rotational
speed of 50,000 rpm increased the total flow by 4.36% with a reduction in left ventricular end-diastolic
volume (LVEDV) by ∼=15% to ∼=30%. A reduction in left ventricular end systolic volume (LVESV)
by ∼=10% to ∼=18% (∼=12% to ∼=33%) was observed with IABP (Impella) assistance. The simulation
outcome suggests that assistance with the Impella device leads to higher reduction in LVESV, LVEDV,
left ventricular external work and left atrial pressure-volume loop area compared to IABP support.

Keywords: IABP; Impella; cardiogenic shock; ventricular elastance; chronic heart failure; lumped
parameter model; software simulation; cardiovascular modelling; CARDIOSIM©

1. Introduction

Cardiogenic shock (CS) is part of a clinical syndrome consisting of acute left ventricular
failure causing severe hypotension leading to inadequate organ and tissue perfusion.
Recovery is observed if the underlying cause is reversible and appropriate treatment is
started promptly. CS may become irreversible if treatment is delayed leading to severe
tissue damage and death even if blood pressure is restored [1].

The most frequent cause of cardiogenic shock is heart failure (HF) secondary to
acute myocardial infarction, although other conditions such as arrhythmias, valve rupture,
pulmonary embolus, pericardial tamponade and acute myocarditis may lead to its develop-
ment. CS is characterised by the following haemodynamic criteria: systolic aortic pressure
(SAP < 90 mmHg), cardiac index (CI < 1.8 L/min/m2 without support or CI < 2.2 L/min/m2
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with support), pulmonary capillary wedge pressure (PCWP > 15 mmHg), and elevated left
ventricular end-diastolic pressure (LVEDP > 18 mmHg) [2].

Early pharmacological treatment may help avoid further worsening of the clinical
picture and escalate to mechanical circulatory support. The most used drugs are positive
inotropes (to increase the contractile force of the myocardium).

The most commonly used devices to support patients affected by CS are the following:

X Intra-aortic balloon pump (IABP), consisting of a balloon positioned in the descending
thoracic aorta that inflates (diastole) and deflates (systole) leading to an increase in
coronary perfusion and a reduction in afterload;

X Impella 2.5 [3], a coaxial pump that is retrogradely advanced in the aortic transvalvular
position and works by aspirating blood from the left ventricle to expel it directly into
the ascending aorta. This pump can deliver a flow of up to 2.5 L per minute;

X Extracorporeal membrane oxygenation (ECMO), which can simultaneously provide
mechanical support for the heart and oxygenation of the lungs.

The correct choice of the device, the timing of the implant, the duration of the support
and the prevention of any complications represent the key management points in patients
requiring mechanical circulatory support (MCS).

Percutaneous mechanical circulatory support has increased in recent years.
Although the IABP still remains a suitable choice, alternative devices have been intro-

duced in clinical practice with particular reference to the Impella device and its use in an
acute setting. Analysis of the available literature suggests that there is insufficient evidence
to support superiority of IABP versus Impella when comparing survival rates [4] despite
possible higher haemodynamic support offered by the Impella device [5], particularly when
implanted before percutaneous revascularisation [6]. As the scientific evidence remains
controversial, currently different centres follow local policy and experience in relation to
decision-making and insertion/removal techniques.

The aim of this study is the comparison between Impella 2.5 and IABP using CARDIOSIM©

[7–14] software simulator of the cardiovascular system. Our study may contribute to fill the
gap in the limited available data from other studies directly comparing Impella 2.5 with IABP.

For the purposes of this study, we reproduced the CS status of a virtual patient using
an upgraded version of CARDIOSIM©, which has been developed in the “Cardiovascular
Numerical/Hybrid Modelling Lab” of the Institute of Clinical Physiology (IFC-CNR) based
in Rome. Subsequently, assistance with IABP and Impella 2.5 pump was simulated to
evaluate the effects induced on haemodynamic and energetic variables. Two new modules
reproducing the behaviour of IABP and Impella 2.5 were implemented in the CARDIOSIM©

platform to simulate the effects induced by the two devices in cooperation with the Faculty
of Human Movement and Sport Sciences, “Foro Italico” University of Rome.

2. Materials and Methods
2.1. The Cardiovascular and Heart Numerical Models

The numerical model of the cardiovascular system used to perform our simulations
has been previously described [7–11]. The electric analogue of the cardiovascular network
described in [12] consists of the following compartments (Figure 1): ascending and de-
scending aorta with aortic arch, thoracic, upper limbs and head, superior and inferior vena
cava, renal and hepatic, splanchnic, abdominal and lower limbs [12]. All the compartments
are developed using lumped parameter (0-D) models. Both atrial and ventricular septa
are interdependent, and they are modelled using the time-varying elastance approach [8].
Mitral, tricuspid, pulmonary and aortic valves are modelled using resistance and diode.
A model with inverse resistance is used to simulate pulmonary and tricuspid regurgita-
tion [7,9]. The numerical model of the coronary circulation assembled in this configuration
of the cardiovascular system is presented in [13,14] (see supplementary materials).
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Figure 1. Schematic representation of the cardiovascular system assembled with the IABP. RLC
elements in the ascending (descending) aorta and aortic arch compartment represent resistance,
inductance and compliance, respectively. Pt is the intrathoracic pressure.

2.2. Intra-Aortic Balloon Pump Numerical Model

Figure 1 shows the electric analogue of IABP inserted below the origin of the left sub-
clavian artery and, therefore, placed after the ascending aorta and aortic arch compartment.
The intra-aortic balloon pump is considered as a flow source QIABP(t) in the following
way [15–19]:

• the balloon inflates in diastole and the flow is positive;
• the balloon deflates in the following systole and the flow is negative.

