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ARTICLE INFO ABSTRACT

Background: Impella (Abiomed, Danvers, MA, USA) is a percutaneous ventricular assist device commonly used in
cardiogenic shock, providing robust hemodynamic support, improving the systemic circulation, and relieving
pulmonary congestion. Maintaining adequate left ventricular (LV) filling is essential for optimal hemodynamic
support by Impella. This study aimed to investigate the impact of pulmonary vascular resistance (PVR) and
right ventricular (RV) function on Impella-supported hemodynamics in severe biventricular failure using cardio-
vascular simulation.
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IS%/LVIZ rt(lj;n Methods: We used Simulink® (Mathworks, Inc., Natick, MA, USA) for the simulation, incorporating pump perfor-
Heart failure mance of Impella CP determined using a mock circulatory loop. Both systemic and pulmonary circulation were
Impella modeled using a 5-element resistance-capacitance network. The four cardiac chambers were represented by
Hemodynamics time-varying elastance with unidirectional valves. In the scenario of severe LV dysfunction (LV end-systolic elas-

Pulmonary vascular resistance tance set at a low level of 0.4 mmHg/mL), we compared the changes in right (RAP) and left atrial pressures (LAP),

total systemic flow, and pressure-volume loop relationship at varying degrees of RV function, PVR, and Impella

flow rate.

Results: The simulation results showed that under low PVR conditions, an increase in Impella flow rate slightly

reduced RAP and LAP and increased total systemic flow, regardless of RV function. Under moderate RV dysfunction

and high PVR conditions, an increase in Impella flow rate elevated RAP and excessively reduced LAP to induce LV

suction, which limited the increase in total systemic flow.

Conclusions: PVR is the primary determinant of stable and effective Impella hemodynamic support in patients with

severe biventricular failure.

© 2024 Japanese College of Cardiology. Published by Elsevier Ltd. All rights are reserved, including those for text and
data mining, Al training, and similar technologies.

Introduction

The incidence of heart failure increases as the population ages [1],
with cardiogenic shock representing 2-5 % of acute heart failure cases,
nearly half of which are fatal [2]. Impella (Abiomed, Danvers, MA,
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USA), a percutaneous left ventricular (LV) assist device (LVAD), is
increasingly used in acute cardiac diseases, including ischemic heart
disease and myocarditis. By reducing LV end-diastolic pressure and in-
creasing total systemic flow, Impella effectively relieves lung congestion
and improves systemic conditions during cardiogenic shock [3].

For optimal hemodynamic management using Impella, achieving suf-
ficient LV filling through robust right ventricular (RV)-cardiac output
(CO) is essential: Insufficient LV filling may result in excessive LV volume
reduction by Impella, causing LV suction and diminished hemodynamic
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support effects [4]. Based on the pressure-volume (PV) loop concept,
the balance between RV function, preload, and afterload determines
the RV-CO [5]. While Impella augments systemic flow and RV preload,
it also reduces left atrial pressure (LAP), a component of RV afterload [6].

Clinical studies in patients with LVAD have demonstrated that RV
function and pulmonary vascular resistance (PVR) are crucial elements
in the pathogenesis of stable support [7,8]. However, considering the
complexity and variability of RV function, PVR, and mechanical circula-
tory support (MCS) in clinical practice, it is challenging to clarify the
relationship between these cardiovascular parameters and MCS opera-
tion based solely on clinical data. In this context, a comprehensive sim-
ulation study allows the manipulation of various parameters and the
simultaneous evaluation of diverse hemodynamic impacts, enabling
the visualization of the fundamental mechanism. Therefore, this inte-
grated understanding of hemodynamic simulations plays a pivotal role
in determining treatment strategies and optimizing MCS support for
patients with biventricular failure (BVF).

This study aimed to determine the impact of PVR and RV function on
Impella-supported hemodynamics in patients with severe BVF. We
modeled the systemic and pulmonary circulation and pump characteris-
tics of Impella and simulated hemodynamics using an electrical model.
We evaluated changes in the right atrial pressure (RAP), LAP, and total sys-
temic flow with variations in the Impella flow rate, RV function, and PVR.

