
 

Abstract 
 

Right ventricular failure is a common complication associated with rotary left ventricular assist 

device (LVAD) support. Currently, there is no clinically approved long-term rotary right 

ventricular assist device (RVAD). Instead, clinicians have implanted a second rotary LVAD as 

RVAD in biventricular support. To prevent pulmonary hypertension, the RVAD must be 

operated by either reducing pump speed or banding the outflow graft. These modes differ in 

hydraulic performance, which may affect the pulmonary valve opening (PVO) and 

subsequently cause fusion, valvular insufficiency and thrombus formation. This study aimed 

to compare PVO with the RVAD operated at reduced speed or with a banded outflow graft.  

Baseline conditions of systemic normal, hypo- and hyper-tension with severe biventricular 

failure were simulated in a mock circulation loop. Biventricular support was provided with two 

rotary VentrAssist LVADs with cardiac output restored to 5 L∙min-1 in banded outflow and 

reduced speed conditions. Systemic (SVR) and pulmonary (PVR) vascular resistances were 

manipulated to determine the range of conditions that allowed PVO without causing left 

ventricular suction. Finally, RVAD sine wave speed modulation (±550 rpm) strategies (co- and 

counter-pulsation) were implemented to observe the effect on PVO. For each condition, 

outflow banding had higher PVR (97 ± 20 dyne∙s∙cm-5 higher) for when the pulmonary valve 

closed compared to reduced speed. In addition, counter-pulsation demonstrated greater PVO 

than co-pulsation and constant speed. For the purpose of reducing the risks of pulmonary valve 

insufficiency, fusion and thrombotic event, this study recommends a RVAD with a steeper H-

Q gradient by banding and further exploration of RVAD speed modulation.  
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Introduction 

Up to 40% of patients who receive a rotary left ventricular assist device (LVAD) will develop 

right heart failure, which dramatically increases morbidity and mortality [1,2]. Right heart 

failure may be induced post LVAD support due to changes in left ventricular afterload, right 

ventricular preload, valvular morphology and septal ventricular interdependence [2].  

Management of right heart failure may be achieved through pharmaceutical therapies or 

temporary extracorporeal support devices which are associated with restricted mobility and 

increased ICU stay, cost and mortality rates [3,4]. Long-term right VADs (RVADs) may be an 

appropriate alternative to overcome restricted mobility and increased mortality; however, no 

commercial device exists. Instead, rotary LVADs have been clinically used for right ventricular 

(RV) support [5,6]. A limitation of this approach is that rotary LVADs output the pressure and 

flow characteristics required for systemic circulatory support and may overload the pulmonary 

circuit, resulting in pulmonary hypertension [7].  

 

To prevent pulmonary hypertension, rotary RVADs should operate at a reduced speed [6,8], or 

with a banded outflow graft with similar LVAD and RVAD speeds [5,9,10]. Although both 

modes can deliver adequate cardiac outputs, they differ in pump hydraulic characteristics 

(Figure 1). These characteristics can be described with head-flow (H-Q) relationships, which 

is the change in pump head (difference between pump inlet and outlet pressure) relative to 

pump flow. By banding the outflow graft, the outflow diameter is reduced, creating a greater 

resistance. With increasing flow, the pressure loss over the additional resistance increases, 

which reduces the generated total pressure head. Consequently, this results in a steeper H-Q 

gradient when compared to an unbanded graft. As the pump inlet and outlet pressures are 

influenced by right ventricular and pulmonary artery pressure (as well as graft properties), 

changes in the H-Q gradient may influence pulmonary valve opening (PVO). For instance, with 



a steeper H-Q gradient during right ventricular contraction, the head pressure decreases and 

results in a lower RVAD flow relative to a flatter H-Q gradient. This may cause reduced 

unloading, and due to the Frank-Starling mechanism, an increase in contractility and therefore 

greater incidences of PVO.  Meanwhile, the flatter H-Q gradient may also generate greater 

pulsatile flow with variations in pressure head. This may result in a greater systolic outlet 

pressure and therefore pulmonary artery pressure, thus limiting PVO.  

 

Changes in valvular morphologies are commonly accompanied with rotary VAD support. 

