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Abstract

Objectives: Left ventricular assist devices (LVADs) have
been established as alternative to heart transplantation for
patients with end-stage heart failure refractory to medical
therapy. Right heart failure (RHF) after LVAD implantation is
associated with inferior outcome. Its preoperative anticipa-
tion may influence the selection between a pure left ven-
tricular and a biventricular device type and, thus, improve
outcomes. Reliable algorithms to predict RHF are missing.
Methods: A numerical model was used for simulation of a
cardiovascular circulation. The LVAD was placed as parallel
circuit between left ventricle and aorta. In contrast to other
studies, the dynamic hydraulic behavior of a pulsatile LVAD
was replaced by that of a continuous LVAD. A variety of
hemodynamic states was tested mimicking different right
heart conditions. Adjustable parameters included heart rate
(HR), pulmonary vascular resistance (PVR), tricuspid
regurgitation (TR), right ventricular contractility (RVC) and
pump speed. Outcome parameters comprised central venous
pressure (CVP), mean pulmonary artery pressure (mPAP),
cardiac output (CO) and occurrence of suction.
Results: Alteration of HR, PVR, TR, RVC and pump speed
resulted in diverse effects on CO, CVP andmPAP, resulting in
improvement, impairment or no change of the circulation,
depending on the degree of alteration.

Conclusions: The numerical simulation model allows pre-
diction of circulatory changes and LVAD behaviour
following variation of hemodynamic parameters. Such a
prediction may be of particular advantage to anticipate RHF
after LVAD implantation. It may help preoperatively to
choose the appropriate strategy of only left ventricular or
both left and right ventricular support.

Keywords: advanced heart failure; hemodynamic parame-
ters; left ventricular assist device; numerical simulation;
right heart failure.

Introduction

Treatment with a left ventricular assist device (LVAD) has
become a valuable option for patients with severely advanced
heart failure refractory tomedical therapy [1, 2]. It is applied as
bridge to heart transplantation or as destination therapy in
patients who are not suitable transplant candidates [3]. Overall
survival of LVAD patients amounts to 83% after one year, 73 %
after two years, and 46% after five years [4]. Predominant
causes of death after LVAD implantation include stroke,
multisystem organ failure, infection, and right heart failure
(RHF) [4]. Death fromRHFoccurs primarily in the earlymonths
after LVAD implantation. Pre- or intraoperative identification
of such patients is crucial to achieve favorable outcomes.

Right heart failure following LVAD implantation con-
stitutes a flow imbalance between the left and right
ventricle. The right ventricle is not able to pump enough
blood through the pulmonary circulation for an adequate
filling of the left ventricle. As a result, the right ventricle is
overloaded, and the LVAD causes a progressive unloading of
the left ventricle, ultimately resulting in the collapse of the
left ventricle, a phenomenon known as suction, with sub-
sequent circulatory failure [5–7].

Common reasons for RHF following LVAD implantation
include preoperative impaired right ventricular function,
elevated pulmonary artery pressure, dysrhythmia, periop-
erative hemorrhage and blood transfusion, infection, and
sepsis [8, 9].

The prediction of RHF still remains a clinical challenge.
A recent work of Bellavia et al. [10] presents a systematic
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review and meta-analysis of predictors of RHF. The most
important clinical predictors are the need for mechanical
ventilation and continuous renal replacement therapy. The
most important echocardiographic risk factors were shown
to bemoderate to severe right ventricular dysfunction and a
larger right-to-left ventricular diameter ratio. Hemody-
namically, the right ventricular stroke work index (RVSWI)
and central venous pressure (CVP) had the strongest corre-
lation with RHF development.

In RHF, an interplay of various hemodynamic parameters
might cause a variety of reciprocal interactions between the
pump, the left and right heart, and the circulation. To better
understand these interactions, this study focused on charac-
terizing the impact of various pump speed settings and right
heart conditions on the pump performance and the circula-
tion. For this purpose, a numerical simulation model of an
LVAD-assisted human cardiovascular circulation was used.