Methods
Electrical model

We examined the impact of PVR and RV function on Impella-
supported hemodynamics by in-silico analysis with a 5-element cardio-
vascular model (Fig. 1). The dynamic cardiovascular system was simu-
lated using Simulink® (MathWorks, Natick, MA, USA). Both the
systemic and pulmonary circulation were modeled using a 5-element
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resistance-capacitance network model. The four intracardiac valves
were approximated as unidirectional valves and the flow rate was deter-
mined by the pressure gradient between the pre- and post-valve com-
partments and the valve orifice area based on Bernoulli's theorem [9]. In
the four cardiac chambers, contractility and relaxation were represented
by time-varying elastance [10] and stiffness was expressed by the end-
diastolic pressure volume relationship [11]. Impella was designed to con-
tinuously withdraw blood from the LV and return it to the systemic artery
using an axial pump. The characteristics of axial pumps can be explained
using the pressure head-flow (H-Q) curve, where the flow is linked to the
pressure gradient between the inlet and outlet of the catheter, as well as
the pump rotation speed determined. Although the H-Q curve of Impella
CP has been published previously, detailed numerical information was
not provided. We evaluated the H-Q curve with mock circulation (Online
Material, Online Fig. 1) and confirmed its consistency with the published
characteristics. Thus, we used the pump characteristics obtained from the
mock circulation in our simulation. When the Impella support level
(P level) was set to a value between P1 and P9, the Impella flow rate
was determined by the P level and the pressure gradient between the
LV and the systemic artery, following the H-Q curve (Online Fig. 2).

Setting of parameters and outcomes

To simulate BVF without any MCS, we adjusted parameters as follows:
LV end-systolic elastance (LV-Ees) was set at 0.4 mmHg/mL; RV-Eqs was
varied from almost zero to 0.4 mmHg/mL; heart rate was maintained
at a constant 80 beats per minute, and systemic vascular resistance was
set at 11.7 Wood units (WU), defined as the sum of the characteristic
impedance (Zc) of systemic circulation, resistance of systemic artery,
capillary vessels, and vein. Ventricular elastance was maintained
throughout the cardiac cycle at a higher level than the end-diastolic
pressure-volume relationship (EDPVR). Previous studies have reported
normal values of 1.6 mmHg/mL for LV-E.s and 0.44 mmHg/mL for RV-
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Fig. 1. Cardiovascular simulation model. (A) Circuit diagram of cardiovascular simulation model.

LAP, left atrial pressure; LVP, left ventricle pressure; SAP, systemic arterial pressure; SCP, systemic capillary pressure; SVP, systemic venous pressure; RAP, right atrial pressure; RVP, right
ventricular pressure; PAP, pulmonary artery pressure; PCP, pulmonary capillary pressure; PVP, pulmonary venous pressure; Ej, time-varying elastance of left atrium; Dy, mitral valve;
Rwv, resistance of mitral valve; E,y, time-varying elastance of left ventricle; Day, aortic valve; Ray, resistance of aortic valve; Rszo, characteristic impedance of systemic circulation; Csa,
compliance of systemic circulation; Rga, resistance of systemic artery; Csc, compliance of systemic capillary vessels; Rsc, resistance of systemic capillary vessels; Csy, compliance of
systemic vein; Rgy, resistance of systemic vein; Era, time-varying elastance of right atrium; Dy, tricuspid valve; Ry, resistance of tricuspid valve; Egy, time-varying elastance of right
ventricle; Dpay, pulmonary artery valve; Rpay, resistance of pulmonary artery valve; Rpzo, characteristic impedance of pulmonary circulation; Cps, compliance of pulmonary artery; Rpa,
resistance of pulmonary artery; Cpc, compliance of pulmonary capillary vessels; Rpc, resistance of pulmonary capillary vessels; Cpy, compliance of pulmonary vein; Rpy, resistance of

pulmonary vein.

(B) Representative plots from cardiovascular simulation. Our simulation captured complicated hemodynamic changes with Impella support and generated biventricular PV loops for each

heartbeat.