The flow source QIABP(t) may be replaced by a pneumatic pressure source P(t), rep-
resenting the compressed gas reservoir, and by resistance (R) representing the total gas
delivery resistance of the system. The pneumatic source P(t) has been modelled describing
the ejection and the filling phase separately as follows:

• the air outflow from the high-pressure tank connected to the pressure source;
• the air outflow from the lower-pressure tank connected to the vacuum source (Figure 2).

IABP deflation is modelled by:

.
Pair = − 1

Vair−6 ·
[

Kd·Pair·
(√

E1·
[(

Pv
Pair

)E2
−
(

Pv
Pair

)E3
])

+ Pair−6·
.

Vair

]

= − 1
Vair−6 ·

[
Kd·Pair·

(√
E1·
[(

Pv
Pair

)E2
−
(

Pv
Pair

)E3
])

+ Pair−6·(QiIABP − QoIABP)

]
(1)

IABP inflation is described by:
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where Vair = Vt + Vmax-VIABP, Vt is the drive tube volume Vt = 160 [mL], Vmax is
the maximum balloon volume Vmax = 195 [mL], E1 = 3.5, E2 = 1.42857, E3 = 1.71428,
Ks = 0.000799 and Kd = 0.00128.
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Figure 2. General layout of the driving unit of the IABP system. The air pressure waveform in the
balloon is in the top right-hand corner. Pd and Pv are the driving and vacuum pressure, respectively.
QiIABP (QoIABP) represents the input (output) flow source.

.
Vair (Pair) is the volume (pressure) into

the part of the balloon connected to the air tube;
.

VIABP is the balloon volume, Vmax is the maximum

extension volume of the balloon; PIABP =
([

Pair∗760
1000

]
− 760

)
is the balloon pressure; AAP is the

ascending aorta pressure.

The module implemented in the new configuration of CARDIOSIM© enables adjust-
ment of the driving and vacuum pressures, the balloon volume and the timing of the
IABP The simulator allows also synchronisation of the IABP timing with the QRS com-
plex of the ECG signal or with the aortic pressure waveform. Weaning from IABP can be
simulated by decreasing the balloon augmentation ratio from 1:1 to 1:2 or 1:4 or 1:8 (see
supplementary materials).

2.3. Impella 2.5 Numerical Model

Impella 2.5 is a catheter-based mechanical device designed to offer circulatory support
through percutaneous insertion [3]. This pump is connected as left ventricular assist
device (LVAD) across the aortic valve, generating blood flow in the ascending aorta with
direct pressure and volume unloading. Figure 3 shows the schematic representation of the
cardiovascular system assembled with the Impella 2.5 pump.

The Impella flow (FIMP) obtained for different rotational speed is calculated using the
following equation:

FIMP = K1·(AAP − LVP)4 + K2·(AAP − LVP)3 + K3·(AAP − LVP)2 + K4·(AAP − LVP) + K5 (3)

The values of Ki(i=1,..,5) constants are listed in Table 1; LVP is the left ventricular
pressure.

Equation (3) is used to derive the curves in Figure 4, which are in good agreement
with the experimental data measured during the functioning of Impella 2.5 for different
pump speeds ranging from 25,000 to 51,000 rpm [3,20].
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Figure 3. Schematic representation of the cardiovascular system assembled with the IMPELLA 2.5 pump.

Table 1. Numerical model parameters for Impella 2.5.

Pump Rotational
Speed (rpm) K1 K2 K3 K4 K5

25,000 −1.157·10−7 1.622·10−5 −0.0009846 −0.002613 1.102

35,000 −2.065·10−8 3.849·10−6 −0.0004192 0.001435 1.612

38,000 −1.668·10−8 2.976·10−6 −0.0002915 0.002004 1.812

40,000 −1.497·10−8 3.849·10−6 −0.000417 0.0005987 1.898

43,000 −1.084·10−8 2.59·10−6 −0.0002857 0.0006554 2.071

45,000 −4.085·10−9 9.128·10−7 −0.0001425 −0.002385 2.201

47,000 −3.011·10−9 6.504·10−7 −0.0001116 −0.0026555 2.31

50,000 −1.742·10−9 3.015·10−7 −6.007·10−5 −0.004055 2.446

51,000 −1.845·10−10 −2.204·10−7 −1.528·10−5 −0.000537 2.554
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Figure 4. Relationship between the flow through the Impella 2.5 pump and the pressure difference
for different rotational speeds. The curves were obtained using Equation (3), with the values listed in
Table 1.

2.4. Simulation Protocol

The benchmark for our simulations consisted of a virtual patient in cardiogenic shock
whose baseline conditions included a systolic aortic pressure SAP = 79.3 mmHg, heart
rate HR = 70 beat/min, mean left atrial pressure LAP = 21.3 mmHg, mean pulmonary
arterial pressure PAP = 25.7 mmHg, LVEDP = 24 mmHg, cardiac output CO = 3.29 L/min,
mean coronary blood flow CBF = 100.5 mL/min, cardiac index CI = 1.73 L/min/m2,
LVEDV = 149.9 mL, LVESV = 103.0 mL, left ventricular ejection fraction EF% = 31.3 and
left (right) ventricular arterial coupling Ea/Ees = 1.71 (Ees/Ea = 1.43).