Permanent closure of the semilunar valve throughout an entire cardiac cycle is typically caused 

by an increase in afterload and turbulent back flow, leading to functional degradation [11]. 

Currently, the number of pulmonary valve complications [12,13], secondary to rotary VAD 

support, are outweighed by the number of aortic valve complications [11,14,15]. This is due to 

the greater number of rotary LVAD implants [16]. However, as rotary RVAD implant numbers 

grow, the morphological changes of the pulmonary valve may become more apparent.  

 

Complications associated with semilunar valvular closure from rotary VAD support include 

thrombus formation, fusion and insufficiency [14]. Thrombus formation has been reported with 

permanently closed aortic valves due to blood stasis [17]. Thrombus occurring at the 

pulmonary valve may lead to emboli and subsequent rise in pulmonary vascular resistance. 

Mudd et al. [15] found 8 of 9 HeartMate II (Thoratec Corporation, Pleasonton, USA) patients 

with normal pre-implant aortic valvular opening had incidences of mild to moderate levels of 

aortic valvular commissural fusion within 12 months. In this same time frame, half the cohort 

no longer had any aortic valve opening and had associated incidences of mild to moderate 

aortic insufficiency. Cowger et al. [11] reported 64% of patients (n = 45) had moderate to 

severe aortic insufficiency with a HeartMate II LVAD after 18 months of support. They 



suggested the causal relationship of irregular valve opening had greater progression of 

insufficiency than those that opened within each cardiac cycle [11]. The negative effects of the 

development of aortic insufficiency, secondary to rotary VAD support, may require surgical 

re-admission [14,18] and/or increases in VAD speed to maintain desirable end-organ perfusion 

[11]. Permanent valvular closures therefore need to be avoided, particularly for patients 

supported as a bridge to recovery or as a destination therapy to avoid surgical corrections and/or 

re-admissions.  

 

To address permanent aortic valve closure, speed modulation methods have been developed 

for rotary LVADs. These methods function by reducing speed during systole and increasing 

during diastole (ie. counter-pulsation) to promote aortic valve flow through each heart beat 

[19]. Consequently, it may be desirable to evaluate PVO with RVAD speed modulation. This 

study aimed to compare outflow graft banding and reduced speed with an RVAD operating at 

constant speed and speed modulation to determine if there is a significant difference in 

incidences of PVO. 



 

Figure 1:  Illustration of pump head-flow (H-Q) gradients for a left ventricular assist device (LVAD) operating at; speed 
suitable for systemic circulation (SC), same speed suitable for SC but banded for suitable pulmonary circulation (PC) 
and a reduced speed suitable for PC. The arrow represents a change in hydraulic characteristics of LVAD at speed 
suitable for the SC to banded operation that is suitable for the PC.  

 

Methods 
Mock Circulation Loop 

A physical five-element Windkessel mock circulatory loop (MCL) including systemic and 

pulmonary circulations was used for this investigation (Figure 2) [20]. Atrial and ventricular 

chambers were represented by clear, vertical polyvinylchloride pipes with tee sections 

connecting the inflow, outflow and heart chamber.  Ventricular systole was controlled through 

a series of electropneumatic regulators (ITV2030-12BS5, SMC Pneumatics, Tokyo, Japan) and 

3/2-way solenoid valves (VT325-035DLS, SMC Pneumatics). Heart rate was maintained at 60 

BPM throughout this study. A Starling response was implemented for both left and right 

ventricles that actively controlled ventricular contractility (from electropneumatic regulator 

supply current) based on ventricular end-diastolic volume [21]. Mechanical check valves 

represented heart valves to ensure uni-directional flow through the circuit. Four independent 

Windkessel chambers were used to simulate lumped systemic and pulmonary arterial and 
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venous compliance. Pinch valves (VMP025.03X.71, AKO, Alb. Klein Ohio LLC, USA) 

enabled controlled changes in systemic (SVR) and pulmonary vascular resistance (PVR). The 

working fluid was a water/glycerol mixture (60/40%) by mass which, at room temperature, 

produced similar viscosity (3.5 mPa∙s) and density (1100 kg∙m-3) to that of blood at 37°C.  