AP, arterial pressure; LVP, left ventricular pressure; LAP, left atrial pressure; PAP, pulmonary artery pressure; RVP, right ventricular pressure; RAP, right atrial pressure; RV, right ventricle;

LV, left ventricle; PV, pressure-volume.
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Ees, although these values may vary depending on the species and method
of measurement [12,13]. Each Ee in this study was set with reference to
studies in models of cardiogenic shock caused by acute myocardial
infarction or acute pulmonary artery thrombosis, that showed that
contractility was reduced by 34-51 % from baseline [14,15]. We adjusted
the stressed blood volume to maintain a mean artery pressure of approx-
imately 60 mmHg in patients with BVF without Impella support.

PVR was defined as the sum of the Zc of pulmonary circulation, resis-
tance of pulmonary artery, capillary vessels, and vein. To modify PVR, we
adjusted pulmonary artery resistance and Zc, as reported in a previous
study [16], whereas systemic and other physiological parameters were
fixed based on data from healthy subjects (Online Table 2). PVR and pul-
monary vascular compliance (PVC) exhibit an inverse relationship as
pulmonary hypertension (PH) progresses, and the product of PVR and
PVC (RC time) remains constant [17]. To validate the impact of PVR
and PVC on Impella-supported hemodynamics, we tested two patterns
of PVC setting: fixed PVC (Protocol 2, see below) and PVC altered accord-
ing to the change in PVR to obtain a constant RC time (Protocol 3).

We constructed PV loops from the dynamic data obtained over time
by conducting a simulation for each condition. We calculated the
pressure-volume area (PVA) [18] by integrating the area enclosed by
the end-systolic pressure-volume relationship (ESPVR), EDPVR, and
the PV loop (Online Fig. 3). Additionally, we determined the stroke
work (SW) [18] as the area within the PV loop for a single cardiac
cycle. We compared the changes in RAP and LAP, total systemic flow,
PVA, and SW under various degrees of RV function (RV-E.s: almost
zero to 0.4 mmHg/mL), PVR (0.8 to 9.0 WU), and Impella flow rate.
We also compared the RV- and LV-PV loops for each condition.

In clinical practice, excessive blood withdrawal by Impella can lead to
a significant decrease in LV volume, resulting in “LV suction” [4]. In this
study, LV suction was defined as LAP of below 0 mmHg. For clarity, figures
do not show data points beyond this value (i.e. when LV suction occurs).

Protocols
Protocol 1: hemodynamic impact of varying RV-E.s and Impella flow rate

We examined the effect of Impella flow rate on hemodynamics with
varying degrees of RV systolic function. RV-Es was varied over a range
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of almost zero to 0.4 mmHg/mL. PVR was set at normal and high levels,
whereas PVC was fixed at the normal level (PVR, 0.8 and 6.0; WU, PVC,
12 mmHg/mL).

Protocol 2: hemodynamic impact of varying PVR with fixed PVC and Impella
flow rate

We investigated the impact of Impella flow rate on hemodynamics
at varying levels of PVR. PVR was varied over a range of 0.8 to 9.0 WU.
RV-Es and PVC were fixed at 0.2 mmHg/mL and 12 mmHg/mL, respec-
tively (Online Table 3).

Protocol 3: hemodynamic impact of PVR (constant RC time) and Impella
flow rate

We investigated the impact of Impella flow rate on hemodynamics
at varying levels of PVR. RV-E.s was set at 0.2 mmHg/mL, while PVR
was varied over a range of 0.8 to 9.0 WU, and PVC was adjusted with
change in PVR to maintain a constant RC time (Online Table 3).

Data analysis

The fixed-step size (fundamental sampling time) in this simulation
was set at 0.2 ms, and we performed calculations for 550 s in each sim-
ulation. For the first 100 s, hemodynamic simulations were conducted
without Impella support. The Impella flow rate was then increased
gradually every 50 s, and stable hemodynamic values were extracted
2 s before the next alteration when the time series data reached a steady
state (Online Fig. 4) [19].