Materials and methods

The numerical model of the cardiovascular circulation

All experiments were conducted using a numerical model described by
Colacino et al. [11] and run on MATLAB/Simulink (The MathWorks, Inc.,
Natick, MA, USA). Themodel simulates the cardiovascular circulation of a
human and is executable in real time. The performance of the numerical
model has been presented earlier by Ochsner et al. [12]. It allows varying
anatomical, physiological and pathological parameters during the simu-
lation and consists of a mimicked adjustable systemic circulation
imitating blood flow from the left heart to the periphery and back to the
right heart, a pulmonary circulation imitating blood flow from the right
heart to the lung and back to the left heart, and the heart activity as the
mechanical drive. The model comprised the baroreflex, mimicking the
pressure regulation in the systemic and pulmonary arterial trees that
adapts the respective arterial resistance. A cardiac output autoregulation
that adapts theunstressedvolumeof the systemicveins and the resistance
of the systemic veins is adapted by a systemic venous resistance autor-
egulation. The implementation is described in detail in Ochsner et al. [12].
Figure 1 shows a simplifiedanalog of thenumerical cardiovascularmodel.

Four chambers simulate the heart. Two chambers represent the
atria, which receive blood from the veins of the systemic circulation (i.e.
right atrium) and from the pulmonary veins (i.e. left atrium), respectively,
and deliver it to the right and left ventricles by contraction. The other two
chambers constitute the right and left ventricles, which receive the blood
from the atria and convey it to the great arteries (i.e. pulmonary artery
andaorta)by contraction. TheLVAD isplacedas a parallel circuit between
the left ventricle and the aorta. Cardiac contractions are simulated using a
nonlinear, time-varying elastancemodel, with increased elastance during
systole and decreased elastance during diastole. The heart valves are
simulated as resistances, equippedwith inductors tomake themdynamic.
This numerical model of a human cardiovascular circulation has been
tested in numerous in-vitro studies [12–14].

Additionally, a ventricular suction emulation was incorporated into
the numerical model, which simulates the pressure conditions due to the
collapse of the left ventricle in case of insufficient blood supply to the left

ventricle through the pulmonary circulation or excessive pump support.
For the suctionmodel, the simulated pump inlet pressurewas used as the
reference signal [15]. Left ventricular and pump inlet pressures match as
long as no suction event occurs. When it comes to suction, the inflow
cannula is blocked, which ismodelled by a suction resistance, and the two
pressures diverge. The suction resistance changes depending on the
suction state and thepump inlet pressuredownstreamof this resistance is
computedby subtracting the computed resistancemultiplied by the pump
flow from the left ventricular pressure.

Since continuous flow LVADs have mostly replaced pulsatile
LVADs because they are associated with improved survival [16], we
created a new simulation model by replacing the dynamic hydraulic
behavior of a pulsatile LVAD, as used in the description of Colacino et al.
[11] with that of a continuous flow LVAD, as the HeartWare HVAD
(Medtronic, Minneapolis, MN, USA), based on the work by Granegger
et al. [17]. The model relates the pressure (p) difference (H) between the
inlet and outlet of the pump to the pump flow (Q). The algorithm in-
corporates the rotational speed (ω) of the pump, a static coefficient (a)
related to the impeller speed, a static coefficient (b) related to the hy-
draulic resistance, and a constant value representing the fluid inertance
(L), as described in the following equation: H = aω2 − bQ2 − L dQ

dt .

Experiments

In the experiments, we tested a broad variety of hemodynamic states,
which mimic different right heart performances at different pump
speeds. Adjustable parameters included heart rate (HR, bpm), pulmo-
nary vascular resistance (PVR, dyn × s × cm−5), tricuspid regurgitation
(TR, degrees), and right ventricular contractility (RVC, % of normal), as
well as LVAD speed (rpm). For further specification, RVC was defined
using a time-varying elastance model, and the different degrees of TR
were modelled by an increasing grade of resistance. Each of these pa-
rameters was altered separately in the four test series. Additionally,
each test series was conducted at different LVAD pump speeds. Outcome
parameters included suction occurrence, central venous pressure
(CVP, mmHg), mean pulmonary arterial pressure (mPAP, mmHg), and
cardiac output (CO, L/min).