Two VentrAssist LVADs (formerly Ventracor Ltd., Sydney, Australia) were connected in a 

biventricular assist configuration. The VentrAssist pumps were controlled using two custom 

motor driver development kits (DRV8312-C2-KIT, Text Instruments, Dallas, USA). Target 

speed of each motor driving kit was maintained by using a customized sensor-less field oriented 

speed control algorithm for brushless permanent magnet motors and a proportional-integral 

speed controller (with constants of Kp = 3.6·10-4 A/rpm and Ki = 3.6·10-6 A/rpm/s). This was 

to allow operation of pump speed outside of the designed manufactured settings and to 

modulate the RVAD speed. The inflow cannulation sites for the pumps were the left and right 

ventricles and outflow was connected to the aorta and pulmonary artery for the LVAD and 

RVAD respectively. RVAD outflow banding was achieved using a 3D printed (Objet24, 

Stratasys, Eden Prairie, MN, USA) 5.5 mm restriction of 30 mm length, to ensure similar 

LVAD and RVAD operating speeds whilst also delivering cardiac output to 5 L∙min-1, which 

is supported by literature [5,22].  



 

Figure 2:  a) Schematic of the MCL setup for evaluation of pulmonary valve opening. LA – left atrium, MV - mitral 
valve, LV - left ventricle, AoV - aortic valve, AoC - aortic compliance chamber, SQ – systemic flow meter, LVAD - left 
ventricular assist device, LVADQ – left ventricular assist device 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, RVAD – right 
ventricular assist device, RVADQ – right ventricular assist device flow meter, BAND – placement of 5.5 mm restriction 
in the outflow banding mode, PVR - pulmonary vascular resistance valve, PVC - pulmonary venous compliance 
chamber. Arrows indicate direction of flow. b) photograph of the MCL with pulmonary circulation labelled. RA – right 
atrium, RV – right ventricle, PA – pulmonary artery, PVR – pulmonary vascular resistance, PQ – pulmonary flow, 
RVAD – right ventricular assist device. Reprinted from [23] with permission from Springer. 

 

Experimental Protocol 

A severe biventricular failure condition was simulated in the MCL (Table 1) through 

manipulation of ventricular contractility and vascular resistances. Three different patient 

conditions of systemic normal, hypo- and hyper-tension (SVR of 1300, 1000, 1600 dyne∙s∙cm-

5 respectively) were simulated to replicate a range of patient scenarios [24]. PVR was initially 

set at 100 dyne∙s∙cm-5 to simulate normal haemodynamics [25]. Mean circulatory filling 

pressure for each baseline was set at 9.7 mm∙Hg. Biventricular support was provided by 

increasing pump speeds until systemic and pulmonary flows were restored to 5 L∙min-1 (Table 

1), and initially with the banded RVAD outflow graft for each baseline. Both pump speeds 

were then maintained constant. H-Q curves of the RVAD and outflow graft were developed by 

a) b) 



recording pump and cannula pressure head (difference between pulmonary artery and right 

ventricular pressure) and RVAD flow.  

 

For each simulated patient condition, SVR and PVR were systematically increased and 

decreased until boundary conditions were met at a steady state condition. The boundary 

conditions include either the pulmonary valve (PV) permanently closing (when pulmonary 

flow – RVAD flow = 0 L∙min-1), left ventricular (LV) suction (LV volume = 0 mL) occurring 

or reaching the minimum SVR (600 dyne∙s∙cm-5). The vascular resistance evaluation was 

completed initially at the baseline condition, with PVR increased in increments of 5 dyne∙s∙cm-

5 until a boundary condition was met. PVR was then returned to the baseline and then SVR was 

shifted both upwards and downwards in 50 dyne∙s∙cm-5 increments, with changes in PVR (5 

dyne∙s∙cm-5 increments) until the same boundary conditions were again met. This produced a 

range of SVR and PVR within the boundary conditions for each baseline (simulated normal, 

hypo- and hyper-tension patient). The normal SVR condition was then repeated with the speed 

modulation mode. The speed modulation mode was evaluated using a sine wave at co- and 

counter-pulsation with respect to ventricular systole. The amplitude was set at 550 rpm to 

ensure that that minimum pump speed was equal to, or above, 1600 rpm. This was chosen as 

cardiac valve opening detection methods have been evaluated in-vivo at this speed [26] and 

may subsequently be applied. The entire experiment was then repeated with an unbanded 

outflow graft, where the RVAD speed was lowered to match systemic flow, LAP, and RAP 

produced with the banded outflow graft. However, the speed modulation mode could not be 

applied under this condition because the minimum pulse speed was below the minimum pump 

speed settings of the custom motor drive development kit controller.  