Results
Protocol 1: impact of RV-E,s and Impella flow rate on hemodynamics

As shown in Fig. 2, a decrease in RV-E.s increased RAP and decreased
LAP, CO, and total systemic flow with a low PVR (0.8 WU). An increase in
the Impella flow rate determined by the H-Q curve resulted in an im-
provement in the total systemic flow with slight decreases in both
RAP and LAP, regardless of RV-E. In the PV loop analysis, an increase
in the Impella support level from P2 to P6 resulted in a slight leftward
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e 20 o 50 4 — P6
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(F) . 40 _ 100 1
o 20 - o 50 4
| ﬂD
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Fig. 2. Impact of RV-Es and Impella flow rate on hemodynamics in low PVR conditions. Changes in (A) RAP, (B) LAP, (C) CO, (D) total systemic flow, and three conditions of right and left
ventricular PV loops (E) 0.2 mmHg/mL, (F) 0.3 mmHg/mL, and (G) 0.4 mmHg/mL are shown in low PVR conditions (0.8 WU). Each simulation from (A) to (D) consisted of a series of 10
plots (without support and with Impella support, varying settings from levels P1 to P9). A decrease in RV-E, increased RAP and decreased LAP, CO, and total systemic flow. An increase in
the Impella flow rate improved the total systemic flow, with slight decreases in both RAP and LAP, regardless of RV-E.s. From (E) to (G), the colored lines representing different Impella
support levels are black, baseline (without support); yellow, P2; and red, P6. An increase in Impella support level from baseline to P6 resulted in a slight leftward shift in the RV-PV loop.

The same trend was observed for RV-E.s from 0.2 to 0.4 mmHg/mL.

RV-E,, right ventricular end-systolic elastance; PV loops, pressure-volume loops; PVR, pulmonary vascular resistance; WU, Wood units; RAP, right atrial pressure; LAP, left atrial pressure;
CO, cardiac output; RVP, right ventricular pressure; RVV, right ventricular volume; LVP, left ventricular pressure; LVV, left ventricular volume.
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Fig. 3. Impact of RV-E.s and Impella flow rate on hemodynamics in high PVR conditions. Changes in (A) RAP, (B) LAP, (C) CO, (D) total systemic flow, and three conditions of right and left
ventricular PV loops (E) 0.2 mmHg/mL, (F) 0.3 mmHg/mL, and (G) 0.4 mmHg/mL are shown in high PVR conditions (6.0 WU). An increase in the Impella flow rate reduced LAP regardless
of PVR; however, when RV-E¢s was <0.25 mmHg/mL, an increase in the Impella flow rate reduced LAP excessively and induced LV suction. An increase in the Impella support level from
baseline to P6 resulted in a slight leftward shift in the RV-PV loop. The same trend was observed at RV-E.s from 0.2 to 0.4 mmHg/mL, similar to those in low PVR conditions. This was
accompanied by a significant increase in RV end-systolic pressure.

RV-E,, right ventricular end-systolic elastance; PV loops, pressure-volume loops; PVR, pulmonary vascular resistance; WU, Wood units; RAP, right atrial pressure; LAP, left atrial pressure;
CO, cardiac output; RVP, right ventricular pressure; RVV, right ventricular volume; LVP, left ventricular pressure; LVV, left ventricular volume.

shift of the RV-PV loop. The same trend was observed at three RV-Ec when RV-E.s was <0.25 mmHg/mL, an increase in the Impella flow rate
levels between 0.2 and 0.4 mmHg/mL. Meanwhile, an increase in the reduced LAP excessively and induced LV suction. LV suction limited high
Impella flow also shifted the LV-PV loop left downward and reduced Impella support levels, resulting in a total systemic flow below 3.2 L/
both LV-PVA and LV-SW (Online Table 4). min. In the PV loop analysis, an increase in the Impella support level

