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Abstract 

Implantable left ventricular assist devices (LVADs) have been adapted clinically 

for right-sided mechanical circulatory support (RVAD). Previous studies on 

RVAD support have established the benefits of outflow cannula restriction and 

rotational speed reduction, and recent literature has focused on assessing either 

the degree of outflow cannula restriction required to simulate left-sided 

afterload, or the limitation of RVAD rotational speeds. Anecdotally, the utility of 

outflow cannula restriction has been questioned, with suggestion that banding 

may be unnecessary and may be replaced simply by varying the outflow conduit 

length. Furthermore, many patients have a high pulmonary vascular resistance 

(PVR) at the time of VAD insertion that reduces with pulmonary vascular bed 

remodelling. It is therefore important to assess the potential changes in flow 

through a RVAD as PVR changes. In this in-vitro study, we observed the use of 

dual HeartWare HVAD devices (HeartWare Inc., Framingham MA, USA) in BiVAD 

configuration. We assessed the pumps’ ability to maintain haemodynamic 

stability with and without banding; and with varying outflow cannulae length 

(20, 40 and 60cm). Increased length of the outflow conduit was found to produce 

significantly increased afterload to the device, but this was not found to be 

necessary to maintain the device within the manufacturers recommended 

operational parameters under a simulated normal physiological setting of mild 

and severe RV failure. We hypothesise that 40cm of outflow conduit, laid down 

along the diaphragm and then up over the RV to reach the pulmonary trunk, will 

generate sufficient resistance to maintain normal pump function. 
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Introduction 

Ventricular assist devices (VADs) implanted in the left ventricle (LVAD) have 

been demonstrated to provide both statistically and clinically significant 

improvement in the life expectancy and quality of life for end-stage heart failure 

patients (1). However, with the high incidence of subsequent right ventricular 

failure and the associated increased morbidity and mortality (2), and evidence of 

improved outcomes with early biventricular mechanical support (3, 4), the 

ongoing development of mechanical biventricular assistance techniques remains 

pertinent. 

 

All current commercially available continuous-flow centrifugal VADs for long-

term implantation are designed for left-sided use (5, 6). As such, their design 

specifications are tailored to a pump against left-sided afterload. For the purpose 

of right ventricular support, implantable VADs are thus adapted to function in 

the setting of the lower resistance of the right-side. This can either be achieved 

by decreasing pump speed or modification of the outflow conduit to avoid over-

pumping.  

 

Decreasing RVAD pump speed to below manufacturer’s specifications moves 

away from the design point for pump function, and can influence pump washout 

and thus thrombus formation within the pump (7). Furthermore, with 

hydrodynamic suspension of the impeller within the device, insufficient pump 

speed may lead to impeller instability (7). Previous in-vitro studies on 

biventricular support using dual LVADs had already established the benefits of 

outflow cannula restriction and rotational speed reduction. Recent literature has 

thus focused on assessing either the degree of outflow cannula restriction 

required to simulate left-sided afterload, or the limitation of dual VAD rotational 

speeds (5). However, anecdotally, the utility of outflow cannula restriction has 

been questioned, with suggestion that banding may be entirely unnecessary in 

an in-vivo setting. Although not described in the literature, there have been 

anecdotal suggestions that, by Poiseuille’s Law, the same outflow resistance may 
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be achieved by increasing graft length. Furthermore, many patients have a high 

pulmonary vascular resistance (PVR) at the time of VAD insertion that reduces 

over time. It is, therefore, important to assess the potential changes in flow 

through a RVAD as PVR changes, and how different outflow conduits may affect 

this. 

 

In this in-vitro study, we observed the use of dual HeartWare HVAD devices 

(HeartWare Inc., Framingham MA, USA) in BiVAD configuration in a mock-

circulation loop (MCL). The manufacturer’s specified operating speed for these 

devices are 2400 to 3200 RPM. We assessed the pumps’ ability to maintain 

haemodynamic stability with and without banding; and with varying outflow 

cannulae length. We aimed to assess the suitability of the HeartWare HVAD for 

use in dual device biventricular support and establish the optimal settings for 

such use with various levels of PVR. We hypothesise that graft length will have a 

demonstrable impact on outflow conduit resistance, but that it would not equal 

that of banding. This study will demonstrate whether the reduced incidence will 

still produce conditions that allow for normal pump function. 
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Methods 