The basic setup imitated a patient with a continuous flow LVAD
implanted for left-sided heart failure, which was simulated by setting
the left ventricular contractility to an ejection fraction of 30 % [11]. The
tested pump speeds ranged from 2,400 to 3,200 rpm, according to the
recommendations of the company and to clinical practice [18]. For the
basic setup we used 2,400 rpm. The PVR in the basic setup was
150 dyn × s × cm−5, which resulted in a physiologicmPAP of 18.01 mmHg
[19]. At the basic setting, RVC was set to 100 %, HR to 70 bpm, and TR to
degree 0 representing no TR.

In the four test series, one parameter of each of the basic settings
was changed (Table 1). Each step of each series was additionally run at
pump speeds from 2,400 to 3,200 rpm in increments of 160 rpm, or until
suction occurred.

Results

Series I: Adjustment of HR

At an HR of 40 bpm, no suction occurred in the tested range.
At 70 bpm suction occurred at a pump speed exceeding
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Figure 1: Analog of the numerical cardiovascular circulation model; a more precise description and validation can be found in Colacino et al. [11] and
Granegger et al. [17]. (Arrows indicate flow and dashed lines indicatemeasurements; AV, aortic valve; BR, baroreflex; H, difference; LA, left atrium; LV, left
ventricle; MV, mitral valve; P, pressure measurement; PAS, pulmonary arterial system; PV, pulmonary valve; PVS, pulmonary venous system; Q, flow; RA,
right atrium; RV, right ventricle; SAS, systemic arterial system; SVS, systemic venous system; TV, tricuspid valve).
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3,150 rpm (Table 2A). HRs at 100, 130, and 160 bpm caused
suction when a pump speed of 3,090 rpm was exceeded. At
190 bpm, suction occurred above 3,150 rpm. At a given pump
speed, an increase of HR did not change CVP, mPAP and CO
(Figure 2a, example for a pump speed of 2,720 rpm). At all

HRs, an increase of the pump speed caused a steady rise of
the CVP and the CO and a decrease of the mPAP (Figure 2b,
example for 100 bpm).

Series II: Adjustment of PVR

The higher the PVR, the earlier suction occurred. At a PVR of
150 dyn × s × cm−5 suction occurred beyond 3,150 rpm, at
900 dyn × s × cm−5 above 2,920 rpmTable 2B). An increase of
the PVR steadily increased mPAP and slightly decreased CO
at all pump speeds, but barely affected CVP (Figure 3a,
example for a pump speed of 2,720 rpm). At a given PVR, an
increase of pump speed led to a slight increase of CVP and CO
as well as a decrease of mPAP (Figure 3b, example for a PVR
of 600 dyn × s × cm−5).

Series III: Adjustment of TR

Increasing TR let suction occur at lower pump speeds, at
3,150 rpm in TR 0, at 3,080 rpm in TR 1, and at 3,050 rpm in TR
2 (Table 2C). At all pump speeds, an increasing degree of TR
led to a slight increase of CVP and a slight decrease of mPAP
and CO (Figure 4a, example for a pump speed of 2,720 rpm).
At all degrees of TR, increasing pump speed caused an in-
crease of CVP and CO and a decrease of mPAP (Figure 4b,
example for a TR degree 1).

Series IV: Adjustment of RVC

Reducing the RVC caused suction events at lower pump
speeds (Table 2D). At 100 % RVC, suction occurred after
exceeding a pump speed of 3,150 rpm and at 40 % RVC
already exceeding 2,620 rpm. At all pump speeds, a decrease
of RVC produced an increase of CVP and a decrease of mPAP
and CO (Figure 5a, example for a pump speed of 2,560 rpm).
At normal or only slighty reduced right ventricular
contractility, an increase of pump speed caused a rise of
cardiac output and central venous pressure as well as a
reduction of mean pulmonary artery pressure. At more
severely reduced right ventricular contractility, suction
occurredmore rapidly and at lower pump speeds than in the
other test series (Figure 5b, for an example of 80 % RVC).