Patient 
Conditions 

SBF Normal Hypotension Hypertension 
Co-pulse 

(± 550 
RPM) 

Counter-
pulse 



(± 550 
RPM) 

Operating 
mode - B RS B RS B RS B B 
MSQ 
(L∙min-1) 2.5 5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 
MAP     
(mm∙Hg) 49.9 91 91 72 72 110 110 91 91 
MPAP   
(mm∙Hg) 14 16 17 16 16 16 16 16 16 
LAP 
(mm∙Hg) 11 10 10 10 10 10 10 10 10 
RAP  
(mm∙Hg) 9 9 9 9 9 9 9 9 9 

Speed   
(L,R: rpm) - 2125, 

2250 
2125, 
1325 

1950, 
2000 

1950, 
1300 

2325, 
2325 

2325, 
1300 

2125, 
2300 

2125, 
2150 

Table 1 – Haemodynamic baselines of patient scenarios with banding (B) or reduced speed (RS) right ventricular assist 
device support at constant speed and speed modulation. SBF – severe biventricular failure, Normal – SBF patient with 
normal SVR (1300 dyne∙s∙cm-5), Hypotension – SBF patient with systemic hypotension (systemic vascular resistance 
(SVR): 1000 dyne∙s∙cm-5), Hypertension – SBF patient with systemic hypertension (SVR: 1600 dyne∙s∙cm-5), Co-pulse – 
sinusoidal modulation of the speed  where maximum is during systole and minimum is during diastole with an 
amplitude of ±550 revolutions per minute (RPM), Counter-pulse – sinusoidal modulation of the speed where maximum 
is during diastole and minimum is during systole with an amplitude of ±550 RPM ,  MSQ – mean systemic flow, MAP 
– mean aortic pressure, MPAP, mean pulmonary artery pressure, LAP – left atrial pressure, RAP – right atrial 
pressure,  L – left, R, right. 

 

Data Acquisition 

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

acquisition system (DS1103, dSPACE, Paderborn, Germany). Systemic and pulmonary flow 

rates were recorded using magnetic flow meters with an accuracy of ±0.5% (IFC010, 

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

clamp-on ultrasonic flow meters with an accuracy of ±4% (TS410-10PXL, Transonic Systems, 

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

transducers with an accuracy of ±0.5% (PX181B-015C5V, Omega Engineering, Stamford, CT, 

USA) while left and right ventricular volumes were recorded using magnetostrictive level 

sensors with accuracy of ±2% (IK1A, GEFRAN, Provaglio d’Iseo, Italy).  

 



Results  

Results were obtained to evaluate the range of vascular resistances where PVO occurred for 

each pump operating strategy. For all patient conditions, banding the outflow graft had greater 

comparable SVR and PVR ranges for PVO in comparison to reducing pump speed, which is 

indicated by the shaded areas (Figure 3).  

 

Banding the outflow graft indicated a steeper H-Q gradient (-32 mm∙Hg/L∙min-1) in comparison 

to the reduced speed mode (-11 mm∙Hg/L∙min-1), which is illustrated in Figure 3e. With 

variations in pressure, the steeper gradient resulted in lower flow during systole and therefore 

the time averaged RVAD flow was lower with banding than reduced speed (4.5 vs. 4.7 L∙min-

1). Consequently, outflow banding indicated less volume unloading, and due to the Frank 

Starling response, resulted in greater RV contractility (dP/dt: 927 mm∙Hg/s). In comparison, 

reduced speed at baseline only resulted in RV contractility of (dP/dt) of 856 mm∙Hg/s. Similar 

findings were also observed for systemic hyper- and hypo-tension simulations at baseline when 

comparing banding and reduced speed (Table 2). The increased RV contractility with outflow 

banding resulted in increased ranges of PVO compared to reduced speed for all conditions 

(Figure 3).  