IABP support was initiated in synchronised mode at baseline conditions with a delay
of 220 ms from the start of ventricular diastole for balloon inflation and timing of deflation
before the next systole. IABP assist ratio was 1:1 (one inflation per cardiac cycle), driv-
ing pressure was set to 260 mmHg with vacuum pressure at −10, zero and +10 mmHg,
respectively. The percentage variation with respect to baseline conditions was calculated
during IABP assistance for the following parameters: left ventricular output (or cardiac
output CO), total flow (CO + Impella flow), cerebral and renal flow, left ventricular exter-
nal work (LVEW), left ventricular ejection fraction (LVEF), systolic aortic pressure (SAP),
end-diastolic aortic pressure (DAP), mean aortic pressure (AoP), LAP, RAP, PAP, CBF, left
ventricular end-diastolic (end-systolic) volume LVEDV (LVESV) and left ventricular-arterial
coupling (Ea/Ees).

Subsequently, LVAD assistance with Impella 2.5 was initiated with different rotational
speeds (35,000, 45,000 and 50,000 rpm). The percentage variation with respect to baseline
conditions was calculated for the above parameters.

3. Results

Figure 5 shows the percentage change of total flow (top left panel), LVOF (top right
panel) LVESV (bottom left panel) and LVEDV (bottom right panel) calculated in comparison
to baseline conditions for IABP and Impella 2.5 (LVAD) support. The simulation settings
included LVAD rotational speed at 35,000, 45,000 and 50,000 rpm and IABP support with
Pv = −10, Pv = 0 and Pv = +10 mmHg, and Pd = 260 mmHg.
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Figure 5. Percentage change calculated in comparison to baseline conditions for total flow, left
ventricular output (LVO), LVEDV and LVESV when IABP or Impella 2.5 (LVAD) support were
simulated. The simulation settings included LVAD rotational speed at 35,000, 45,000 and 50,000 rpm
and IABP support with Pv = −10, Pv = 0 and Pv = +10 mmHg, and Pd = 260 mmHg. LVO (or CO)
is the Total Flow under IABP support. The sum of CO and LVAD flow gives the total flow under
Impella 2.5 support.

Impella 2.5 support reduced LVO (or CO) by ∼=180% (from 3.29 to 1.17 L/min) when
the rotational speed was set to 50,000 rpm (top left panel in Figure 4). Consequently, the
pump increased the total flow by 4.36% (from 3.29 to 3.44 L/min) with a pump flow of
2.27 L/min. The top left panel in Figure 5 shows that IABP assistance increased LVO from
∼=4% (Pv = +10 mmHg) to ∼=6.3% (Pv = −10 mmHg). Both Impella 2.5 and IABP reduced
LVESV (bottom left panel) and LVEDV (bottom right panel). A reduction in LVEDV by
∼=15% to ∼=30% was observed on LVAD support. Volume unloading on IABP was only
5–10%. The bottom left panel in Figure 4 shows that a reduction in LVESV by ∼=10% to
∼=18% (∼=12% to ∼=33%) was observed on IABP (Impella) assistance [21]. Figure 6 shows
the effects induced by IABP and Impella assistance on aortic blood pressure and left atrial
pressure (LAP).

The top left panel shows an increase in mean aortic pressure (AoP) by 4% to ∼=6%
when IABP was activated. The simulation settings based on different rotational speed for
Impella 2.5 pump show an increase in AoP by ∼=2.5% to ∼=5% in line with current published
literature [4,22–24]. SAP decreased by ∼=15% compared to baseline conditions when the
LVAD rotational speed was set to 50,000 rpm (top right panel in Figure 6), but increased
up to ∼=15% when driving and vacuum IABP pressures were set to 260 and −10 mmHg,
respectively. In contrast, DAP increased up to ∼=22% when the Impella rotational speed
was set to 50,000 rpm (middle left panel), whilst it decreased by ∼=43% when driving and
vacuum IABP pressures were set to 260 and −10 mmHg, respectively. The middle right
panel (Figure 6) shows that IABP support (Pv = −10 and Pd = 260 mmHg) reduced LAP
by ∼=13% whilst Impella 2.5 assistance increased it by more than ∼=30%. Mean pulmonary
arterial (bottom left panel) and right atrial (bottom right panel) pressures showed similar
percentage increase on IABP support. LVAD assistance increased mean PAP (RAP) up to
∼=2.3% (∼=5.7%) when the rotational speed was set to 50,000 rpm.
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Figure 6. Percentage change calculated in comparison to baseline conditions for mean aortic pressure
(AoP), systolic and end-diastolic aortic pressure (SAP and DAP), mean left atrial pressure (LAP),
mean pulmonary arterial pressure (PAP) and mean right atrial pressure (RAP) when IABP or Impella
2.5 support were simulated. The simulation settings included LVAD rotational speed at 35,000, 45,000
and 50,000 rpm and IABP with Pv = −10, Pv = 0 and Pv = +10 mmHg, and Pd = 260 mmHg.

Figure 7 shows the percentage change in left ventricular-arterial coupling and coronary,
cerebral and renal blood flow calculated in comparison to baseline conditions for IABP and
Impella 2.5 assistance.

IABP assistance reduced Ea/Ees by more than 25% when Pv = −10 and Pd = 260 mmHg
whilst Impella pump increased left ventricular–arterial coupling although inversely re-
lated to pump rotational speed (top left panel). Coronary, cerebral and renal blood flow
increased with both Impella and IABP support (top right and bottom left and right panel in
Figure 7) [22,25].
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Figure 7. Percentage change calculated in comparison to baseline conditions for left ventricular-
arterial coupling, coronary, cerebral and renal blood flow when IABP or LVAD support were simu-
lated. The simulation settings included Impella 2.5 rotational speed at 35,000, 45,000 and 50,000 rpm
and IABP support with Pv = −10, Pv = 0 and Pv = +10 mmHg, and Pd = 260 mmHg. Ea is the arterial
elastance and Ees is the left ventricular elastance.