Discussion

The study presents a numerical model to simulate a circu-
lationwith an integrated continuous flow LVAD assisting the

Table : Overviewof all adjustable and outcomeparameters (CO, cardiac
output; CVP, central venous pressure; HR, heart rate; LVAD, left ventricular
assist device; mPAP, mean pulmonary artery pressure; PVR, pulmonary
vascular resistance; RVC, right ventricular contractility; TR, tricuspid
regurgitation).

Series I Series II Series III Series IV

HR, bpm PVR (dyn × s × cm−) TR (degree) RVC, %

   

   

   

  

 

 

Table A: Series I: Influence of HR on CVP, mPAP and CO at different
pump speeds (CO, cardiac output; CVP, central venous pressure; HR, heart
rate; mPAP, mean pulmonary artery pressure; PVR, pulmonary vascular
resistance; RHF, right heart failure; RVC, right ventricular contractility; TR,
tricuspid regurgitation).

Pump speed, rpm , , , , , ,

Series I

HR, bpm CVP, mmHg

 . . . . . .
 . . . . . Suction
 . . . . . Suction
 . . . . . Suction
 . . . . . Suction
 . . . . . Suction

mPAP, mmHg

 . . . . . .
 . . . . . Suction
 . . . . . Suction
 . . . . . Suction
 . . . . . Suction
 . . . . . Suction

CO, L/min

 . . . . . .
 . . . . . Suction
 . . . . . Suction
 . . . . . Suction
 . . . . . Suction
 . . . . . Suction

506 Thut et al.: Numerical simulation of LVAD interplay with right ventricular hemodynamics



heart during left ventricular failure. It allows a prediction of
circulatory changes and pump performance following vari-
ations of hemodynamic parameters. Here, parameters
associated with right ventricular function were in the focus
of the simulation.

Table B: Series II: Influence of PVR on CVP, mPAP and CO at different
pump speeds (CO, cardiac output; CVP, central venous pressure; HR, heart
rate; mPAP, mean pulmonary artery pressure; PVR, pulmonary vascular
resistance; RHF, right heart failure; RVC, right ventricular contractility; TR,
tricuspid regurgitation).

Pump speed, rpm , , , , , ,

Series II

PVR (dyn × s × cm−) CVP, mmHg

 . . . . . Suction
 . . . . . Suction
 . . . . Suction Suction
 . . . . Suction Suction
 . . . . Suction Suction
 . . . . Suction Suction

mPAP, mmHg

 . . . . . Suction
 . . . . . Suction
 . . . . Suction Suction
 . . . . Suction Suction
 . . . . Suction Suction
 . . . . Suction Suction

CO, L/min

 . . . . . Suction
 . . . . . Suction
 . . . . Suction Suction
 . . . . Suction Suction
 . . . . Suction Suction
 . . . . Suction Suction

Figure 3: Series II: Influence of increasing PVR on
mPAP, CVP and CO at a constant pump speed of
2,720 rpm (Figure 3a), and influence of increasing
pump speed on mPAP, CVP and CO at a constant
PVR of 600 dyn × sec × cm−5 (Figure 3b)
(CO, cardiac output; CVP, central venous
pressure; mPAP, mean pulmonary artery
pressure; PVR, pulmonary vascular resistance;
rpm, rounds per minute).

Table C: Series III: Influence of TR on CVP, mPAP and CO at different
pump speeds (CO, cardiac output; CVP, central venous pressure; HR, heart
rate; mPAP, mean pulmonary artery pressure; PVR, pulmonary vascular
resistance; RHF, right heart failure; RVC, right ventricular contractility; TR,
tricuspid regurgitation).

Pump speed, rpm , , , , , ,

Series III

TR (degree) CVP, mmHg

TR  . . . . . Suction
TR  . . . . . Suction
TR  . . . . . Suction

mPAP, mmHg

TR  . . . . . Suction
TR  . . . . . Suction
TR  . . . . . Suction

CO, L/min

TR  . . . . . Suction
TR  . . . . . Suction
TR  . . . . . Suction

Figure 2: Series I: Influence of increasing HR on
mPAP, CVP and CO at a constant pump speed of
2,720 rpm (Figure 2a), and influence of increasing
pump speed on mPAP, CVP and CO at a constant
HR of 100 bpm (Figure 2b) (bpm, beats per
minute; CO, cardiac output; CVP, central venous
pressure; HR, heart rate; mPAP, mean pulmonary
artery pressure; rpm, rounds per minute).
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The measurements in Series I with varying HRs and
otherwise normal hemodynamic parameters simulated a
typical performance of an LVAD. An increase of the pump

speed led to more flow and a rising CO, which caused a
decrease of pressure in the lung circulation (mPAP). Right
ventricular preload, as measured by the CVP, increased,
since more blood volume was pumped from the left to the
right side.