 

During changes in vascular resistance for the systemic normal condition (Figure 3a), an 

increase in PVR from baseline (cross marker) increased pulmonary artery pressure and 

decreased venous return to the left heart. Consequently, LV suction (circle marker) occurred 

with both outflow banding and reduced speed modes at the same SVR/PVR point. During 

increases in SVR, to the point where each mode was comparable (SVR: 1400 dyne∙s∙cm-5), 

banding resulted in a greater maximum PVR (370 dyne∙s∙cm-5), for when the PV closed, in 

contrast to reduced speed (PVR: 275 dyne∙s∙cm-5). For each respective SVR/PVR condition, 



contractility was greater with banding than reduced speed (RV dP/dt: 1100 vs 980 mm∙Hg/s). 

As SVR was further increased, systemic flow decreased, which reduced venous return to the 

right atrium. Therefore, right ventricular contractility decreased and point of PV closure only 

occurred with a lower pulmonary artery pressure (and lower PVR), which is demonstrated by 

the downward slope of markers. Consequently, banding increased the maximum investigated 

SVR (1650 dyne∙s∙cm-5) for PVO in comparison to reduced speed (SVR: 1550 dyne∙s∙cm-5). 

During decreases in SVR the PV remained open, however LV volume reduced and the point 

of LV suction occurred at a lower PVR. With further decreases in SVR, the trend of reduced 

PVR for LV suction was observed and is illustrated by the downward slope of LV suction 

markers. However, no notable difference was observed in LV suction when comparing banding 

and reduced speed modes. 

 

The trend of greater PVO for banding was also observed in the hypotension (Figure 3b) and 

hypertension (Figure 3c) conditions. Despite the limited SVR ranges in hypotension compared 

to hypertension, similar differences were also observed in PV closure and LV suction between 

outflow banding and reduced speed. Overall from each patient condition, outflow graft banding 

had increased ranges of PVR (97 ± 20 dyne∙s∙cm-5 higher) for PVO compared to reduced speed.  

With investigations in speed modulation profiles (Figure 3d), counter-pulsation demonstrated 

the greatest comparable SVR/PVR ranges for PVO in comparison to co-pulsation and no pulse. 

This was due to a decrease in pump speed during peak systole, which reduced the pulmonary 

artery pressure and therefore decreased the differential pressure across the PV. In contrast, co-

pulsation increased pump speed during the peak systolic phase and, as a result, increased the 

pressure across the pulmonary valve. Therefore, the investigated ranges of SVR that allowed 

PVO were greater for counter-pulsation (SVR: 600-1700 dyne.s.cm-5) in comparison to co-



pulsation (SVR: 600-1400 dyne∙s∙cm-5). LV suction again limited the PVO evaluations, 

however, no notable differences were observed between each mode. 

 

 

 

Patient Condition Normal Hypotension Hypertension 
Operating Mode B RS B RS B RS 
Baseline RVADQ 
(L∙min-1) 4.5 4.7 4.4 4.6 4.4 4.5 

Baseline RV dP/dt 
(mm∙Hg/s) 927 856 949 890 924 800 

Table 2 – Comparison of right ventricular assist device flow (RVADQ) and right ventricular contractility (RV dP/dt) 
at each patient baseline condition for banding (B) and reduced speed (RS) operating modes. Normal - severe 
biventricular patient (SBF) with systemic normal, hypotension - SBF patient with systemic hypotension, hypertension 
- SBF patient with systemic hypertension.      

 

  



 

Figure 3: Comparison of pulmonary valve opening (PVO) over systemic (SVR) and pulmonary vascular resistance 
(PVR) ranges with banding (B) and reduced speed (RS) operating modes for conditions of a) Normal – severe 
biventricular failure (SBF) patient with normal SVR, b) Hypotension – SBF patient with systemic hypotension, c) 
Hypertension - SBF patient with systemic hypertension, d) Speed Modulation – normal SVR SBF patient with speed 
modulation (co- and counter-pulsation) and constant speed with banded outflow graft, e) H-Q Curves – Pump 
performance curves comparing outflow graft banding and reduced speed for RVAD. PVC – pulmonary valve closed, 
LV – left ventricular. 