Left ventricular external work (LVEW) decreased by more than 20% compared to
baseline conditions on IABP assistance with Pd = 260 mmHg and Pv = −10 mmHg (top
left panel in Figure 8). Impella 2.5 support reduced LVEW by more than 75% (55%) at
50,000 (35,000) rpm. Left ventricular pressure-volume area (LPVA) decreased by ∼=33.7% at
35,000 rpm and by ∼=65.9% at 50,000 rpm [26,27]. LVPA is an index of myocardial oxygen
consumption; therefore, increased pump rotational speed was related to a decrease in
myocardial oxygen consumption. The top right panel in Figure 8 shows that the percentage
change in right ventricular external work (RVEW) is the highest when IABP support is
turned on. The percentage reduction in left atrial pressure–volume loop area (LAPVLA) is
negligible under IABP support whilst a percentage variation in LAPVLA ranging between
∼=24% (35,000 rpm) and ∼=53.3% (50,000 rpm) is observed during Impella assistance (bottom
left panel). Finally, the bottom left panel in Figure 8 shows that right atrial pressure–volume
loop area (RAPVLA) is not significantly affected by the two devices.
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Figure 8. Percentage change calculated in comparison to baseline conditions for left ventricular
external work (top left panel), right ventricular external work (top right panel) and left and right
atrial pressure–volume loop area ((bottom left panel) and (bottom right panel)). The above values
were obtained when the Impella rotational speed was set to 35,000, 45,000 and 50,000 rpm. During
the simulations with IABP support the driving and vacuum pressures were set to Pd = 260 mmHg
and to Pv = −10, Pv = 0 and Pv = +10 mmHg, respectively.

Simulation data were stored in Excel file and analysed with Excel software (Figure 9)
to plot pressure–volume loops and coronary blood flow waveforms.

The top left (right) panel in Figure 9 shows the left ventricular (atrial) pressure–volume
loops obtained in baseline (blue line) and assisted conditions with Impella 2.5 (red line)
and IABP (dashed black line). Both devices reduced LVEDV, LVESV (top left panel) and
left atrial end-systolic and end-diastolic volume (top right panel). The bottom left panel
(Figure 9) shows the different left ventricular pressure–volume loops in baseline (blue line)
and assisted conditions with LVAD rotational speed at 35,000 (lilac dashed line), 45,000
(green dashed line) and 50,000 rpm (red line). Finally, the coronary blood flow waveforms
(bottom right panel) in baseline (blue line) and assisted conditions with LVAD (red line)
and IABP (green line) have been developed using Excel software.

Figure 10 shows a screenshot of CARDIOSIM© software simulator outlining baseline
conditions and IABP support.
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Figure 9. Left ventricular pressure–volume loops (top and bottom left panels) and coronary blood
flow waveforms (bottom right panel) obtained storing data in Excel file and subsequently processed
with Excel software. The (top left (right) panel) shows the left ventricular (atrial) pressure–volume
loops obtained in baseline (blue continuous lines) and assisted conditions with IABP (Pd = 260 and
Pv = −10 mmHg—dashed black lines) and Impella 2.5 (red lines) at 50,000 rpm. The (bottom left
panel) shows the left ventricular pressure–volume loops obtained in baseline (blue continuous lines)
and assisted conditions with LVAD rotational speed at 35,000, 45,000 and 50,000 rpm.

IABP
Baseline IABP

IABP

CBFIABPBaseline
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Figure 10. CARDIOSIM© screenshot showing baseline and assisted conditions with IABP. Proceeding
from the top left to the right and then down, the left (top left side) and right (top right side) ventricular
pressure–volume loops for baseline and IABP support are observed. The left ventricular and aortic
pressure waveforms for baseline (red line) and IABP assistance (blue line) are plotted in the middle
window. The bottom window shows the coronary blood flow waveforms.
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The driving and vacuum pressures were set to 260 mmHg and −10 mmHg, respec-
tively, during IABP support. The green coronary blood flow waveforms are plotted in the
bottom window (Figure 10) whilst the black line is the CBF in baseline conditions.

4. Discussion

The intra-aortic balloon pump has been widely used as first-line circulatory support
device since its first introduction in clinical practice. Despite its proven effects, there has
been controversy about its role in cardiogenic shock following the questionable outcome
of the SHOCK trial [28–30]. Alternatives, such as the Impella device, have been proposed.
This study has mainly addressed the performance of each device in terms of their strengths
and weaknesses and determined their potential in the context of a virtual patient in car-
diogenic shock. The outcome of IABP and Impella 2.5 support was compared with the
use of numerical models describing blood flow rates and pressures in the cardiovascular
system and IABP and Impella 2.5 features. Cardiogenic shock was simulated by tuning the
parameters in the cardiovascular system model and the same settings were used to simulate
the outcome of pump support. In addition, three different operating conditions were used
in both IABP (Pv = −10 mmHg, 0 mmHg and 10 mmHg) and Impella 2.5 (35,000 rpm,
45,000 rpm and 50,000 rpm) to evaluate haemodynamic variables on pump support. The
simulation results show that Impella 2.5 provided better left ventricular unloading than
IABP as the decrease in left ventricular end-systolic and end-diastolic volumes were rel-
atively high at 45,000 rpm and 50,000 rpm operating speeds (Figure 5). The simulation
results are consistent with the clinical findings for left ventricular unloading [31].

Although both devices increased the mean aortic pressure with varying degree at
different settings, the increase in the mean aortic pressure was higher on IABP support.
IABP increased the systolic aortic pressure and decreased end-diastolic aortic pressure
whereas Impella 2.5 decreased the systolic aortic pressure and increased end-diastolic
aortic pressure. Therefore, aortic pulse pressure was higher on IABP support. Impella
2.5 decreased the aortic pulse pressure due to continuous operating speed and unloading
of the left ventricle. IABP on the other hand was synchronised with the left ventricle
and provided an increased aortic pulse pressure (Figure 6). Again, the simulation results
confirm the clinical findings [31]. Impella 2.5 support reduced the mean left atrial pressure
more than IABP at all operating speeds. Impella 2.5 support is more beneficial in reducing
left atrial pressure.