HRs of up to 190 bpm did not disturb the pump perfor-
mance and the resulting circulatory support, as long as the
pump speedwas not set to themaximumof 3,200 rpm,which
is clinically irrelevant. Ventricular tachycardia with HRs
above 130 bpm are a well-known phenomenon in heart
failure [20]. As a consequence, acute RHF may develop with
subsequent insufficient blood supply to the left ventricle,
which causes a potential hazardous reduction of CO through
the LVAD. The simulation shows that, despite the tachy-
cardia, a regular pump performance and sufficient circula-
tion are maintained, at least as long as the other
hemodynamic parameters which were simulated, such as
PVR, TR and RVC, are kept within a physiological range.

Elevated PVR is a common condition in patients with left
heart failure [21]. Test Series II shows that, with rising PVR,
the CO is gradually reduced. This corresponds to the cir-
cumstances in a human circulation and can be explained by
the reduction of blood flow through the lungs at elevated
levels of PVR which, in turn, leads to a decrease of blood
supply to the LVAD and a consecutive reduction of CO.
Augmentation of the pump speed can restore the CO to a
certain extent until, ultimately, left ventricular suction oc-
curs. As a result, mPAP is reduced, but not as much as in Test
Series I when PVR was kept normal.

Figure 4: Series III: Influence of increasing TR on
mPAP, CVP and CO at a constant pump speed of
2,720 rpm (Figure 4a), and influence of increasing
pump speed on mPAP, CVP and CO at a constant
TR of degree 1 (Figure 4b) (CO, cardiac output;
CVP, central venous pressure; mPAP, mean
pulmonary artery pressure; TR, tricuspid
regurgitation; rpm, rounds per minute).

Table D: Series IV: Influence of RVC on CVP, mPAP and CO at different
pump speeds (CO, cardiac output; CVP, central venous pressure; HR, heart
rate; mPAP, mean pulmonary artery pressure; PVR, pulmonary vascular
resistance; RHF, right heart failure; RVC, right ventricular contractility; TR,
tricuspid regurgitation).

Pump speed, rpm , , , , , ,

Series IV

RVC, % CVP, mmHg

 . . . . . Suction
 . . . . . Suction
 . . . . Suction Suction
 . . Suction Suction Suction Suction

mPAP, mmHg

 . . . . . Suction
 . . . . . Suction
 . . . . Suction Suction
 . . Suction Suction Suction Suction

CO, L/min

 . . . . . Suction
 . . . . . Suction
 . . . . Suction Suction
 . . Suction Suction Suction Suction

Figure 5: Series IV: Influence of decreasing RVC on
mPAP, CVP and CO at a constant pump speed of
2,560 rpm (Figure 5a), and influence of increasing
pump speed on mPAP, CVP and CO at a constant
RVC of 80 % (Figure 5b) (CO, cardiac output; CVP,
central venous pressure; mPAP, mean pulmonary
artery pressure; RVC, right ventricular
contractility; rpm, rounds per minute).
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TR frequently occurs in heart failure due to a dilatation
of the right ventricle with a subsequent widening of the
tricuspid ring [22]. In TR, the blood flow is not fully directed
forward into the pulmonary circulation, but partly back-
wards into the right atrium. The test Series III simulated this
hemodynamic consequence. With increasing TR, the CVP
increases due to a larger amount of blood volume in the right
atrium, while mPAP and CO decrease, since less blood is
available for antegrade flow through the pulmonary circu-
lation into the left ventricle and, consequently, for the LVAD
to pump. Augmentation of the pump speed increases the CO,
which further decreases the mPAP and elevates the CVP
because more blood is pumped back to the right ventricle.
However, excessive pump speeds may result in suction due
to the limited left ventricular preload.