Mock Circulation Loop 

A physical five-element Windkessel mock circulation loop (MCL) including 

systemic and pulmonary circulations was used for this study (Figure 1) (8, 9). In 

brief, ventricular systole was controlled through a series of electropneumatic 

regulators (ITV2030-012BS5, SMC Pneumatics, Tokyo, Japan) and 3/2 way 

solenoid valves (VT325-035DLS, SMC Pneumatics, Tokyo, Japan) to provide 

passively filled heart chambers and variable contractility, heart rate and systolic 

time. Heart rate and systolic time were maintained at 60 beats per minute and 

35% respectively throughout this study. A Starling response was implemented in 

both left and right ventricles, which actively controlled ventricular contractility 

(through electropneumatic regulator supply current) based on ventricular 

preload (10). Mechanical check valves were used to simulate the mitral, aortic, 

tricuspid and pulmonary valves to ensure unidirectional flow throughout the 

circuit. Four independent Windkessel chambers were employed to simulate 

lumped systemic and pulmonary arterial and venous compliance. Socket valves 

(VMP025.03X.71, Alb. Klein Ohio, Plain City, OH) allowed easy manipulation of 

systemic and pulmonary vascular resistance respectively. The working fluid 

throughout this study was a water/glycerol mixture (60/40% by mass) with 

similar viscosity and density to that of blood (11, 12). Inflow and outflow 

cannulation for the LVAD and RVAD was achieved via the ventricles for inflow 

and aorta / pulmonary artery for outflow. 
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Figure 1: Schematic of the MCL setup for evaluation of a dual HeartWare biventricular support 
system. LA - left atrium, MV - mitral valve, LV - left ventricle, AoV - aortic valve, AoC - aortic 

compliance chamber, SQ - systemic flow meter, SVR - systemic vascular resistance valve, SVC - 
systemic venous compliance chamber, RA - right atrium, TV - tricuspid valve, RV - right ventricle, PV 
- pulmonary valve, PAC - pulmonary arterial compliance chamber, PQ - pulmonary flow meter, PVR - 

pulmonary vascular resistance valve, PVC - pulmonary venous compliance chamber, LVAD - left 
ventricular assist device, LVADQ - left ventricular assist device flow meter, RVAD - right ventricular 

assist device, RVADQ - right ventricular assist device flow meter. 
 

Dual LVAD Evaluation 

Severe LV failure was simulated in the MCL and supported using a HeartWare 

HVAD device at 2920 RPM to maintain 5 L/min aortic flow and mean aortic 

pressure (MAP) of 80 mmHg. Haemodynamics for supported and unsupported 

conditions are highlighted in Table 1. Severe RV failure was simulated and 

supported using a second HeartWare HVAD device, under test conditions of: 

unrestricted 10 mm diameter outflow cannulae of 20, 40 and 60 cm lengths and 

a 20 cm length cannula restricted to 5mm diameter. The shorter lengths were 

selected for clinical feasibility, while the long length was tested as an academic 

exercise to trend the effect of various graft lengths on pump function. Outflow 

cannulae were standard Dacron® (Kennesaw, Georgia, USA) vascular grafts 

coated in petroleum jelly and wrapped loosely with cling-wrap for 

waterproofing. The conduits were carefully placed to avoid kinking.  
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Condition MAP MPAP MSQ MPQ LAP RAP HR SVR PVR LVADS RVADS 

 mmHg mmHg L/min L/min mmHg mmHg BPM dyne.s.cm-5 dyne.s.cm-5 rpm rpm 

MRHF 56 13 2.8 2.8 9.5 8.9 60 1350 100 - - 

MRHF-S 80 16 5.0 5.0 10.8 9.3 60 1350 80 2920 2420 

SRHF 48 9 2.3 2.3 6 9.6 60 1350 100 - - 

SRHF-S 80 16 5.0 5.0 10.7 8.5 60 1350 80 2920 2200 

Table 1 – Haemodynamic parameters for steady state conditions of mild (MRHF) and severe (SRHF) 
right heart failure models with (MRHF-S and SRHF-S respectively) and without dual rotary blood 
pump support. Note severe left heart failure was simulated in all conditions, and 20cm unbanded 

RVAD outflow conduit was used. MAP – mean aortic pressure, MPAP – mean pulmonary artery 
pressure, MSQ – mean systemic flow rate, MPQ – mean pulmonary flow rate, HR – heart rate, SVR – 

systemic vascular resistance, PVR – pulmonary vascular resistance, LVADS – LVAD rotational speed, 
RVADS – RVAD rotational speed, rpm – revolutions per minute. 