Left ventricular–arterial coupling is ∼=1 in healthy conditions [32], whereas it increases
with reduced left ventricular end-systolic elastance during cardiogenic shock [33]. The
baseline left ventricular–arterial coupling was 1.71 in the simulations confirming the clinical
data. Coronary, cerebral and renal blood flow rates increased on both IABP and Impella
2.5 support. This was achieved by decreasing vacuum pressure for IABP or increasing oper-
ating speed for Impella 2.5. However, IABP support at Pv = −10 mmHg and Pv = 0 mmHg
vacuum pressures increased the blood flow rates in these sections better than Impella
2.5 support (Figure 7) which may be interpreted as IABP being more beneficial to improve
organ perfusion.

Impella 2.5 decreased left ventricular external work in a more remarkable manner
compared to IABP (Figure 8). Therefore, Impella 2.5 seems to reduce myocardial oxygen
consumption more effectively compared to IABP. A similar trend in the change of left atrial
pressure–volume loop area occurs under the support of both IABP and Impella 2.5 devices.
On the other hand, Impella 2.5 support increases right ventricular external work remarkably
less than IABP at all simulated operating speeds (Figure 8).

Each device has also been used combined with V-A ECMO [34,35]. A systematic
review and meta-analysis of the combined use of V-A ECMO and IABP in cardiogenic
shock has shown reduced in-hospital mortality without increased rate of complications [36].
A combined use of IABP and Impella has been proposed as a potentially superior ap-
proach for refractory cardiogenic shock [37,38] based on initial experimental evidence of
favourable haemodynamics following combined support with the IABP and Impella p9
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device in a sheep model of acute myocardial infarction [26]. Another porcine model of
acute myocardial infarction has shown that LV unloading with Impella CP decreases LV
end-diastolic wall stress and increases microvascular perfusion of the infarcted area [22]. A
retrospective review of 128 patients undergoing V-A ECMO or Impella support because
of refractory cardiogenic shock after acute MI showed significant reduction in adjusted
30-day mortality following V-A ECMO support. A higher rate of MCS escalation was
observed in patients undergoing Impella device support [2]. A review of 6290 patients
sustaining acute myocardial infarction complicated by cardiogenic shock and requiring
percutaneous coronary intervention (PCI) showed better outcome for patients receiving
Impella support compared to those undergoing V-A ECMO insertion [39]. An experimental
model of porcine acute myocardial infarction has been used to compare peripheral V-A
ECMO with Impella CP based on an open-labelled randomised setting. Impella CP resulted
in a more effective volume unloading of the left ventricle. Both devices reduced myocardial
oxygen consumption significantly. Impella CP shifted the pressure–volume loop to the
left with a decreased pressure–volume–area (PVA) whilst V-A ECMO increased PVA and
decreased heart rate [40].

The outcome of our simulations does confirm the more efficient volume unloading
and reduction in myocardial oxygen consumption generated by Impella 2.5. Nevertheless,
organ perfusion in terms of coronary, cerebral and renal blood flow is better addressed
by IABP assistance. Our study has not directly evaluated the combined use of the two
devices, which may be considered a limitation. Nevertheless, the overall analysis of data
suggests that a combined use of IABP and Impella 2.5 may compensate the shortcomings
of each device alone and potentially lead to a better level of support. The importance of
the context remains to be taken into account considering that IABP availability is higher
given its ease of use and patient transfer to a cath lab is not necessarily required: device
insertion can be performed at the bedside in intensive care unit or in theatre with or
without trans-oesophageal echocardiography guidance. Finally, our results may help with
the implementation of a more patient-specific approach in terms of treatment optimisation
and possibly outcome prediction with a view to identify those patients who may benefit
the most.

5. Conclusions

The present study suggests that assistance with the Impella 2.5 device leads to sig-
nificant unloading of the left ventricle with greater reduction in LAP, LVESV, LVEDV, left
ventricular external work and left atrial pressure–volume loop area compared to IABP
support. Notably, the level of improvement driven by IABP and Impella 2.5 is strongly
dependent on the pathological haemodynamic scenario simulated.

Supplementary Materials: The following supporting information can be downloaded at https:
//cardiosim.dsb.cnr.it/ (accessed on 6 November 2022).

Author Contributions: Conceptualization, C.D.L. and B.D.L.; methodology, B.D.L.; software, B.D.L.;
validation, C.D.L., B.D.L. and M.C.; formal analysis, B.D.L., S.B. and R.B.; investigation, C.D.L.,
R.B. and S.B.; resources, C.D.L. and B.D.L.; data curation, B.D.L., R.B., M.C. and S.B.; writing—
original draft preparation, B.D.L. and M.C.; writing—review and editing, S.B., R.B., M.C. and C.D.L.;
visualization, B.D.L.; supervision, C.D.L. and M.C.; project administration, C.D.L. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

https://cardiosim.dsb.cnr.it/
https://cardiosim.dsb.cnr.it/


J. Cardiovasc. Dev. Dis. 2023, 10, 140 14 of 15

References
1. Katz, A.M. Physiology of the Heart, 4th ed.; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 2006; pp. 209–210.
2. Schurtz, G.; Rousse, N.; Saura, O.; Balmette, V.; Vincent, F.; Lamblin, N.; Porouchani, S.; Verdier, B.; Puymirat, E.; Robin, E.; et al.