Under high PVR conditions (6.0 WU), as shown in Fig. 3, a decrease from P2 to P6 resulted in a slight leftward shift in the RV-PV loop and
in RV function indicated a similar trend in hemodynamic changes to a significant leftward shift in the LV-PV loop. The expansion of the
those observed under low PVR conditions (Fig. 2). However, an increase RV-PV loop to the left and LV-PV loop to the right were observed be-
in the Impella flow rate did not change RAP in low RV-E.s but cause of the increase in RV-E¢s from 0.2 to 0.4 mmHg/mL. This was
significantly increased RAP in relatively preserved RV function. An in- accompanied by a significant increase in RV end-systolic pressure
crease in the Impella flow rate reduced LAP regardless of PVR; however, (RVESP) and RV-PVA (Online Table 5).
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Fig. 4. Impact of PVR with fixed PVC and Impella flow rate on hemodynamics. Changes in (A) RAP, (B) LAP, (C) CO, (D) total systemic flow, and three conditions of right and left ventricular
PV loops (E) 0.8 WU, (F) 3.0 WU, and (G) 6.0 WU are shown. Asterisk (*) indicates that the corresponding axis has been inverted for clarity or for highlighting specific relationships. An
increase in PVR elevated the RAP while reducing LAP, CO, and total systemic flow. An increase in Impella flow rate decreased RAP at low PVR but significantly increased RAP at higher PVR
conditions. Increased Impella flow rates reduced LAP regardless of PVR; however, under extremely high PVR conditions, an increase in Impella flow rate reduced LAP excessively and in-
duced LV suction. LV suction prevented the plotting of points over Impella level P7 (2.3 L/min of total systemic flow). An increase in Impella support level from baseline to P6 shifted the
RV-PV loop slightly to the left and downward in the low-PVR condition. Increasing the Impella flow rate slightly widened the RV-PV loop under high-PVR conditions.

PVR, pulmonary vascular resistance; WU, Wood units; PVC, pulmonary vascular compliance; PV loops, pressure-volume loops; RVP, right ventricular pressure; RVV, right ventricular
volume; LVP, left ventricular pressure; LVV, left ventricular volume.
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Fig. 5. Impact of PVR (constant RC time) and Impella flow rate on hemodynamics. Changes in (A) RAP, (B) LAP, (C) CO, (D) total systemic flow, and three conditions of right and left ven-
tricular PV loops (E) 0.8 WU, (F) 3.0 WU, and (G) 6.0 WU are shown. An increase in PVR resulted in a decrease in PVC to maintain a constant RC time. Although a reduction in PVC was
accompanied by an increase in PVR elevated RAP, the trend of hemodynamic changes with increases in Impella flow rate was the same as that in Protocol 2 under all PVR conditions tested.
The RV-PV loop showed a slightly triangular shape at a high PVR, but the changes with increasing Impella support level were the same as those in protocol 2. Impella also shifted the left

and downward LV-PV loops, as in Protocol 2.

PVR, pulmonary vascular resistance; PVC, pulmonary vascular compliance; WU, Wood units; RC time, product of PVR and PVC; PV loops, pressure-volume loops; RAP, right atrial pressure;
LAP, left atrial pressure; CO, cardiac output; RVP, right ventricular pressure; RVV, right ventricular volume; LVP, left ventricular pressure; LVV, left ventricular volume.

Protocol 2: impact of PVR with fixed PVC and Impella flow rate on
hemodynamics

An increase in PVR elevated RAP, while reducing LAP, CO, and total
systemic flow (Fig. 4). An increase in the Impella flow rate decreased
RAP under low PVR conditions but significantly increased RAP under
high PVR conditions. An increase in the Impella flow rate reduced LAP
regardless of PVR; however, under extremely high PVR conditions,
an increase in the Impella flow rate reduced LAP excessively and
induced LV suction. LV suction limited Impella support above the P7
level (2.3 L/min of total systemic flow). In the PV loop analysis, an in-
crease in the Impella flow rate shifted the RV-PV loop slightly downward
under the low PVR condition. Increasing the Impella flow rate widened
the RV-PV loop leftward in the high PVR condition. An increase in the
Impella flow rate also shifted the LV-PV loop left downward and reduced
both LV-PVA and LV-SW (Online Table 6).