 

  



Discussion 

Biventricular support using two rotary LVADs has been adopted clinically [27]. However, to 

prevent pulmonary overload, the RVAD is usually operated by either banding the outflow graft 

[5,9,10] or reducing pump speed [6,8]. Even though both methods deliver adequate cardiac 

output, they exhibit different pump and outflow graft H-Q characteristics, which may influence 

opening of the pulmonary valve. Permanent closure of the semilunar valves has been associated 

with complications that may require surgical corrections [14] such as fusion [15], insufficiency 

[11], and/or thrombus formation [17] and consequently should be avoided.   

 

In this in-vitro study, PVO was compared between two operational modes of outflow banding 

and reduced pump speed using a rotary LVAD as an RVAD. These two modes differ between 

their combined pump and graft H-Q characteristics. Outflow banding demonstrated a steeper 

H-Q gradient and therefore a lower RVAD flow was observed in comparison to reduced speed. 

Outflow banding demonstrated reduced volume unloading, which resulted in a greater RV 

contractility because of the Frank-Starling response. Subsequently, due to the greater 

contractility, banding demonstrated greater PVO over a range of vascular resistances compared 

to reduced speed.  While we only evaluated increases and decreases in SVR and PVR, the 

resultant haemodynamic changes can also be interpreted as changes in preload and afterload 

and thus a range of patient conditions. Therefore, banding should result in PVO over a wider 

range of patient conditions compared to reduced speed. Meanwhile, when comparing simulated 

systemic normal, hyper- and hypo-tension patients, our results demonstrated similar PVR and 

SVR gradients for PVO. This may be explained due to the pump speed being manipulated to 

have similar initial resting conditions. 

 



Imamura et al. [28] reported that axial pumps had less incidences of aortic valve opening in 

comparison to centrifugal pumps. The axial pumps implanted in their patient cohort (Heartmate 

II [Thoratec Corporation, Pleasanton, CA] and Jarvik 2000 [Jarvik Heart, Inc., New York, NY]) 

have a steeper H-Q gradient (-14 and -19 mm∙Hg/L∙min-1 respectively [29]) than the implanted 

centrifugal pumps (EVAHEART [Evaheart, Inc., Houston, TX]: -8 mm∙Hg/L∙min-1 [30] and 

Duraheart [Terumo, Inc., Tokyo, Japan]: -11 mm∙Hg/L∙min-1 [31]). The difference between the 

H-Q gradients of the reported axial and centrifugal pumps, however, were notably smaller 

when compared to the difference between banding and reduced speed (-32 vs. -11 

mm∙Hg/L∙min-1 respectively). In addition, differences in aortic valve opening could be due to 

their patient variability, choice in pump speed, small population size and differences in 

systemic and pulmonary pressures. In contrast, patient conditions can be consistently simulated 

in a mock circulatory loop and therefore validation comparing axial and centrifugal pumps on 

aortic valve opening may be an avenue for further investigation.  

 

RV or right atrial (RA) inflow cannulation with right-sided VAD support is dependent on pump 

design, surgical preference and anatomical limitations [32]. In this study, PVO was only 

evaluated with RV cannulation. However, RA cannulation with a temporary percutaneous 

RVAD (BP80 [Bio-Medicus, Inc., Eden Prairie, MN, USA]) has been reported to deliver 

greater pulmonary valve flow (1.1 L∙min-1) in comparison to RV (0.2 L∙min-1) in a simulated 

in-vitro severe biventricular failure setting [33]. When using a second LVAD as a RVAD, 

reduced speed operation may also offer similar benefits of preferential flow through the 

pulmonary valve with RA cannulation, which is an avenue for future evaluation.  

 

Previous studies have reported increased aortic valve flow with counter-pulsation [19]. In our 

study we also demonstrated greatest enhancement of PV flow and PVO with counter-pulsation. 