RVC constitutes the most decisive parameter for a
proper functioning of an LVAD-equipped circulation [23].
Impairment of RVC causes a reduction of blood flow through
the lungs and to the left ventricle such that the LVAD is not
able to pump enough blood for maintaining a sufficient
circulation. This is demonstrated in Test Series IV. The
decrease of RVC leads to an increase of CVP since the ability
of the right ventricle to forward the blood to the lungs is
reduced. This causes a drop of the mPAP and a decrease of
left ventricular volume resulting in a decline of LVAD ca-
pacity and CO. Increase of pump speed can counteract the
condition to a certain extent. But particularly in severely
reduced RVC, the elevation of pump speed leads to suction
episodes and a compromise of the circulation.

The numerical simulation model presented here pro-
vides us with the unique possibility to examine the impact of
isolated hemodynamic parameters on a circulation with a
continuous flow LVAD. The simulation of suction events was
implemented because, in clinical reality, suction may be
associated with potentially life threatening adverse events
such as ventricular arrhythmias or tachycardia, damage to
the heart muscle, or thrombus formation in the pump [24, 25].

The most unpredictable parameter after LVAD implan-
tation is the performance of the right ventricle [8]. If im-
plantation of a right ventricular assist device (RVAD) is
needed due to right ventricular failure after LVAD implan-
tation, mortality increases considerably [4]. Various scores
which were developed to predict the risk of RHF after LVAD
placement did not prove to be reliable in clinical practice
[10]. Unfortunately, as Raina and Patarroyo-Aponte outlined
in their review, one of the problems with risk prediction
scores is that they have not been validated well outside of
their derivation cohorts, and their predictive value in vali-
dation cohorts is likely lower than in the derivation cohorts
[26]. Recently, echocardiographic parameters such as right
ventricular free wall longitudinal strain and RVSWI have

been suggested as good predictors for right heart failure [27].
However, both indices may be used only in addition to other
parameters predictive for RHF.

Assessment of right ventricular contractility appears to
be of particular importance for a prediction of RHF. If the
simulation should reveal an increased risk for RHF after
LVAD placement, the operative strategy might already pre-
operatively be changed from a sole LVAD to an LVAD with a
temporary RVAD or a durable biventricular assist device [28].

Furthermore, the simulation model may help to predict
the optimal pump speed after LVAD implantation. It is a
balancing act to set the pump speed such that a sufficient CO
is generated by the LVAD and, at the same time, the right
ventricle does not fail due to volume overload. Thus, pre-
diction of the hemodynamic situation after LVAD implan-
tation by simulating different pump speeds and integrating
the patient’s preoperative hemodynamic parameters could
provide guidance for setting the suitable pump speed for
optimal cardiovascular support.

One limitation of the numerical model presented here is
the fact that it is not validated and, thus, may not be able to
serve as a tool to assess the risk for RHF after LVAD im-
plantation in its present form. Also, adaptation of the volume
status to simulate venous overload frequently associated
with right heart failure was not incorporated in the model.
Another limitation of the study is that the numerical simu-
lationmodel cannot consider themultiple parameterswhich
influence the hemodynamics in a live circulation with an
integrated LVAD. Various aspects, such as the interventric-
ular septum, the pericardium, recirculation zones or wave
propagations, or even more complex biochemical processes
which exert an impact on hemodynamics, are demanding to
simulate and are not incorporated in this model. Yet, adding
such features to the model would bring the simulation even
closer to reality. The effect of the integrated baroreflex
mechanism, however, may be treated with caution. Next
steps will be to adapt the simulation algorithm to animal
models before it may be applied in the clinic.

In summary, based on individual simulations of patient-
specific parameters, the numerical model presents an in-
strument to predict hemodynamic alterations after LVAD
implantation. Such a prediction may be of particular
advantage to anticipate RHF which constitutes a frequent
problem after LVAD implantation. The simulation may help
tomake the appropriate choice between only left ventricular
or both left and right ventricular support, and itmay assist in
the selection of the appropriate pump speed of the LVAD.
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