Protocol 3: impact of PVR (constant RC time) and Impella flow rate on
hemodynamics

In this simulation, an increase in PVR resulted in a decrease in PVC to
maintain a constant RC time. Although a reduction in PVC accompanied
by an increase in PVR elevated RAP, the trend of hemodynamic changes
with an increase in the Impella flow rate was the same as that in Protocol
2 under all PVR conditions (Fig. 5). In the PV loop analysis, the RV-PV
loop showed a slightly triangular shape at a high PVR; however, the
changes with increasing Impella flow rate were the same as those in
Protocol 2. An increase in the Impella flow rate also shifted the LV-PV
loop left downward and reduced both the LV-PVA and LV-SW (Online
Table 7), as in Protocol 2.

Discussion

In this study, we used cardiovascular simulation to investigate the
effect of pulmonary circulation on Impella-supported hemodynamics
in patients with severe BVF. The major findings of our study were as fol-
lows: (1) At low PVR, even when RV- E. was extremely low, Impella
was able to maintain the circulation; (2) at high PVR (with fixed PVC),
Impella-supported circulation became unstable owing to reduced RV-

104

CO and LV filling; and (3) the same findings were obtained when PVC
was varied to maintain a constant RC time.

Impact of right ventricular and pulmonary vascular characteristics on
Impella-supported hemodynamics and RV workload in BVF

This study demonstrated the importance of PVR in hemodynamics,
supported by Impella. Under low PVR conditions, Impella effectively
maintained the simulated pulmonary circulation, even when the RV-
Ees was notably low (Fig. 2). This is analogous to a previous clinical
report demonstrating successful LVAD placement in a patient with
Fontan circulation who had no RV function and a low PVR [20]. Under
high PVR conditions (6.0 WU) at preserved RV function, Impella main-
tained hemodynamics. Meanwhile, an increase in the Impella support
levels resulted in excessive LAP reduction and LV suction at impaired
RV function (< 0.25 mmHg/mL) with high PVR. In addition, lower RV
function induced LV suction at lower Impella support levels. Thus, a bal-
ance between PVR and RV function determined whether Impella can
provide effective hemodynamic support under high PVR conditions. In
LVAD-supported hemodynamics, RV function and PVR are important
factors for stability [7,8]. However, to the best of our knowledge, there
have been no integrated analyses of the relationships between RV func-
tion, PVR, and LVAD flow. Furthermore, this understanding may be
more important in Impella-supported hemodynamics, where flow is
more limited than that in LVAD. Our simulations showed that the sensi-
tivity of RV function to stable Impella support may differ between low-
and high-PVR conditions, indicating the importance of PVR regulation in
Impella-supported hemodynamics.

As shown in Fig. 2, we visualized the biventricular workload under
Impella support using simulations of various degrees of RV failure.
When PVR was low, increases in the Impella support widened and
shifted the RV-PV loop to the left. This indicates a significant decrease
in RV afterload and an increase in RV-stroke volume (SV) despite an in-
crease in venous return to the RV. As LAP may contribute to RV afterload
significantly more than PVR under low PVR conditions, LV unloading by
Impella markedly decreases RV afterload, resulting in increased RV-CO.
Meanwhile, when PVR was extremely high, Impella support increased
RAP, indicating exacerbated RV failure (Figs. 4 and 5). In addition, Impella
support widened the RV-PV loop without changing the end-systolic
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Fig. 6. Impact of the reduction in PVR with fixed PVC at Impella support level P6 on right and left ventricular PV loops. PVR conditions are represented by various line colors: black, 0.8;
yellow, 3.0; red, 6.0 WU. RV function was severely impaired (0.2 mmHg/mL). Black arrows indicate the directional change in both (A) RV-PV and (B) LV-PV loops following a decrease in
PVR. Severe RV systolic dysfunction resulted in the relative low RVP despite the increase of PVR. PVR reduction shifted the RV-PV loops left and downward, indicating a decrease in RV
afterload and an increase in SV. Meanwhile, a reduction in PVR shifted the LV-PV loop right and upward, indicating an increase in LV filling.