IMPELLA® or Extracorporeal Membrane Oxygenation for Left Ventricular Dominant Refractory Cardiogenic Shock. J. Clin. Med.
2021, 10, 759. [CrossRef] [PubMed]

3. Abiomed, Inc. Impella®Recover®LP 2.5 System-U Instruction for Use; Abiomed, Inc.: Danvers, MA, USA, 2006.
4. Frain, K.; Rees, P. Intra-aortic balloon pump versus percutaneous Impella© in emergency revascularisation for myocardial

infarction and cardiogenic shock: Systematic review. Perfusion 2021. [CrossRef] [PubMed]
5. Ouweneel, D.M.; Engstrom, A.E.; Sjauw, K.D.; Hirsch, A.; Hill, J.M.; Gockel, B.; Tuseth, V.; van der Schaaf, R.J.; Henriques, J.P.S.

Experience from a randomized controlled trial with Impella 2.5 versus IABP in STEMI patients with cardiogenic pre-shock.
Lessons learned from the IMPRESS in STEMI trial. Int. J. Cardiol. 2016, 202, 894–896. [CrossRef] [PubMed]

6. Pieri, M.; Sorrentino, T.; Oppizzi, M.; Melisurgo, G.; Lembo, R.; Colombo, A.; Zangrillo, A.; Pappalardo, F. The role of different
mechanical circulatory support devices and their timing of implantation on myocardial damage and mid-term recovery in acute
myocardial infarction related cardiogenic shock. J. Interv. Cardiol. 2018, 31, 717–724. [CrossRef]

7. De Lazzari, B.; Iacovoni, A.; Mottaghy, K.; Capoccia, M.; Badagliacca, R.; Vizza, C.D.; De Lazzari, C. ECMO Assistance During
Mechanical Ventilation: Effects Induced on Energetic and Haemodynamic Variables. Comput. Methods Programs Biomed. 2021, 202,
106003. [CrossRef] [PubMed]

8. De Lazzari, C. Interaction between the septum and the left (right) ventricular free wall in order to evaluate the effects on coronary
blood flow: Numerical simulation. Comput. Methods Biomech. Biomed. Eng. 2012, 15, 1359–1368. [CrossRef] [PubMed]

9. De Lazzari, B.; Iacovoni, A.; Capoccia, M.; Papa, S.; Badagliacca, R.; Filomena, D.; De Lazzari, C. Ventricular and Atrial
Pressure—Volume Loops: Analysis of the Effects Induced by Right Centrifugal Pump Assistance. Bioengineering 2022, 9, 181.
[CrossRef]

10. Capoccia, M.; Marconi, S.; Singh, S.A.; Pisanelli, M.D.; De Lazzari, C. Simulation as a preoperative planning approach in advanced
heart failure patients. A retrospective clinical analysis. BioMed. Eng. Online 2018, 17, 52.

11. De Lazzari, C.; De Lazzari, B.; Iacovoni, A.; Marconi, S.; Papa, S.; Capoccia, M.; Badagliacca, R.; Vizza, C.D. Intra-Aortic Balloon
Counterpulsation Timing: A New Numerical Model for Programming and Training in the Clinical Environment. Comput. Methods
Programs Biomed. 2020, 194, 105537. [CrossRef]

12. De Lazzari, C.; Stalteri, D. 2011–2019, CARDIOSIM© Website. Original Website Platform Regarding the Implementation of the
Cardiovascular Software Simulator CARDIOSIM©. Available online: https://cardiosim.dsb.cnr.it/CirculatoryNetworks/fcn/
fcn10 (accessed on 6 November 2022).

13. De Lazzari, C.; Stalteri, D. 2011–2019, CARDIOSIM© Website. Original Website Platform Regarding the Implementation of the
Cardiovascular Software Simulator CARDIOSIM©. Available online: https://cardiosim.dsb.cnr.it/CirculationModels/ncm2
#ncm2 (accessed on 6 November 2022).

14. De Lazzari, C. Coronary circulation models. In Modelling Cardiovascular System and Mechanical Circulatory Support; De Lazzari, C.,
Ed.; Consiglio Nazionale delle Ricerche (CNR): Roma, Italy, 2007; ISBN 978-88-8080-081-1.

15. Jaron, D.; More, T.W.; He, P. Theoretical considerations regarding the optimization of cardiac assistance by intra-aortic balloon
pumping. IEEE Tran. Biolog. Med. Eng. 1983, 30, 177–186. [CrossRef]

16. Jaron, D.; More, T.W.; He, P. Control of intra-aortic balloon pumping: Theory and guidelines for clinical applications. Ann. Biomed.
Eng. 1985, 13, 155–175. [CrossRef]

17. Darowski, M.; De Lazzari, C.; Ferrari, G.; Clemente, F.; Guaragno, M. The influence of simultaneous intraaortic balloon pumping
and mechanical ventilation on hemodynamic parameters—Numerical simulation. Front. Med. Biol. Eng. 1999, 9, 155–174.
[PubMed]

18. De Lazzari, C.; Darowski, M.; Ferrari, G.; Clemente, F.; Guaragno, M. Ventricular energetics during mechanical ventilation and
intra-aortic balloon pumping—Computer simulation. J. Med. Eng. Technol. 2001, 25, 103–111. [CrossRef] [PubMed]

19. Trivella, M.G.; De Lazzari, C. Intra-aortic balloon pumping (IABP), ventricular assist device (VAD) and Hemopump numerical
models. In Modelling Cardiovascular System and Mechanical Circulatory Support; De Lazzari, C., Ed.; Consiglio Nazionale delle
Ricerche (CNR): Roma, Italy, 2007; ISBN 978-88-8080-081-1.