However, whilst counter-pulsation reduces systolic pulmonary artery pressure, it also increases 

RV unloading during diastole and therefore reduces RV contractility. This may explain the 

small improvement on PVO with counter-pulsation compared to constant speed. Meanwhile, 

co-pulsation indicated less favourable PVO compared to counter-pulsation and constant speed, 

due to increasing the differential pressure during systole. Therefore, co-pulsation is not 

recommended for valvular opening. Co-pulsation has been reported to increase pulsatility [34], 

which may be beneficial for the pulmonary circulation as it has been shown to decrease PVR 

[35]. However, our study only compared co- and counter-pulsation at comparable PVR due to 

the lack of circulatory auto-regulation in our MCL. In our study, we only evaluated 

synchronous operation which has limitations of requiring a trigger from heart rate. In contrast, 

asynchronous operation does not require a trigger and may offer the benefits of intermittent 

PVO, whilst also increasing pulsatility. However, this would therefore justify further 

investigations. Another limitation was that co- and counter-pulsation was only evaluated with 

a constant amplitude sine wave. Optimization of synchronous speed modulation profiles may 

improve PVO over a wider range of vascular resistances and would also merit additional 

evaluations. Speed modulation was only used in the outflow banding mode to ensure minimum 

pump speed remained within the speed limits of the VentrAssist device. Operating the pump 

below the designed speeds may promote thrombus formation [36] and impeller touch down in 

pumps with hydrodynamic bearings [7]. Meanwhile, our study only evaluated speed 

modulation with a VentrAssist pump, which is no longer commercially available. Speed 

modulation mechanisms, however, are available in pumps such as the HeartMate III [37] and 

HVAD [38], which may therefore encourage PVO and would merit future investigations. 

 

While this study recommends outflow banding for greater PVO, there are several avenues for 

further investigation. This study was completed in a MCL to evaluate valvular haemodynamics 



and therefore biological changes could not be assessed. Consequently, valvular fusion or 

structural degradation could not be modelled. Therefore, long-term clinical studies are required 

to determine the biological effects of the pulmonary valve. In addition, another limitation was 

that the ranges of vascular resistances investigated were limited by LV suction. BiVAD 

physiological controllers, which adjust pump speed to balance flow and therefore avoid 

ventricular suction, are currently under development [39] and should be investigated. 

Maintaining low LVAD and RVAD power consumption is important to conserve battery life, 

particularly as a long-term therapy. Implementing the outflow banding approach has been 

reported to require five times as much power than reducing pump speed [22], and is a limitation 

of this mode which was not explored in our study.  Meanwhile, estimation of RVAD flow with 

the HVAD has found to be erratic with reduced speed operation, suggesting another limitation 

of this approach [6].  Furthermore, although we showed a significant difference between H-Q 

gradients of outflow banding and reduced speed with a VentrAssist pump, this device is no 

longer commercially available. Extrapolation of these results may vary with contemporary 

devices, such as HeartMate II and HVAD, due to the specific hydraulic characteristics and 

therefore validation is required before clinical implementation. Outflow banding may cause 

high shear stress at the restriction and therefore haemolysis, leading to cellular degradation. 

Blood may also be re-circulated and stagnated, leading to thrombosis and therefore graft 

obstruction or neurological damage. In contrast, operating at reduced speed may promote 

thrombotic events at the impeller clearance gaps with mechanical/pivot bearings [40] or 

impeller instability with hydrodynamic bearings [7]. Although, higher international normalized 

ratios (INR) values may be targeted to reduce thrombotic events, this may also increase 

haemorrhage and subsequent episodes of bleeding [41]. These considerations would therefore 

warrant further studies to validate the choice of outflow banding or reduced speed when using 

two rotary LVADs for BiVAD support.  



Lastly, as no commercial long-term implantable RVAD exists, our results may be translated to 

an ideal pump, designed for the pulmonary circulation. This pump would be required to 

produce 5 L/min at a differential pressure between 15 to 20 mmHg. In addition, for the 

particular purpose of PVO, a steep H-Q gradient is recommended. Meanwhile, in instances 

where greater flow sensitivity and pulsatility at constant speed is desired, a flat H-Q gradient 

is suggested [42]. 

  



Conclusion 

This study suggests that outflow banding increases PVO in comparison to reduced speed when 

using a VentrAssist LVAD for right ventricular support. In addition, speed modulation 

(counter-pulsation) can be applied to the outflow graft banding approach to increase the ranges 

of SVR and / or PVR with PVO. Meanwhile, contemporary pumps that have a speed 

modulation mechanism may also be applied with outflow banding to enhance pulmonary valve 

flow. Using these techniques to increase PVO may improve valvular washout and maintain 

structural integrity to prevent thrombosis, valvular fusion and insufficiency.  
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