PVR, pulmonary vascular resistance; PVC, pulmonary vascular compliance; WU, Wood units; RV-E., right ventricular end-systolic elastance; PV loops, pressure-volume loops; RVP, right
ventricular pressure; RVV, right ventricular volume; LVP, left ventricular pressure; LVV, left ventricular volume; SV, stroke volume.

pressure, indicating an increase in both RV preload and RV-SV and a
slight decrease in RV afterload (Online Fig. 5). Our simulation clarified
how PVR affects Impella-supported hemodynamics and RV workload in
patients with BVF, highlighting the importance of PVR in clinical practice.
In clinical practice, inotropes are commonly used to maintain RVCO
after LVAD implantation [21]. As shown in Fig. 3, even in high PVR condi-
tions (PVR: 6.0 WU), the improvement in RV function prevented LV suc-
tion, which occurred in low RV function (RV-Ees < 0.25 mmHg/mL). In PV
loop analysis, RV end-systolic pressure and RV-PVA were significantly el-
evated due to the increase in RV function (Fig. 7). Thus, an improvement
in RV function may contribute to adequate LV filling and stable Impella
support. However, it may also result in an increased risk of pulmonary
bleeding due to elevated pulmonary artery pressure [22] and myocardial
oxygen supply and demand imbalance under high PVR conditions.
Cardiovascular simulation can provide an understanding of circula-
tory dynamics beyond clinical experience by varying a specific parame-
ter. On the other hand, several investigations in patients with PH have
suggested that PVR may increase following a decrease in PVC [23,24].
Therefore, we performed an analysis in which pulmonary artery compli-
ance was adjusted to maintain a constant RC time (Protocol 3), as shown
in Fig. 5. Compared with the simulation with PVC fixed (Protocol 2,
Fig. 4), a decrease in PVC accompanied by an increase in PVR elevated

(A) Increasing RV-E, (B)
40 7 100
o
S 20 S
o o
0 - - - 0
50 100 150 200

RWV

RAP and altered the shape of the RV-PV loop. Maughan et al. [25]
reported that changes in arterial compliance in the isolated LV resulted
in marked changes in the shape of the PV loop but did not significantly
affect LV-SV, or consequently, E,. Saouti et al. reported that pulsatile
afterload due to a decrease in PVC in pulmonary circulation did not
change with the progression of PH [26]. Our simulations revealed consis-
tent hemodynamic changes due to alterations in the Impella flow rate in
both the fixed and adjusted PVC scenarios, indicating that PVC had little
influence on the efficiency of Impella support in clinical settings.

PVR modulation in clinical practice

Our simulations demonstrated that PVR is a critical parameter for
maintaining effective Impella support in BVF. Inhaled nitric oxide
(iNO) is a pulmonary vasodilator that selectively reduces PVR without
significantly altering systemic hemodynamics [27]. Several studies
have reported the use of iNO in patients with LVAD or Impella support
[28,29], and iNO has become the standard of care for RV failure after
LVAD implantation in many institutions [30]. Fig. 6 illustrates the impact
of reducing PVR at level P6 of Impella support on both the RV and LV-PV
loops extracted from Fig. 4. The reduction in PVR results in a decrease in
RV afterload and an increase in RV-SV and LV filling, indicating effective

1 Increasing RV-E —— RV-E: 0.4 mpgmL
Rv—Ees: 0.3 mmHg/mL
RV'Ees: 0.2 mmHg/mL
0 50 100 150 200 250

LVV

Fig. 7. Impact of the increase in RV-E., at Impella support level P6 on right and left ventricular PV loops. RV functions are represented by colored lines: black, 0.4 mmHg/mL; yellow,
0.3 mmHg/mL; red, 0.2 mmHg/mL. PVR was set to a high level (6.0 WU). Black arrows indicate the directional change in both (A) RV-PV and (B) LV-PV loops following an increase
in RV-Es. Improvement in RV function shifted the RV-PV loops left and upward, indicating an increase in RV afterload and SV. An increase in RV-Eg; shifts the LV-PV loop right and
upward, indicating an increase in LV filling. Meanwhile, changes in the LV-PV loops with an increase in RV function were the same as those with a reduction in PVR.