20. Creigen, V.; Ferracina, L.; Hlod, A.; van Mourik, S.; Vellekoop, M.; Zegeling, P.A. Modeling a Heart Pump. In Proceedings of the
58th European Study Group Mathematics with Industry; Bisseling, R.H., Dajani, K., Dijkema, T.J., Eds.; Utrecht University: Utrecht,
The Netherlands, 2007; pp. 7–25.

21. Valgimigli, M.; Steendijk, P.; Sianos, G.; Onderwater, E.; Serruys, P.W. Left ventricular unloading and concomitant total cardiac
output increase by the use of percutaneous Impella Recover LP 2.5 assist device during high-risk coronary intervention catheter.
Cardiovasc. Interv. 2005, 65, 263–267. [CrossRef]

22. Watanabe, S.; Fish, K.; Kovacic, J.C.; Bikou, O.; Leonardson, L.; Nomoto, K.; Aguero, J.; Kapur, N.K.; Hajjar, R.J.; Ishikawa, K. Left
Ventricular Unloading Using an Impella CP Improves Coronary Flow and Infarct Zone Perfusion in Ischemic Heart Failure. J. Am.
Heart Assoc. 2018, 7, e006462. [CrossRef]

23. Donker, D.W.; Brodie, D.; Henriques, J.P.S.; Broom, M. Left Ventricular Unloading During Veno-Arterial ECMO: A Simulation
Study. ASAIO J. 2019, 65, 11–20. [CrossRef]

http://doi.org/10.3390/jcm10040759
http://www.ncbi.nlm.nih.gov/pubmed/33672792
http://doi.org/10.1177/02676591211037026
http://www.ncbi.nlm.nih.gov/pubmed/34479465
http://doi.org/10.1016/j.ijcard.2015.10.063
http://www.ncbi.nlm.nih.gov/pubmed/26476989
http://doi.org/10.1111/joic.12569
http://doi.org/10.1016/j.cmpb.2021.106003
http://www.ncbi.nlm.nih.gov/pubmed/33618144
http://doi.org/10.1080/10255842.2011.597354
http://www.ncbi.nlm.nih.gov/pubmed/21806416
http://doi.org/10.3390/bioengineering9050181
http://doi.org/10.1016/j.cmpb.2020.105537
https://cardiosim.dsb.cnr.it/CirculatoryNetworks/fcn/fcn10
https://cardiosim.dsb.cnr.it/CirculatoryNetworks/fcn/fcn10
https://cardiosim.dsb.cnr.it/CirculationModels/ncm2#ncm2
https://cardiosim.dsb.cnr.it/CirculationModels/ncm2#ncm2
http://doi.org/10.1109/TBME.1983.325106
http://doi.org/10.1007/BF02584236
http://www.ncbi.nlm.nih.gov/pubmed/10450501
http://doi.org/10.1080/03091900110043630
http://www.ncbi.nlm.nih.gov/pubmed/11530824
http://doi.org/10.1002/ccd.20380
http://doi.org/10.1161/JAHA.117.006462
http://doi.org/10.1097/MAT.0000000000000755


J. Cardiovasc. Dev. Dis. 2023, 10, 140 15 of 15

24. Schampaert, S.; van’t Veer, M.; van de Vosse, F.N.; Pijls, N.H.J.; de Mol, B.A.; Rutten, M.C.M. In vitro comparison of support
capabilities of intra-aortic balloon pump and Impella 2.5 left percutaneous. Artif. Organs 2011, 35, 893–901. [CrossRef] [PubMed]

25. Melmed, K.R.; Schlick, K.H.; Rinsky, B.; Dumitrascu, O.M.; Volod, O.; Nezhad, M.; Padrick, M.M.; Runyan, C.; Arabia, F.A.;
Moriguchi, J.D.; et al. Assessing Cerebrovascular Hemodynamics Using Transcranial Doppler in Patients with Mechanical
Circulatory Support Devices. J. Neuroimaging 2020, 30, 297–302. [CrossRef]

26. Sauren, L.D.; Accord, R.E.; Hamzeh, K.; de Jong, M.; van der Nagel, T.; van der Veen, F.H.; Maessen, J.G. Combined Impella and
intra-aortic balloon pump support to improve both ventricular unloading and coronary blood flow for myocardial recovery: An
experimental study. Artif. Organs 2007, 31, 839–842. [CrossRef]

27. Burzotta, F.; Trani, C.; Doshi, S.N.; Townend, J.; van Geuns, R.J.; Hunziker, P.; Schieffer, B.; Karatolios, K.; Møller, J.E.; Ribichini,
F.L.; et al. Impella ventricular support in clinical practice: Collaborative viewpoint from a European expert user group. Int. J.
Cardiol. 2015, 201, 684–691. [CrossRef]

28. Thiele, H.; Schuler, G.; Neumann, F.J.; Hausleiter, J.; Olbrich, H.G.; Schwarz, B.; Hennersdorf, M.; Empen, K.; Fuernau, G.;
Desch, S.; et al. Intraaortic balloon counterpulsation in acute myocardial infarction complicated by cardiogenic shock: Design
and rationale of the Intraaortic Balloon Pump in Cardiogenic Shock II (IABP-SHOCK II) trial. Am. Heart J. 2012, 163, 938–945.
[PubMed]

29. Thiele, H.; Zeymer, U.; Neumann, F.J.; Ferenc, M.; Olbrich, H.G.; Hausleiter, J.; de Waha, A.; Richardt, G.; Hennersdorf, M.;
Empen, K.; et al. Intraaortic Balloon Pump in cardiogenic shock II (IABP-SHOCK II) trial investigators. Intra-aortic balloon
counterpulsation in acute myocardial infarction complicated by cardiogenic shock (IABP-SHOCK II): Final 12 month results of a
randomised, open-label trial. Lancet 2013, 382, 1638–1645. [PubMed]