 

For each cannula length and banding simulation, PVR was successively increased 

from 40 to 560 Dynes.s.cm-5 (0.5 to 7 Wood units) in 40 Dynes.s.cm-5 (0.5 Wood 

unit) intervals. RVAD speed was manually manipulated to maintain 

haemodynamic stability with balanced systemic and pulmonary flow rates of 5.0 

L/min for each level of PVR. All other conditions were kept consistent between 

tests. The experiment was repeated in mild RV systolic dysfunction to assess the 

clinical applicability of the findings. 

 

Data Acquisition 

Haemodynamic and VAD parameters were captured at 100 Hz using a dSPACE 

acquisition system (DS1104, dSPACE, Wixom, MI, USA). Systemic and pulmonary 

flow rates were recorded using magnetic flow meters (IFC010, KROHNE, 

Duisburg, Germany) while LVAD and RVAD outlet flow rates were recorded with 

clamp-on ultrasonic flow meters (TS410-10PXL, Transonic Systems, Ithaca, NY, 

USA). Circulatory and VAD pressures were recorded using silicone-based 

transducers (PX181B-015C5V, Omega Engineering, Stamford, CT, USA). 
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Results 

Results of the experiment were analysed to observe the changes in RVAD 

rotational speed, power consumption, outlet pressure measured directly after 

the pump and at the interface between the outflow cannula and pulmonary 

artery (mean pulmonary artery pressure - MPAP) with increasing pulmonary 

vascular resistance.  

 

Severe RV failure 

As expected, an increase in outflow cannula resistance or PVR required increased 

pump speed to maintain a flow rate of 5 L/min (Figure 2a). At a PVR of 40 

dyne.s.cm-5 (0.5 Wood unit), the RVAD rotational speeds required to maintain 

5L/min flow with a 20 cm outflow conduit with 5 mm banding and unbanded 60 

cm, 40 cm and 20 cm outflow conduits were 3120, 2760, 2380 and 2160 rpm 

respectively. This increased to 3480, 3280, 2860 and 2700 rpm when PVR was 

increased to 560 dyne.s.cm-5 (7 Wood unit), with the increase in rotational speed 

following a progressive, linear relationship with PVR. The corresponding power 

consumption and pump outlet pressures behaved similarly. Power consumption 

at a PVR of 40 dyne.s.cm-5 was 7, 5.4, 4.5 and 3.7 Watts for the banded, 60 cm, 40 

cm and 20 cm conduits respectively, and 9.2, 8.3, 6.5 and 5.6 Watts at 560 

dyne.s.cm-5 (Figure 2b).  

 

RVAD outlet pressure generated at the lowest tested PVR setting were 78, 48, 45 

and 30 mmHg, and 112, 86, 79 and 65 mmHg in the highest (Figure 2c). This 

demonstrated that left-sided afterload was sufficiently simulated when the RVAD 

outflow was banded in the setting of severe RV failure. The unbanded conduits, 

however, resulted in reduced RVAD afterload of between 39% (60cm conduit, 40 

dyne.s.cm-5) and 77% (20cm conduit, 560 dyne.s.cm-5) of that seen with the 

LVAD, depending on conduit length and PVR. However, the MPAP was similar in 

all outflow conduit conditions (Figure 2d).  
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Figure 2 – Results for the severe biventricular heart failure condition with varying pulmonary 

vascular resistance (PVR) including (a) RVAD speed, (b) RVAD power consumption (PC), (c) RVAD 
outflow pressure (OP) and (d) mean pulmonary arterial pressure (MPAP). W – Watts. Recommended 

RVAD speed range of operation 2400 – 3200 rpm. 

 

Mild RV failure 

Compared with severe RV failure, the same flow-rate and pressure was achieved 

with lower RVAD speed and power consumption in all outflow conduit 

conditions tested. With the exception of the unbanded conduits at a PVR of 40 

dyne.s.cm-5, the RVAD was able to function above the manufacturer’s 

recommended minimum rotational speed in the setting of mild RV failure (2400 

rpm) (13)  and produce 5 L/min flow to match that of the LVAD (Figure 3a). This 

was similar to the findings in severe RV failure, where the shortest unbanded 

conduit required operation of the RVAD at a sub-optimal rotational speed. This 

effect was ameliorated with the application of 40 cm, 60 cm and banded 

conduits.  
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Overall, in the tested outflow conduit conditions, the corresponding rotational 

speed, and subsequent power consumption and outlet pressure generated was, 

on average, lower in mild RV failure than that in severe RV failure. The mean 

difference in RVAD rotational speed between severe RV and mild RV failure was 

1.9%, mean difference in power consumption was 6.3% and mean difference in 

RVAD outlet pressure was 8.3%. However, the relationship of these three 

variables with PVR in the setting of mild RV failure differed from that in severe 