PVR, pulmonary vascular resistance; PVC, pulmonary vascular compliance; WU, Wood units; RV-E., right ventricular end-systolic elastance; PV loops, pressure-volume loops; RVP, right
ventricular pressure; RVV, right ventricular volume; LVP, left ventricular pressure; LVV, left ventricular volume; SV, stroke volume.
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observed for each RV-Es as in the low PVR conditions (0.8 WU).

RV-E,, right ventricular end-systolic elastance; PV loops, pressure-volume loops; PVR, pulmonary vascular resistance; WU, Wood units; RAP, right atrial pressure; LAP, left atrial pressure;
CO, cardiac output; RVP, right ventricular pressure; RVV, right ventricular volume; LVP, left ventricular pressure; LVV, left ventricular volume.

prevention of LV suction. Hence, our simulation provides a comprehen-
sive explanation of the hemodynamics underlying the use of iNO for ef-
fective Impella support.

It would be ideal to know whether Impella can provide sufficient
and stable support for each patient's PVR cut-off. However, the thresh-
old at which PVR Impella alone provides sufficient hemodynamic sup-
port remains unknown. In a retrospective study by Cedars et al., the
preoperative PVR in Fontan patients implanted with LVAD was 2.9
WU per m? [20], while Nitta et al. reported that >4.5 WU of PVR was
a significant predictor for RV assist device requirement in LVAD patients
[31]. Our simulation demonstrated that Impella was able to maintain
stable hemodynamics at 3.0 WU of PVR regardless of RV function
(Fig. 8). However, at 6.0 WU of PVR, a high Impella support rate induced
LV suction below 0.25 mmHg/mL of RV function. Furthermore, lower RV
function induced LV suction at a lower level of Impella support (Fig. 3).
The range of cut-off values from the theoretical analysis and clinical
studies showed remarkable similarity. Future patient-specific parame-
terization and further studies are required to determine whether the
Impella device alone can provide adequate and stable hemodynamic
support for BVF.

Limitations

This study had several limitations, primarily intrinsic to cardiovascu-
lar mathematical modeling. First, the simulation did not consider the
variability in cardiovascular parameters, interventricular interactions,
or respiration. In patients, various parameters, such as LV contractility,
heart rate, vascular compliance, and resistance, can change owing to au-
tonomic nerve activity through baroreceptors or cardiopulmonary re-
flexes [32]. Interventricular interactions through the ventricular
septum have significant limitations. These interactions with increased
LVAD flow have been reported to improve the RV-SV and compliance
without compromising RV contraction [33]. Because our current simula-
tions did not include the effects of interventricular interactions for sim-
plicity, the potential improvement in RV compliance with increased
Impella flow may result in greater RV output and LV filling, thus ensur-
ing stable Impella support. In addition, anatomical changes in valve
structure, such as mitral and tricuspid regurgitation with heart failure,
were not considered in the simulation [34,35].

Second, this simulation may not accurately represent the behavior of
Impella in the body. Because mock circulation inherently differs from
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the circulation in vivo and uses extracellular fluid instead of blood, the
results obtained from the H-Q curve may not be directly applicable to
clinical situations. In addition, the insertion of the Impella catheter
may affect aortic valve regurgitation [36]. Although aortic valve regurgi-
tation potentially reduces systemic flow during Impella support, it may
also contribute to LV filling and reduce the risk of LV suction.

Third, interpretations derived from our simulation may not be
applicable to every patient in the same situation. In this study, all cardio-
vascular parameters except RV function, PVR, and PVC were fixed. Our
comprehensive analysis represents phenomena that may occur in
specific situations; therefore, some patients may not benefit from
these results. We previously reported the patient-specific simulation
by using the same model [37]. In the next step, we plan to incorporate
automated and patient-specific parameterization, which can help clini-
cians estimate individual hemodynamic changes and provide patient-
tailored Impella therapy.

Conclusions

In cardiovascular simulation, PVR is the major determinant for
achieving stable and effective Impella hemodynamic support in severe
BVF. This study suggests that achieving a low PVR in severe BVF can
effectively reduce RV afterload indirectly through the stable decrease
of LAP with Impella.
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