30. Thiele, H.; Zeymer, U.; Thelemann, N.; Neumann, F.J.; Hausleiter, J.; Abdel-Wahab, M.; Meyer-Saraei, R.; Fuernau, G.; Eitel,
I.; Hambrecht, R.; et al. IABPSHOCK II Trial (Intraaortic Balloon Pump in Cardiogenic Shock II) Investigators. Intraaortic
Balloon Pump in Cardiogenic Shock Complicating Acute Myocardial Infarction: Long-Term 6-Year Outcome of the Randomized
IABP-SHOCK II Trial. Circulation 2019, 139, 395–403. [PubMed]

31. Lo, N.; Magnus Ohman, E. Mechanical Circulatory Support in ST-Elevation Myocardial Infarction. In Primary Angioplasty: A
Practical Guide; Watson, T.J., Ong, P.J., Tcheng, J.E., Eds.; Springer: Singapore, 2018; ISBN 9789811311130.

32. Guinot, P.-G.; Andrei, S.; Longrois, D. Ventriculo-Arterial Coupling: From Physiological Concept to Clinical Application in
Peri-Operative Care and ICUs. Eur. J. Anaesth. Intensive Care 2022, 1, e004. [CrossRef]

33. Ky, B.; French, B.; Khan, A.M.; Plappert, T.; Wang, A.; Chirinos, J.A.; Fang, J.C.; Sweitzer, N.K.; Borlaug, B.A.; Kass, D.A.; et al.
Ventricular-Arterial Coupling, Remodeling, and Prognosis in Chronic Heart Failure. J. Am. Coll. Cardiol. 2013, 62, 1165–1172.
[CrossRef]

34. Brasseur, A.; Scolletta, S.; Lorusso, R.; Taccone, F.S. Hybrid extracorporeal membrane oxygenation. J. Thorac. Dis. 2018, 10,
S707–S715. [CrossRef]

35. Lüsebrink, E.; Orban, M.; Kupka, D.; Scherer, C.; Hagl, C.; Zimmer, S.; Luedike, P.; Thiele, H.; Westermann, D.; Massberg, S.; et al.
Prevention and treatment of pulmonary congestion in patients undergoing venoarterial extracorporeal membrane oxygenation
for cardiogenic shock. Eur. Heart J. 2020, 41, 3753–3761. [CrossRef]

36. Li, Y.; Yan, S.; Gao, S.; Liu, M.; Lou, S.; Liu, G.; Ji, B.; Gao, B. Effect of an intra-aortic balloon pump with venoarterial extracorporeal
membrane oxygenation on mortality of patients with cardiogenic shock: A systematic review and meta-analysis. Eur. J.
Cardiothorac. Surg. 2019, 55, 395–404.

37. Gupta, A.; Allaqaband, S.; Bajwa, T. Combined Use of Impella Device and Intra-Aortic Balloon Pump to Improve Survival in a
Patient in Profound Cardiogenic Shock Post Cardiac Arrest. Catheter. Cardiovasc. Interv. 2009, 74, 975–976.

38. Enezate, T.H.; Kumar, A.; Al-Dadah, A.; Balla, S.; Omran, J. Is Combined use of Impella 2.5L and Intra-Aortic Balloon Pump for
Refractory Cardiogenic Shock Superior to Either Device Alone? Austin Cardio Cardiovasc. Case Rep. 2016, 1, 1012.

39. Lemor, A.; Dehkordi, S.H.H.; Basir, M.B.; Villablanca, P.A.; Jain, T.; Koenig, G.C.; Alaswad, K.; Moses, J.W.; Kapur, N.K.; O’Neill,
W. Impella Versus Extracorporeal Membrane Oxygenation for Acute Myocardial Infarction Cardiogenic Shock. Cardiovasc. Revasc.
Med. 2020, 21, 1465–1471. [CrossRef] [PubMed]

40. Nix, C.; Ishikawa, K.; Meyns, B.; Yasuda, S.; Adriaenssens, T.; Barth, S.; Zayat, R.; Leprince, P.; Lebreton, G. Comparison of
Hemodynamic Support by Impella vs. Peripheral Extra-Corporeal Membrane Oxygenation: A Porcine Model of Acute Myocardial
Infarction. Front. Cardiovasc. Med. 2020, 7, 99. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1111/j.1525-1594.2011.01286.x
http://www.ncbi.nlm.nih.gov/pubmed/21819436
http://doi.org/10.1111/jon.12694
http://doi.org/10.1111/j.1525-1594.2007.00477.x
http://doi.org/10.1016/j.ijcard.2015.07.065
http://www.ncbi.nlm.nih.gov/pubmed/22709745
http://www.ncbi.nlm.nih.gov/pubmed/24011548
http://www.ncbi.nlm.nih.gov/pubmed/30586721
http://doi.org/10.1097/EA9.0000000000000004
http://doi.org/10.1016/j.jacc.2013.03.085
http://doi.org/10.21037/jtd.2018.03.84
http://doi.org/10.1093/eurheartj/ehaa547
http://doi.org/10.1016/j.carrev.2020.05.042
http://www.ncbi.nlm.nih.gov/pubmed/32605901
http://doi.org/10.3389/fcvm.2020.00099
http://www.ncbi.nlm.nih.gov/pubmed/32587862

	Introduction 
	Materials and Methods 
	The Cardiovascular and Heart Numerical Models 
	Intra-Aortic Balloon Pump Numerical Model 
	Impella 2.5 Numerical Model 
	Simulation Protocol 

	Results 
	Discussion 
	Conclusions 
	References