RV failure. For instance, from 40 to 120 dyne.s.cm-5, the increase in mean RVAD 

rotational speed in the setting of mild RV failure was 22.7%, but from 120 to 560 

dyne.s.cm-5, the increase was only 4.0%. This is opposed to the linear 

relationship between these variables and PVR in severe RV failure, and was more 

marked in the unbanded conduits. This can be attributed to the RV contributing 

to forward flow at low levels of PVR where the RV end diastolic volume is higher. 

Through the Starling response implemented in the MCL, this resulted in 

increased right ventricular contractility and subsequent ejection through the 

pulmonary valve. As PVR, and consequently MPAP, increased and ejection 

through the pulmonary valve decreased, greater changes in RVAD speed were 

required to overcome the reduced RV ejection and the increase in resistance. 

Once the RVAD was providing total circulatory support (PVR at 120 dyne.s.cm-5), 

smaller changes in pump speed were required to maintain pulmonary flow rate 

(Figure 3b).  
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Figure 3 - Results for the mild biventricular heart failure condition with varying pulmonary vascular 

resistance (PVR) including (a) RVAD speed, (b) RVAD power consumption (PC), (c) RVAD outflow 
pressure (OP) and (d) mean pulmonary arterial pressure (MPAP). W – Watts. Recommended RVAD 

speed range of operation 2400 – 3200 rpm. 

Discussion 

Although various mechanical circulatory support devices have been reportedly 

used successfully for right ventricular support (14), there remains to be a 

commercially available RVAD-specific third generation device. While devices are 

still being developed (15, 16), adopting existing systems for RVAD use presents 

challenges in their set-up that must be overcome. This includes device placement 

(17), operational parameters and the outflow tract dimensions (18). 

 

In the case of the HeartWare HVAD used in this study, the device is fitted with a 

hydrodynamically levitated impeller, relying on sufficient speed to create a fluid 

film and thus may become unstable at lower speeds (19). However, increasing 
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RVAD rotational speed and flow rate raises pulmonary artery and capillary 

pressures (20). Multiple previous studies have assessed the necessary 

modifications to the HVAD for use and, similar with other devices (13), have 

concluded that outflow conduit restriction to simulate systemic afterload and 

speed alterations for fine-tuning can optimise pump function (21, 22).  

 

While our clinical experience with banding has been successful, we note the 

anecdotal suggestions of surgeons attempting to vary conduit length to achieve 

the same result. This was justified using Poiseuille’s law stating that resistance of 

a lumen is a function of radius and tube length. However, the required increase 

in length to achieve the same resistance did not seem realistic for implantation. 

To the knowledge of our group, there is little to no discussion of this in the 

literature previously. As such, we aimed to observe the performance of a third 

generation VAD with varying outflow conduit conditions and compare this with 

performance of a banded conduit.  

 

In this experiment, we found that all tested outflow conduit conditions caused 

the pump to run outside of manufacturer’s recommended rotational speed (2400 

rpm to 3200 rpm) (13) at some degree of PVR. However, we found that the 

banded conduit had the narrowest range of PVR conditions where it would 

function within the recommendations (40 dyne.s.cm-5 to 120 dyne.s.cm-5 in 

severe RV failure, and 40 dyne.s.cm-5 to 80 dyne.s.cm-5 in mild RV failure) and 

achieve a normal haemodynamic state. Higher resistance conditions forced the 

pump to be operated faster than 3200 rpm. Conversely, the lowest resistance 

conduit also required pump speed outside of the prescribed parameters in the 

lowest PVR setting. The optimal outflow conduit configuration for maintaining 

pump function within the guidelines seemed to be the 40 cm unbanded conduit. 

This conduit had the widest range of PVR where it would facilitate pump 

operation within manufacturer’s guidelines. In clinical terms, where PVR has a 

reference range of 155 to 255 dyne.s.cm-5 (23), a conduit of 40 cm should always 

function within manufacturer’s guidelines based on our in-vitro results. This is 
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important, as low-flow through devices have been reported as contributory 

factors to intra-pump thrombosis (24), while higher than recommended speeds 

result in excessive power consumption. We note that a variation in banding 

diameter may achieve a similar outcome. However, clinical practice, banding is 

often achieved by visual estimation rather than millimetre-perfect 

measurements. Variation of diameter is thus not a reliable and reproducible 

change like length variation. Furthermore, power consumption benefits appear 

to favour length variation. These results can be used as a guide for clinicians to 

base the intra-operative decision of RVAD outflow conduit set-up, as well as 

pump speed adjustments throughout the supported duration depending on 

changes in the patient’s right ventricular function and afterload.  

 

While the length of the outflow conduit impacted on RVAD afterload, it should be 

noted that the longest length tested (60 cm) only produced half the outlet 

pressure of a 5 mm diameter band. However, the practicality is that such a long 

outflow conduit would never be used clinically as it would be susceptible to 

kinking and compression from adjacent viscera. Testing at this length in an in-

vitro setting is useful, though, to demonstrate the effects of varying graft length. 

Clinically, the shorter lengths can be achieved by laying the conduit down along 

the diaphragm and then up over the RV to reach the pulmonary trunk.  

 

With the repetition of the test with mild RV failure, this study also took into 

account potential right-sided myocardial recovery and pulmonary vascular bed 

remodeling. We found that, even under improved right heart conditions, the 

RVAD did not need to drop below the recommended functional parameters to 

continue to produce an optimal haemodynamic state by simply extending the 

graft length. With complete myocardial recovery, there is evidence in the 

literature that the HVAD can be safely turned off without explantation (25). 
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Stevens et al. evaluated the use of biventricular VentrAssist devices (Ventracor 

Ltd, Sydney NSW, Australia) with the right-sided device operated with reduced 

speeds or normal LVAD speeds with and without outflow banding (19). While 

this group’s in-vitro and in-vivo findings were congruent with our own, the 

specific changes are not compatible simply because of differing pump design. In 

their experiment, the right-sided VentrAssist device was required to run at 

speeds below manufacturer’s specification. This was not observed in our 

experiment. Furthermore, their animal study demonstrated increased RVAD 

afterload compared to the same degree of RV failure and PVR. Post-mortum 

examination revealed longer graft length and a thin, uniform layer of thrombus 

inside the graft as the likely causes, thus effectively banding the RVAD outflow 

conduit. If this were also true with the HeartWare device, we hypothesise that it 

would function well within manufacturer’s guidelines in-vivo under all of our 

tested conditions. 

 

As an in-vitro study, we were limited by multiple factors that were impossible to 

simulate. The complex auto-regulatory systems of a biological circulation are 

only partially replicated. Also, while our system simulates the viscosity of blood 

in a healthy human, this can vary significantly with heart failure. Furthermore, 

the coagulation properties of blood were not simulated, which, as 

aforementioned, can have significant impact on outflow conduit conditions in an 

in-vivo setting. 

 

As expected, the capacity to run the pumps at lower speeds also brings with it 

power consumption benefits. We found that the difference in power 

consumption was between 9.8% and 48% lower by varying cannula length 

rather than banding while operating the pump within recommended parameters. 

However, the increased power consumption with RVAD outflow banding could 

be reduced by decreasing the RVAD outflow restriction and thus pump speeds.  
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We defined the minimum pump speeds required to maintain 5L/min flow with a 

variety of outflow conduits and made the same, incremental changes to the PVR 

in all conduit conditions. As a result, a consistent mPAP trend was maintained 

between study conditions. However, based on the literature, we postulate that 

the pump speed would be higher in an in-vivo setting. Therefore, in-vivo 

evaluation of outflow banding against graft length with varying PVR is necessary 

to confirm our results. Furthermore, this will allow us to evaluate other impacts 

of banding versus graft length variation, such as blood damage.  

 

Conclusion 

In this study, using a sophisticated simulation of the human circulatory system, 

the HeartWare HVAD in an RVAD configuration was demonstrated to maintain 

physiological pulmonary flow rates with and without outflow cannula restriction 

in both severe and mild RV systolic dysfunction with varying levels of PVR. 

Increased length of the outflow conduit was found to produce significantly 

increased afterload to the device, and a graft length of 40 cm was found to 

provide optimal conditions for pump function. While results of this in-vitro study 

should be interpreted with caution, our results suggest that the utility of outflow 

conduit modification in the HeartWare HVAD may not be as great as previously 

believed. Further testing of this hypothesis in animal models is thus warranted to 

confirm these findings, and for the ongoing development of right ventricular 

mechanical support. 
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